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ABSTRACT

The evolution of the microphysical properties of raindrops from Typhoon Mangkhut’s outer rainbands as the storm
made landfall in South China in September 2018 was investigated. The observations by three two-dimensional video
disdrometers deployed in central Guangdong Province were analyzed concurrently. It was found that the radial distri-
bution of the median volume diameter (D) and normalized intercept parameter (NV,,) varied in different stages, and
that raindrops smaller than 3.0 mm contributed more than 99% of the total precipitation. Considering the characterist-
ics of precipitation in the typhoon outer rainband, a modified stratiform rain (SR)—convective rain (CR) separator line
is proposed based on D, and N,, scatterplots. Meanwhile, an “S—C likelihood index” is introduced, which was used to
classify three rain types (SR, CR, and mixed rain). The CR results were highly consistent with those of the improved
typhoon precipitation classification method based on rain rate. By calculating effectively the radar reflectivity factor
(Z.) in the Ku and Ka bands, Dy—Z, and N,—D, empirical relations were thereby derived for improving the accuracy
of rainfall retrieval. Among the four quantitative precipitation estimators using S-band dual-polarimetric radar para-
meters simulated by the T-matrix method, the estimator that adopted the specific differential phase and differential
reflectivity was found to be the most effective for both SR and CR.
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is of great significance for mitigating these impacts, par-

Strong winds and heavy precipitation associated with
typhoons can cause severe economic losses and human
casualties in the affected areas. Severe typhoons fre-
quently occur in China, amounting to CNY 25 billion in
annual economic losses (Liu et al., 2009). Improving the
quantitative precipitation estimation (QPE) of typhoons

ticularly for the hardest-hit coastal areas. Therefore, un-
derstanding the microphysical processes occurring in the
heavy rainfall of typhoons is crucial (Wang et al., 2016;
Wen et al., 2018; Zhao et al., 2019).

Analysis of the microphysical characteristics of pre-
cipitation is based on the drop size distribution (DSD).
DSD varies significantly in different climate regions and
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weather systems owing to the contrast in microphysical
processes (Maki et al., 2001; Bringi et al., 2003;
Chakravarty and Raj, 2013). Based on such differences
in DSD, precipitation systems can usually be divided into
convective rain (CR) and stratiform rain (SR) (Tokay and
Short, 1996; Testud et al., 2001; Bringi et al., 2003; Chen
et al., 2017). The former can be further subdivided into
maritime and continental CR (Bringi et al., 2003), which
themselves show differences in DSD. For example, the
number concentration of continental CR with diameter >
4 mm is larger than that in maritime CR. Chang et al.
(2009) used a two-dimensional video disdrometer
(2DVD) in northern Taiwan to study the DSD of 13
typhoons that landed in Taiwan and found that the DSD
of typhoon precipitation over the ocean was closer to
maritime CR, whereas over land, it tended to be between
the DSD of maritime and continental CR. Therefore,
DSD has a guiding significance for distinguishing precip-
itation types. It has been noted that DSDs across differ-
ent precipitation systems are related to differences in mi-
crophysical processes (Maki et al., 2001; Bringi et al.,
2003; Chakravarty and Raj, 2013), which can further en-
able us to employ the DSD to establish relationships
between precipitation types and corresponding micro-
physical processes. In addition, the typhoon has long
been recognized as an eyewall/rainband complex (Wil-
loughby et al., 1984; Houze, 2010); and generally, two
types of typhoon rainbands can be defined based on their
positions and movement relative to the typhoon
center—namely, inner and outer rainbands (Wu et al.,
2018). Most studies have focused on using polarimetric
radar observations and retrieved DSDs to analyze the
kinematics and microphysical processes as well as the
vertical structure in the inner and/or outer rainbands of
typhoons in the eastern (Wang et al., 2016; Wang et al.,
2018; Wu et al., 2018) and southern (Zheng et al., 2021)
coastal areas of China. Recently, Bao et al. (2019, 2020a)
showed that, even for the same typhoon, the DSD charac-
teristics of different rainbands might have obvious dis-
crepancies. The mean raindrop diameter D, (concentra-
tion 1gh,,) was found to generally decrease (increase) ra-
dially from the typhoon center (Bao et al., 2020b). Thus,
further analysis of the microphysical characteristics of
raindrops using disdrometer data is critical not only to
thoroughly investigate the relationship between DSD and
different microphysical processes of the precipitation of
typhoon rainbands, but also to improve the QPE al-
gorithm of weather radar with different wavelengths (es-
pecially dual-polarization radar). Early studies on QPE
used Doppler radar to establish relationships between the
reflectivity Z and rainfall rate R (e.g., Ulbrich and Lee,
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2002; Tokay et al., 2008; Chen et al., 2012). Ulbrich and
Lee (2002) fitted three Z—R relationships for Tropical
Storm Helene and proposed that applying advanced radar
technology to DSD retrieval will improve the accuracy of
the Z—R relationship. In recent studies, dual-polarimetric
radars have been favored over conventional Doppler
radars because the former provide additional parameters
for reflecting the microphysical characteristics of the pre-
cipitation system. Therefore, dual-polarimetric radar can
effectively improve the accuracy of QPE (Zhao et al.,
2019) and facilitate the establishment of QPE models of
radar parameters that are suitable for specific areas (Cao
et al., 2008; Chang et al., 2009; Wang et al., 2016; Wen
et al.,, 2018). Therefore, introducing dual-polarimetric
radar parameters can significantly reduce the uncertainty
in precipitation estimation caused by changes in the
DSD. However, Lee (2006) reported that when the fitted
relationship includes the specific differential phase Kpp
and the actual R is less than 7 mm h™', the error of the es-
timated R will be greater than that determined by the tra-
ditional Z-R relationship. Consequently, the topic is
worthy of further study.

Typhoon rainband precipitation exhibits obvious spa-
tial and temporal inhomogeneities (Yue et al., 2006;
Huang et al., 2012). The large uncertainties in single-
point observations lead to the ineffective reflection of
differences in the rainband precipitation processes. More
accurate QPE requires a deep understanding of the pre-
cipitation’s microphysical characteristics (Ji et al., 2019);
therefore, analysis of the DSD and drop shape relation
(DSR) of the precipitation is crucial. Most previous ob-
servational studies (e.g., Chen et al., 2012; Tang et al.,
2014; Wang et al., 2016; Bao et al., 2019; Wu et al,,
2019) have been based on data from one-dimensional
disdrometers. Under strong winds, however, accurate
particle size, falling velocity, and DSR data cannot be
obtained. In contrast, 2DVDs can directly obtain the size,
quantity, falling velocity, shape, and horizontal devi-
ation direction of the raindrops (Kruger and Krajewski,
2002). The 2DVDs not only improve the accuracy of the
QPE algorithm using ground-based dual-polarization
radar, but also provide verification data for improving the
retrieval algorithm for Global Precipitation Measure-
ment (GPM) Dual-Frequency Precipitation Radar (DPR)
raindrop spectra. However, only a few previous studies
have used 2DVDs to observe the microphysical charac-
teristics of typhoon precipitation (e.g., Wang et al., 2016;
Wen et al., 2018); and of these, most were limited to the
precipitation characteristics recorded near a single sta-
tion. Using a single disdrometer to study the spatial char-
acteristics in typhoon outer rainbands is unrealistic.
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Therefore, further research is needed in which multiple
disdrometers are applied to elucidate the microphysical
characteristics of precipitation particles in typhoon rain-
bands, which is the motivation behind the present study.

The rest of this paper is organized as follows. The data
sources and processing are described in Section 2, and
Section 3 outlines the synoptic background and vertical
structure of Typhoon Mangkhut prior to landfall. The
spatiotemporal evolution of the microphysical character-
istics of the outer rainbands after landfall is discussed.
Then, the DSR and classification of the precipitation
types are evaluated to establish a QPE model suitable for
the southern coast of China. Moreover, this work invest-
igates the application of DSD for the improvement of
GPM/DPR. The paper concludes with a summary in Sec-
tion 4.

2. Data sources and processing

2.1 Experimental setup

The 2DVD observation data of Fogang (FG), Long-
men (LM), and Xinfeng (XF) stations in Guangdong
Province, China, were used to investigate the microphys-
ical characteristics of the outer rainbands of Typhoon
Mangkhut. Table 1 shows the locations of the three sta-
tions. The 2-min-average wind speed data recorded by
the automated weather stations at these three sites were
also used in the analysis. These three stations are located
within the range of precipitation after the typhoon made
landfall (Fig. 1). The track, center pressure, and maximum
wind speed of Typhoon Mangkhut were obtained from
the China Meteorological Administration (https://tcdata.
typhoon.org.cn/zjljsjj_sm.html; Ying et al., 2014; Lu et
al., 2021). To fully understand the synoptic background
near the rainband before and after the typhoon made
landfall, this study used the interpolated ERAS data (fifth
major global reanalysis produced by ECMWEF; https://
www.ecmwf.int/), with a horizontal resolution of 0.25° x
0.25° and 27 barometric pressure levels, which are
provided four times daily at 0000, 0600, 1200, and 1800
UTC 16 September 2018. The dataset contains meteoro-
logical variables such as temperature, relative humidity,
water vapor mixing ratio, meridional and zonal wind
speed, and geopotential height.

In addition, the sounding data recorded at Qingyuan
(QY) at 0600 and 1200 UTC 16 September were used.
These data provide information on air pressure, temperat-
ure, relative humidity, geopotential height, wind direc-
tion, and wind speed from the ground to 100 hPa with a
time interval of 1 s. Sounding station QY is located
between the typhoon track and the rainbands (Fig. 1).
Outer rainbands usually develop farther outside the eye-
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Table 1. Location and altitude of Fogang (FG), Longmen (LM), and
Xinfeng (XF) stations

Fogang Longmen Xinfeng
Location 23.88°N, 23.78°N, 24.05°N,

113.52°E 114.24°E 114.19°E
Altitude (m) 97.2 85.5 199.3
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Fig. 1. Topographic information for the area near the rainbands in ad-
dition to data on the typhoon’s landfall pathway and intensity. The
pink, yellow, and gray sectors represent the 12, 10, and 7 Beaufort
scale wind circles, respectively.

wall, more than 150-200 km from the typhoon center
(Willoughby et al., 1984; Wang, 2002; Skwira et al.,
2005; Wang et al., 2018). During the movement of the
typhoon, the shortest distances between the typhoon cen-
ter and the stations are all larger than 200 km (243.7,
264.7, and 292.3 km for FG, LM, and XF, respectively).
It is reasonable to consider that FG, LM, and XF are loc-
ated in the outer rainbands, while QY may have been af-
fected by the inner rainband as its closest approach is
only 203.7 km. When the typhoon made landfall, sta-
tions QY, FG, LM, and XF are all within the seven
Beaufort scale wind circle; therefore, the results effect-
ively reflect the synoptic background near the rainbands
caused by the typhoon. By using the QY data, we calcu-
lated the lifting condensation level, K-index, convective
available potential energy (CAPE), and other relevant
parameters that reflect the state of the atmosphere to as-
sist in the analysis of the synoptic background condi-
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tions of the rainbands during the landfall of Typhoon
Mangkhut.

The 2DVD instrument employed in this study can
quickly scan precipitation from two mutually perpendic-
ular directions. The area of overlapping observation is
approximately 10 x 10 cm? and the light sheets are
spaced (nominally) 6.2 mm apart. The imaging grid res-
olution for raindrops is finer than 0.2 mm, in the hori-
zontal and vertical directions. The 2DVD provides a
wide range of precipitation information, such as the pre-
cipitation amount, DSD, raindrop falling speed, and axis
ratio of the precipitation particles. Details on DSD are
provided elsewhere (Kruger and Krajewski, 2002). Many
previous studies have reported that turbulence and splash
caused by wind can lead to oversampling of small rain-
drops (< 1 mm in diameter) in the 2DVD data. In this
work, a filter method proposed by Kruger and Krajewski
(2002) is applied to preprocess the 2DVD data:

lvobs - Vexpl < cVexp,

(1

where Vo is the observed raindrop falling velocity, Ve,
reflects the relationship between the raindrop diameter
and the falling velocity (Brandes et al., 2002), and the
coefficient ¢ is 0.4 (Kruger and Krajewski, 2002). All
data must be filtered through the above method to re-
move the oversampling error before making subsequent
calculations. As shown in Fig. 2, the average falling ve-
locity of raindrops observed by the 2DVD instrument
was in good agreement with the terminal drop velocity of
raindrops derived from laboratory measurements pro-
posed by Brandes et al. (2002). This demonstrates that
the observations made by 2DVD are reliable. The data
were distributed mainly from 0200 to 1800 UTC 16
September 2018. After quality-control was performed on
the data, a total of 2,931,754 drop counts were obtained
from the 2DVD at 15-s intervals. Lastly, the observa-
tions were processed into a 1-min temporal resolution.

2.2 Integral rainfall parameters

The gamma function can effectively represent the
DSD (Ulbrich, 1983) as

N (D) = NgD* exp(—-AD), 2)

where N, (mm ' m™) is the intercept related to the num-
ber concentration of the raindrops, ¢« (dimensionless) is
the shape parameter, and 4 (mm ") is the slope parameter.
These three parameters are usually calculated by the
second, fourth, and sixth moments, respectively, in the
truncated moment method (Ulbrich and Atlas, 1998).
When ¢ > 0 (< 0), the distribution curve bends upward
(downward); a smaller (larger) 4 value relates to a larger
(smaller) number concentration of large raindrops. The
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Fig. 2. Velocity—diameter combination and drop counts on a logar-
ithm scale (color shading) obtained by 2DVD observations. The meas-
ured fall velocity of the raindrops and the mean and standard devi-
ation of the measured fall velocity as a function of diameter are given.
The black line represents the terminal drop velocity proposed by
Brandes et al. (2002), and the two dashed lines represent the £40% fil-
ter of the drops.

microphysical parameters of rainfall play a role in shap-
ing our understanding of the precipitation processes of
rainbands. These parameters include the total concentra-
tion of raindrops N, (m>), liquid water content (LWC; g
m>), R (mm h™'), mass-weighted mean diameter D,,
(mm), generalized intercept parameter N,, (mm ' m™),
and median volume diameter D, (mm). When the DSD is
determined, &,, LWC, and R can be expressed as (Cao et
al., 2012)

L
Ne= ) N(D)AD;, 3)
i=1
T L
LWC=—— Y D’N(D)AD;, 4
6000; SN(D)AD; )
61 L
_ 3
R="% ;Di V;N(D))AD;, (5)

where D; is the equivalent volume diameter of the
particle. In this case, the raindrops are classified into sev-
eral bins according to the equivalent volume diameter
of the raindrop. In addition, i is the serial number of the
bins, L is the total number of bins, AD; is the correspond-
ing diameter interval, V; is the falling velocity of the
particle, and N(D;) is the number concentration of rain-
drops with diameters ranging from D, — 0.5AD; to D; +
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0.5AD;. The DSD can vary significantly among regions
and times, making it challenging to compare raindrops in
different precipitation processes.

The normalized gamma function (Testud et al., 2001),
which is also widely used to describe the DSD, enables
comparison of the DSD in different regions (Zhang et al.,
2017). Moreover, this function helps improve the GPM
(Chen et al., 2017) and assimilate the remote sensing es-
timation of precipitation into satellite systems. The nor-
malized gamma function can be expressed as (Gorgucci
etal., 2001, 2002; Chandrasekar et al., 2005)

DY —G.674p( 2
N<D>=waw)(D—0) Ol 3;) 6)

and
6 (3.67+p)Hd
3.67* Tu+4)

where N,, and D, are obtained by the following expres-
sions (Bringi et al., 2003; Chandrasekar et al., 2005):

)= (M

1 JT DO 3

SLWC= gpw-jo D3N(D)dD, (8)
3.67* LWC

Ny = 220 BV ©)
TPw DO

where p,, (1000 kg m™) is the density of water, and the
volume-weighted D,, (Chandrasekar et al., 2005) is
defined as

D}ViN(D))AD;
1

L
i=

Dy = (10)

- .
Z D}ViN(D)AD;
i=1

2.3 Polarimetric radar parameters

The dual-polarimetric radar parameters used in this
study include radar reflectivity in the horizontal (vertical)
polarization Z; (Z,), differential reflectivity Zpg, and Kpp
in the S band. Seliga and Bringi (1976) found that if Z,
and Zpg are applied to DSD retrieval, a one-to-one cor-
respondence exists between Zpr and Dy, and R is a func-
tion of N, and D, (assuming that the terminal drop velo-
city is known).

Kpp mainly relies on the LWC and is immune to radar
attenuation and calibration, and sometimes partial beam
blockage. This value is widely used for quantitative radar
precipitation estimation (Bringi and Chandrasekar,
2001). 4, Z,, and Kpp can be calculated from the DSD
(Zhang et al., 2001) using the T-matrix scattering tech-
nique (Ishimaru, 1991) as follows:
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T = fDmm |fibw L D)'N(D)AD,  (11)
Zog = 101g2Y. (12)
Zy

1804 (-Dmax

min

Re[ fun (0,D) - fin (0,D)| N (D)dD.
(13)

Here, A represents the radar wavelength, K, is the
dielectric factor of water, fi, ,(7,D) represents the backs-
cattering amplitude, and Re represents the real part of the
complex number.

3. Results and discussion

3.1 Description of synoptic background

Typhoon Mangkhut moved northwest following the
steering flow on the edge of a subtropical high (Fig. 3)
and made landfall in Guangdong at about 0900 UTC 16
September. The wind velocity in the typhoon eyewall
reached 45 m s™! at the time of landing. The lowest pres-
sure was 955 hPa. Figures 3a and 3b indicate that the
typhoon kept moving northeastward at 0000 UTC and
0600 UTC 16 September. Its intensity increased prior to
its landfall, with shrinkage of the eyewall (Figs. 3a, b).
After the typhoon made landfall, the central pressure
gradually increased and the outer closed wind field began
to shatter and weaken, as shown in the wind field dia-
grams at 1200 and 1800 UTC 16 September (Figs. 3c, d).
Typhoon Mangkhut also carried a large amount of water
vapor. In particular, the mixing ratio in the center and
peripheral areas of the typhoon at 850 hPa exceeded 16 g
kg (Fig. 3).

The sounding profile at Station QY at 0600 UTC 16
September (Fig. 4) shows a deep, wet layer from the lift-
ing condensation level from 970 hPa (332 m) to about
400 hPa (7492 m). Water vapor was abundant, and the
height of the melting layer was 5 km; warm clouds be-
low this layer were dominant. A thermal inversion layer
was present from 700 to 500 hPa with a K-index of 37,
and the CAPE was 593.8 J kg '. These factors indicate
the accumulation of unstable energy in the atmosphere.
The vertical wind shear was weak from 750 hPa (3 km)
to 550 hPa (6 km), which was conducive to the accumu-
lation of latent heat through condensation and provided
conditions for the occurrence of severe convective
weather. Meanwhile, the CAPE reached 131.5 J kg' at
1200 UTC 16 September, which is significantly lower
than that at 0600 UTC, indicating the severe convective
weather released the unstable energy of the atmosphere
during this period.
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(b) 0916 /0600 UTC
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Fig. 3. Mixing ratio of water vapor (shading; g kg™"), wind field (vector; m s™'), and geopotential height (contour; gpm) at 850 hPa obtained
from ERAS5 at (a) 0000, (b) 0600, (c) 1200, and (d) 1800 UTC 16 September. The reference wind vectors (25 m s™') are also shown in the upper

right, and the scale is shown in the lower left.

3.2 Evolution of microphysical characteristics of
raindrops

3.2.1 DSD

Figure 5 shows evolution of the microphysical charac-
teristics of raindrops at stations FG, LM, and XF before
and after Typhoon Mangkhut made landfall. To facilitate
this analysis, those raindrops with diameters < 1,
1-3, and > 3 mm, are defined herein as small drops
(SDR), medium drops (MDR), and large drops (LDR),
respectively. According to the typhoon’s landfall time
provided by the China Typhoon Network (https:/www.
typhoon.org.cn/), as well as the distance between obser-
vation sites and the typhoon center, the process was di-
vided into three stages: pre-landfall (1600 UTC 15-0900
UTC 16 September), landfall (0900-1200 UTC 16
September), and post-landfall (12002000 UTC 16

September).

Combined with the distance between the typhoon cen-
ter and the stations, as well as the evolutionary character-
istics of R in Fig. 5, most precipitation periods occurred
within the range of about 250—400 km from the typhoon
center. The typhoon center was in a northwest direction
and kept approaching the three stations. During the pre-
landfall stage, station LM was the first affected by the
rainband as the typhoon approached, with the longest
rainfall duration and the highest total number concentra-
tion of SDR (Ngpg, 7999.18 m™>), the maximum rain-
drop diameter (4.0 mm), and the largest R (22.10 mm
h™"). Perhaps due to the influence of convective-scale ele-
ments in the rainband, 34 samples of R values exceeded
10 mm h™! from 1550 UTC, which made the cumulative
precipitation (28.21 mm) and corresponding microphys-


https://www.typhoon.org.cn/
https://www.typhoon.org.cn/
https://www.typhoon.org.cn/
https://www.typhoon.org.cn/
https://www.typhoon.org.cn/
https://www.typhoon.org.cn/
https://www.typhoon.org.cn/
https://www.typhoon.org.cn/

506

Pressure (hPa)

JOURNAL OF METEOROLOGICAL RESEARCH

. STATION=QY
~{ TIME = 18091606 UTC
P.LCL =970 hPa (332 m)

CIN=158Tkg"
Meliting layer height = 565 hPa (5 km)
7 S 72 b

T.LCL=24°C y _
K INDX =37
CAPE =593.8 J kg M? —

Temperature (°C)

S = N W kA i N O 0 O

VOLUME 36

Altitude (km)

Fig. 4. Skew T-lgp diagram and vertical wind profile at Station QY at 0600 UTC 16 September 2018. The blue and red lines represent the air
temperature and dewpoint temperature profiles, respectively.
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Fig. 5. Evolutions of DSDs observed at stations (a) FG, (b) LM, and (c) XF. The color shading represents the DSD in logarithmic units of mm
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spectively. The two vertical black dashed lines separate the stages of pre-landfall, landfall, and post-landfall. For better understanding, SR, CR,
and mixed rain samples are drawn as blue, red, and black squares, respectively, which are derived from a modified classification scheme based
on Bao et al. (2019), as detailed in Section 3.3.

ical parameters much higher than those of the other two

29.40 mm h!' at 1130 UTC, and Ngpr increased to

stations (FG and XF). Station FG was the closest station  7026.02 m™. At station XF, the precipitation also in-
to the eyewall during landfall, with the maximum R of creased during this period, and the concentration of rain-
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drops with diameters < 0.5 mm increased significantly;
however, the maximum R was not high, at 14.50 mm h™".
During post-landfall, R at station FG increased rapidly to
40.80 mm h! at about 1550 UTC, and then weakened
rapidly. During this period, Ngpr at FG increased rapidly
and reached a maximum of 11989.41 m™>. At the same
time, the precipitation at stations XF and LM was in the
dissipation stage. The precipitation at station LM at 1200
UTC was relatively weak; the maximum R was only
20.60 mm h™', and Ngpg changed slightly to 7041.90 m .
At station XF, a precipitation peak appeared at about
1300 UTC, and R reached 48.90 mm h™'. Intermittent
precipitation also appeared from 1400 to 1530 UTC, dur-
ing which time Ngpg increased to a maximum value of
14882.82 m™>.

The relevant microphysical parameters calculated
from the DSD were divided into three stages, as shown in
Table 2. These statistics correspond to the three stages of
the evolution of Typhoon Mangkhut mentioned above,
all of which are expressed as mean =+ standard deviation.
Table 2 further reflects the typhoon’s evolution from a
numerical perspective. Before Mangkhut made landfall,
the precipitation at LM was relatively active, showing a
larger average R (4.04 mm h™') than that at the other two
stations.

During the landfall stage, the average R at the three
stations increased significantly, particularly at FG and
XF. The maximum average R appeared at FG (6.04 mm

Table 2.
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h™"). During the post-landfall stage, R decreased some-
what, although the decrease was discernible solely at sta-
tion LM; the average values of related microphysical
parameters were still higher than those in the landfall
stage. The average R at FG changed significantly during
the three stages. The low value of 1.81 mm h™' before the
typhoon landed rapidly increased to 6.04 mm h™' during
landfall. After the typhoon had made landfall, the value
remained high at 5.80 mm h™'. In addition, the LWC in-
creased from 0.10 to 0.35 g m™> during the first two
stages and decreased to 0.33 g m™ after the typhoon
landed. The variables D, and D,, increased to 1.31 mm
during the landfall stage but showed values of about 1.22
mm during the other two stages. The variable 1gN,, was
also high during the landfall stage, at 3.94 mm' m3, and
the average value decreased before and after landfall.
Their values at LM and XF showed similar change char-
acteristics. The differences in the evolution of the DSD
characteristics over time at different sites show that the
microphysical characteristics in the typhoon rainbands
include obvious spatiotemporal inhomogeneities. It is
worth mentioning that although SDR contributed more
than 82.4% to NV,, most of its contribution to the total pre-
cipitation came from MDR (72.3%), indicating that the
precipitation of Typhoon Mangkhut was mainly domin-
ated by raindrops less than 3 mm in diameter.

Moreover, we further analyzed the radial distributions

Mean + standard deviation of relevant microphysical parameters and the contribution of raindrops in different diameter ranges

(SDR/MDR/LDR) to N, and R categorized by the stages of Typhoon Mangkhut’s evolution

Location Parameter Pre-landfall Landfall Post-landfall
LWC (gm) 0.10+0.11 0.35+0.23 0.33 £ 0.43
R(mmh™) 1.81+1.94 6.04 + 4.30 5.80 + 8.00
FG D, (mm) 1.22+0.41 1.31+0.19 1214032
D,, (mm) 1.23+0.36 1.34+0.19 1.23+0.30
IgN,, (mm™' m™) 3.45+0.35 3.94+0.20 3.79+0.37
Dis [mean (max, min)] (km) 337.8 [412.9, 264.7] 268.2 [294.1, 243.7] 381.1[409.9, 352.3]
Contribution to R (%) 31.03/68.08/0.89 17.77/80.45/1.78 32.10/67.06/0.84
Contribution to N (%) 87.75/12.24/0.01 84.79/15.19/0.02 89.45/10.54/0.01
LWC (gm™) 023+021 032+021 021025
R(mmh™) 4.04+3.94 536+3.83 3.41+432
LM D, (mm) 1.32+0.25 1.33+£0.17 1.14+0.28
D,, (mm) 1314023 132+0.15 1.16£0.27
IgN,, (mm™' m™) 3.60 £0.39 3.83+£0.24 3.69 +0.50
Dis [mean (max, min)] (km) 316.1 [373.2, 264.7] 309.1 [343.4, 274.7] 4427 [473.6, 411.9]
Contribution to R (%) 20.82/78.63/0.55 16.43/83.33/0.25 35.10/64.20/0.74
Contribution to N, (%) 85.02/14.97/0 82.42/17.58/0 84.63/15.36/0.01
LWC (gm™) 0.09 + 0.09 0.21+0.13 0.20 £ 0.28
R(mmh™) 1.46 +1.50 3.49 +£2.39 3.45+557
XF D, (mm) 1.19+0.26 1.29+0.22 1.17+0.34
D, (mm) 1.20 +0.25 130 £ 021 1.18£0.32
IgN,, (mm™" m™) 3.40 + 0.45 3.73+0.27 3.68 +0.47
Dis [mean (max, min)] (km) 345.4[403.3, 292.3] 326.3 [357.4,295.1] 450.3 [479.8, 420.8]
Contribution to R (%) 29.24/70.20/0.55 20.10/78.44/0.57 35.51/63.51/0.98

Contribution to N, (%)

84.89/15.10/0.01

85.89/14.10/0.01 88.66/11.33/0.01
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of the average D, and IgN,, from the typhoon center dur-
ing different periods at stations FG, LM, and XF (Fig. 6).
In general, 1gh,, changed significantly with increasing
distance from the typhoon center, while D, decreased
slightly during the different periods of Typhoon
Mangkhut’s evolution. Specifically, IgN,, and D, at these
three stations decreased radially from the typhoon center
during the pre-landfall stage, whereas IghN,, increased
(decreased) and D, decreased slightly during the landfall
(post-landfall) stage and radially from the typhoon cen-
ter, which is different from the results for Typhoon
Lekima (Bao et al., 2020b). There may be two reasons
for this phenomenon. On the one hand, it could be attrib-
utable to the difference in dynamic conditions with radial
distance from the typhoon center (Bao et al., 2020a). On
the other hand, different microphysical processes, such as
accretion forcing and/or coalescence processes below the
freezing level could contribute to the DSD discrepancies
in the outer rainbands of the same typhoon (Wang et al.,
2016; Wen et al., 2018). However, these explanations are
hard to verify owing to a lack of observations. Further re-

(a) FG
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search is needed.
3.2.2  Axis ratio

The raindrop axis ratio obtained from 2DVD observa-
tions plays a key role in obtaining the DSR. The rain-
drop axis ratio is affected by oscillation and tilting ef-
fects and varies significantly under different weather
conditions. Thus, the resulting axis ratio and DSR should
be referred to as the “effective axis” and “effective DSR”
(Gorgucci et al., 2000). To show the distribution charac-
teristics, Chang et al. (2009) classified the raindrop axis
ratio and diameter as files every 0.02 and 0.20 mm, re-
spectively (Fig. 7). If the number of raindrop particles is
less than 10, these particles can be removed to improve
the data quality. The results show that the maximum dia-
meter of raindrops during the rainfall process of Typhoon
Mangkhut within the study period rarely exceeded 3 mm.
Among these, the raindrop size at station LM was gener-
ally less than 3 mm, and the number of particles with a
diameter larger than 3 mm was the least among the three
stations. The number concentration of raindrops with lar-
ger drop sizes was also extremely low at station FG.

(b) LM
5
Pre_Dis_N,
s [ Lnd Dis N,
s Pst_Dis N,
Pre_Dis_D,
< 31 == === Lnd_Dis_D,
%12) == === Pst Dis D,
250
l -
0 . . . .
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5
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Pst Dis N,
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s3F — == Lnd Dis D,
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Fig. 6. Scatterplots of 1gNV,, (upper) and D, (lower) versus distance from (a) FG, (b) LM, and (c) XF to the typhoon center during pre-landfall
(orange circles), landfall (blue circles), and post-landfall (purple circles). (d) As in (a—c), but for the mean values of IgN,, and D, at the three sta-
tions. The green, red, and blue solid (dashed) lines denote the lines of best fit for 1gN,, (D) in different periods. The coefficients for fitting

lgN,—Dis and Dy—Dis are shown in (d).
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Fig. 7.

Distributions of the drop number density [IgN(D, b/a)] as a function of drop diameter (D) and axis ratio (b/a) in Mangkhut. (a) FG, (b)

LM, (c¢) XF, and (d) all data. The symbols a and b represent the length of the major and minor axis of raindrops derived from 2DVD, respect-
ively. The black solid line represents the fourth-order fitting of the DSR, and the black dashed line represents the median axis ratio. The pink,
blue, and red dashed lines represent the DSR of Chang et al. (2009), Brandes et al. (2002), and Wen et al. (2018), respectively.

Relevant information about the DSR plays a vital role
in the process of DSD retrieval by dual-polarimetric
radar (Wen et al., 2016). Brandes et al. (2002) combined
previous observations to fit a fourth-order polynomial to
the raindrop diameter and axis ratio, as shown by the
blue dashed line in Fig. 7d. Chang et al. (2009) used 13
typhoon precipitation datasets and reached a conclusion
similar to Brandes et al. (2002), as shown by the pink
dashed line in Fig. 7d. The curves of Brandes et al.
(2002) and Chang et al. (2009) show their strongest sim-
ilarity when the raindrop diameter is less than 1.5 mm
and the raindrop is approximately spherical. When the
diameter is more than 1.5 mm, the axis ratio of Chang et
al. (2009) is larger and closer to 1, which means that
raindrops are closer to a spherical shape. Their results
were attributed to the higher wind velocity of the
typhoon system, which caused increased vibration and
tilting in the raindrops to form nearly spherical shapes.
Wen et al. (2018) performed a similar study on seven
typhoons that landed in China, as shown by the red
dashed line in Fig. 7d. The results of Wen et al. (2018)

are closer to the spherical shape than those of Chang et
al. (2009), particularly when the diameters are 1.5-3.5
mm, which was attributed to the high horizontal wind
speed.

In the present study, performance limitations of the in-
strument caused a severe deviation in the measured axis
ratio of raindrops with diameters < 1.5 mm from the ac-
tual axis ratio (Beard et al., 2010). Consequently, axis ra-
tios were artificially set to 0.9999 when diameters were
less than 0.7 mm due to the instrumental limitation
(Chang et al., 2009). In addition, for drops with diamet-
ers ranging from 0.7 to 1.5 mm (Thurai et al., 2007), axis
ratios were changed according to the more accurate
laboratory measurements of Beard and Kubesh (1991).
Considering the data of FG, LM, and XF, the fitted res-
ults of the fourth-order polynomial DSR are given in Eq.
(14), as represented by the black solid line in Fig. 7d:

b__ 3.478x107*D* +4.185x 1073 D3
a

—2.323x1072D*+1.040x 107°D+1.0017.  (14)
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The coefficient of determination R* reaches 0.9741.
When the raindrop diameter was less than 1.5 mm, the
results of the present study were very close to those in
the literature. When the raindrop diameter was 1.5-4
mm, however, our axis ratio results were smaller than
those of Chang et al. (2009) and Wen et al. (2018) but
slightly larger than that of Brandes et al. (2002). This res-
ult is consistent with the findings of Chang et al. (2009)
and Wen et al. (2018), in that the high wind velocity in
the typhoon caused the raindrop shape to be closer to
spherical than that of the raindrops studied by Brandes et
al. (2002). When the raindrop diameter was more than 4
mm, our result was slightly smaller than that of Chang et
al. (2009) and slightly larger than those of Wen et al.
(2018) and Brandes et al. (2002). Before the typhoon
landed (0000-0900 UTC 16 September), the average
wind velocity + standard deviation at stations FG, LM,
and XF was 8.6 + 19,93 + 1.9, and 89 + 1.4 m s/,
respectively. After the typhoon made landfall (0900-
1600 UTC 16 September), the friction of the land sur-
face caused the wind velocity to drop to 7.3 £ 1.7, 8.2 +
2.2, and 8.3 £ 1.4 m s/, respectively. Subsequently, the
average wind velocity at all stations further weakened to
below 4.0 m s™!, except at XF, as shown by the blue WS
curves in Fig. 5. Among the three stations, the wind
speed at station XF had the largest average value of 8.2
m s ' during the entire process and the largest axis ratio
in diameters of 1-4 mm. With diameters of 1.7-4 mm,
the axis ratio at station LM was greater than that at sta-
tion FG. The average wind velocity at the latter site, at
7.3 ms™', was smaller than that at the former site, at 8.2
m s~ in the landfall stage. Excellent correspondence was
observed between the high wind speed and large axis ra-
tio, which also verifies the inference of Chang et al.
(2009) and Wen et al. (2018). Since no exact wind velo-
city information was provided by Chang et al. (2009) and
Wen et al. (2018), a comparison cannot be made between
our work and theirs. However, referring to the discus-
sion above, the difference in wind velocity may explain
why the raindrop shape in the present study was closer to
an ellipsoid than those of Chang et al. (2009) and Wen et
al. (2018).

3.3 Classification of precipitation types and
corresponding normalized DSDs

In the study of DSD, N,, and D, play important roles,
particularly in improving GPM/DPR (Ji et al., 2019). In
the present study, D, and IgV,, are divided into 40 parts
from 0-3.5 mm and 1-5.5 mm ™' m to show the distri-
bution of raindrop particles, respectively. Drops with
1gN,, of 1.0-1.5 mm ' m~ and D, of 3.4—4.3 mm appear
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more frequently. The blue dashed lines in Figs. 8a—c sep-
arate the CR and SR types based on the study of Bringi et
al. (2009), hereinafter referred to as BR09, as shown in
Eq. (15):

lgN‘S:p =c1Dg+ca,

15)
where ¢; and ¢, are usually equal to —1.6 and 6.3, re-
spectively. According to this classification method,
N,—D, pairs above (below) Eq. (15) in the figure are re-
cognized as CR (SR). In general, SR accounts for
90.53%. The rain type at station FG was mainly strati-
form, at 88.4%, with CR accounting for 11.6%. At sta-
tion LM, most drops were located below the blue dashed
line, with CR accounting for 10.8%. A process of evolu-
tion between SR and CR was noted. The drops observed
at station XF were mostly SR, at 93.8%, and the propor-
tion of convective precipitation drops was the least at this
site, at 6.2%. The classification results show that the pro-
portion of SR may be significantly overestimated at each
station because the separator line of BR09 is set based on
monsoon precipitation and is not appropriate for fast-
moving typhoon rainband precipitation.

Considering the fast passage of convective typhoon
rainbands over the disdrometer and the low R of SR in
the outer area, Bao et al. (2019) established a method that
is more suitable for the classification of typhoon precipit-
ation than the methods of Testud et al. (2001), Bringi et
al. (2003), and Chen et al. (2012). The method of Bao et
al. (2019), hereinafter referred to as BA19, proposed that
(1) if all adjacent R values from R;_s5 to R, s are higher
than 0.1 mm h™! and less than 5.0 mm h™! and the stand-
ard deviation (R,_s to R;.s) is less than 1.5 mm h™!, the
spectrum £ is classified as SR; (2) if the R values from
R,_s5 to R, are higher than 0.1 mm h™!, the mean value
of R,_s to Ry, is higher than 5.0 mm h™! and the stand-
ard deviation (R,_s to R,.s) is higher than 1.5 mm h!,
and three adjacent R values (R;_; to Ry, ;) are higher than
5.0 mm h™!, the spectrum £ is classified as CR; and (3)
the remaining samples are considered as mixed rain.

The rain types of CR and SR at the three stations are
classified in Figs. 8d—f using 1-min R data after quality
control. At station FG, there were 292 (32.5%) and 151
(16.8%) samples out of a total of 898 samples that were
classified as SR and CR, respectively. Most of the
samples were mixed rain (50.7%); 118 (16.4%) and 138
(19.2%) of 718 samples were considered as SR and CR
at station LM; and 223 (29.5%) and 46 (6.1%) of 756
samples were SR and CR at station XF.

The method of BR09 does not consider the existence
of mixed rain, which increases the proportion of SR.
Moreover, there is a sharp separator line between the SR
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Fig. 8. Normalized occurrence frequency (color-shaded) and scatterplots of D, versus Igh,,. (a) Stations FG, (b) LM, and (c) XF. The blue
dashed line represents the stratiform/convective separation line from BR09. Panels (d), (e), and (f) are scatterplots using the method of BA19, in
which green dots denote SR and red plus signs denote CR (mixed rain type excluded), recorded at stations FG, LM, and XF, respectively. The
magenta oblique dashed line represents the modified stratiform/convective separation line based on the rain type classification results of the
BA19 method. Panels (g), (h), and (i) compare the precipitation classification results using the S—C likelihood index (plus signs) and BA19
(squares) method. Blue, red, and black symbols indicate stratiform, convective, and mixed rain, respectively. Green dots represent the S—C likeli-

hood index (i) (i > 0.3 for CR; —0.3 <

and CR scatters, which is approximately parallel to the
line of BR09. Thus, a modified separator line was drawn
after visual inspection of BA19 precipitation classifica-
tion datasets, as shown by the magenta dashed line in
Figs. 8d-f. Here, the values of ¢; and ¢, in Eq. (15) are
modified to —1.7 and 6.1 to adapt to the typhoon precipit-
ation. The value of ¢; is within the recommended range
(1.6 to —1.7) of BR09 and Thurai et al. (2010), while ¢,
is lower than the corresponding value range (6.3 to 6.4),
which is related to the threshold of the CR rate in differ-
ent classification methods. The threshold value of the CR
rate in the BA19 method is 5.0 mm h™', while a similar
value in the BR09 and Testud et al. (2001) methods is set
to 10.0 mm h™'. In addition, the sensitivity of ¢, to the
CR intensity threshold is verified.

In order to make the classification of rain type more
visual and direct based on the modified separator line, a
rain type “S—C likelihood index” (denoted by “7”) is in-
troduced (Thurai et al., 2016), given by

i < 0.3 for mixed or transitional rain; ; <—0.3 for SR).

i =1gNy, —1gNy". (16)

CR is indicated when i > 0.3, SR when i < —0.3, and
mixed/transitional rain when —0.3 < i < 0.3. According
to the rain type classification results of the three stations
in Figs. 8g—i, the S—C likelihood index (green dots) can
continuously and clearly represent the evolution of dif-
ferent rain types (stratiform/convective/mixed or trans-
itional) in the typhoon precipitation, combined with the
red and blue dividing lines. The classification results of
BA19 (squares) and modified S—C likelihood index (plus
signs) are placed in the upper right of Figs. 8g—i (blue,
red, and black markers indicate stratiform, convective
and mixed or transitional rain, respectively), from which
we can see that the two methods have excellent consist-
ency in their classification of CR, whereas the classifica-
tion of stratiform and mixed (or transitional) rain is eas-
ily confused, possibly due to the different microphysical
processes, which will be further analyzed and verified by
using dual-polarization radar echo data in the future.
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Chen et al. (2012) reported that collision and coales-
cence of raindrops are usually the main source of CR in
typhoon precipitation and that the raindrops of SR are
formed by melting and aggregation of graupel and ice
particles. Bringi et al. (2003) found that the change in
N,—D,, reflects the difference in different microphysical
processes in SR. Large D,, and small V,, values might be
caused by large particles of dry snow melting, whereas
small D, and large N, could originate from the melting
of small graupel or ice particles. In Typhoon Mangkhut,
the D,, of most of the SR was relatively small, and N,,
was relatively large. This phenomenon indicates that the
SR in this typhoon could have originated from small and
dense graupel particles or ice crystals rather than from
large particles of low-density dry snow. This finding is
essentially consistent with the results of Wen et al.
(2018), who analyzed the microphysical processes of
precipitation in Typhoon Matmo in 2014. Bringi et al.
(2003) reported that the ranges of D, and IgN,, in mari-
time (continental) convection are roughly 1.5-1.75
(2-2.75) mm and 4—4.5 (3-3.5) mm ' m>, respectively,
as indicated by the two outlined squares in Fig. 8. Ac-
cording to the 1gN,—D,, distribution, the three sites over-
lapped with maritime convection to a greater extent, and
the proportion of continental convection was relatively
small. Wang et al. (2016) studied the microphysical char-
acteristics of precipitation during Typhoon Matmo near
Nanjing in 2014. In their study, a 2DVD was deployed
101-170 km away from the center of Matmo after it
made landfall, whereas Mangkhut was more than 275 km
away from LM after it made landfall. In Wang et al.
(2016), D,, and 1gN,, were 1.41 mm and 4.67 mm ' m>,
respectively, which is 0.17 mm and 0.78 mm ! m™> higher,
respectively, than that at station LM. Bao et al. (2020a)
found that the fact that N, (D,,) increases as distance in-
creases (decreases) could be related to dynamic factors
such as updraft motion. Wang et al. (2016) attributed the
radial distribution discrepancy to the environmental hu-
midity and topographic forcing. As is shown in Fig. 6,
IgN,,—Dis and Dy,—Dis tend to exhibit various relation-
ships in different stages. For comparison, the values of
D, and IgN,, were estimated at radii of 110, 140, and 170
km from Mangkhut during its landfall and post-landfall
stages. The average values of 1gN,, (D,) were approxim-
ately 4.29 (1.53), 4.23 (1.49), and 4.16 (1.46) at the three
radii, respectively, which are much closer to the results
of Wang et al. (2016). Therefore, it can be inferred that
the relative distance between the station and the typhoon
center might be a reason for the inhomogeneous radial
distribution of the raindrop number concentration.

On the basis of the method of BA19, precipitation can
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be classified into SR and CR. Fig. 9 shows scatterplots of
the scaled DSD N(D)/N,, and the normalized diameter
parameter D/D,, of the SR and CR at the three sites where
the 2DVDs were located. The black dashed lines indic-
ate the normalized gamma distribution for x of SR (CR)
between 0 (—1) and +3 (+2). The brown solid lines indic-
ate the normalized gamma distribution from the u search
method (Testud et al., 2001; Bringi et al., 2003), which
searches for u by minimizing the absolute deviation
between the measured normalized DSD data and the nor-
malized gamma distribution using the following expres-
sion:

41
Hs = min {Z abs[IgNobs (D) — lgNmodel(Di)]} . 17)
i=1

The normalized gamma distribution enables a compar-
ison of the DSD of different R values by using the nor-
malized diameter parameter D/D, and N,, (Bringi et al.,
2003). The results demonstrate that the values of u are
different for SR and CR. A comparison of the SR and CR
at the same location revealed a smaller corresponding u
of the CR. In addition, the normalized diameter parameter
D/Dgy was almost always less than 2.5, regardless of the
rain type. In the SR, the three stations showed strong
downward curves at the small-diameter end. In the CR,
however, the degree of curvature was not strong, which
is consistent with the conclusions of Zhang et al. (2017).
Regardless of the rain type, station LM (XF) had the
largest (smallest) x, with values of 1.98 and 0.82 (1.32
and 0.38) for SR and CR, respectively. This phenomen-
on means that the distribution curve for station LM was
more curved at the small-diameter end. For raindrops
with diameters of 0—0.5 mm, the number concentration at
station LM (XF) was relatively small (large).

3.4 GPM improvement

Although some regions of the world have a sufficient
density of rain gauges and radars to measure precipita-
tion, less populated regions, such as ocean areas and
some developing countries, still lack measurement facil-
ities (Kidd et al., 2017). Satellites can make up for such
shortcomings of precipitation observation. GPM/DPR
rainfall retrieval algorithms use the normalized gamma
distribution as shown in Eq. (6) to describe the DSD
(Chen et al., 2017). The normalized DSD model enables
comparison of the DSD regardless of the time scale and
R, and accurately examines the substantial variations that
are related to the physical rainfall regimes (Zhang et al.,
2017). GPM/DPR consists of Ka-band and Ku-band
radar. After a relationship between the radar reflectivity
in the Ka band (Zg,), Ku band (Zg,), and N,,, D, is estab-
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Fig. 9. Scatterplots of scaled DSD N(D)/N,, and the normalized diameter parameter D/D, of the SR and CR. The black dashed lines indicate the
normalized gamma distribution for x of SR (CR) between 0 (—1) and +3 (+2), and the brown solid lines indicate the normalized gamma distribu-
tion from the x search method. The SR and CR regions for stations (a, d) FG, (b, €) LM, and (c, f) XF are shown, respectively.

lished, and satellites can retrieve N,, and D, using Zg,
and Zg,. The DSD can be obtained based on the normal-
ized gamma distribution with a given g, and then R is
calculated (Wu et al.,, 2019). The effective radar re-
flectivity factor Z, at a specific wavelength can be ex-
pressed as

4

D INDYoy(D;, HAD;,  (18)
i=1

T
where A represents the radar wavelength, |K,|* is the
dielectric factor of water and is conventionally taken to
be 0.93, gy, is the backscattering cross-section of a rain-
drop with diameter D,, and  is the total number of bins.

Figures 10a and 10b show Dy—Z, and Dy—Z, scatter-
plots, respectively. The retrieved Zg, and Zg, are mainly
distributed in the range from 10 to 40 dBZ. In this work,
Dy and Zg, are fitted with second-order polynomials
based on the least-square method. The corresponding res-
ults are shown in Table 3.

The fitted curves show excellent agreement with the
scatterplots, with R> values of 0.71, 0.70, and 0.74 for
SR, CR, and total samples, respectively. Chen et al.
(2017), hereinafter referred to as CH17, used a similar
method to fit D,—Zg, (Fig. 10a, red solid line). Wu et al.
(2019), hereinafter referred to as WUI19, applied a
second-order polynomials regression model to fit the pre-
cipitation datasets in Northwest Pacific (Fig. 10a, green

solid line). For a gamma distribution, D, can be ex-
pressed in terms of Dy, [Dy = (3.67 + 1) / (4 + w)D,,], and
D,, is a reasonable approximation for D, for all u > -2
(Ulbrich, 1983). In this work, D, which is physically as
meaningful as D, (Testud et al., 2001), is substituted for
D,, when plotting the curves in Fig. 10. Figure 10a com-
pares the fitted result of our research with that of CH17
and WUI19. For Zg, <37 (> 37) dBZ, D, is larger (smal-
ler) than that of CH17. However, D, is larger (smaller)
than that of WU19 when Z, < 14 (> 14) dBZ.

The same process was applied to Dy—Z,, and its dis-
tribution was found to be similar to that of Dy—Zy, (Fig.
10b). The fitted results are shown in Table 3, with R? val-
ues of 0.69, 0.51, and 0.70 for SR, CR, and total samples,
respectively. For Zg, <35 (> 35) dBZ, D, is larger (smal-
ler) than that of CH17. However, D, is smaller than that
of WU19.

To obtain a more accurate relationship between IgN,,
and D,, the samples with R < 1 mm h™! were excluded.
Based on the classification scheme of BA19, second-or-
der polynomial fitting was applied to 1gN,—D, in terms
of SR and CR. The results are shown in Table 3.

Figure 11 presents scatterplots of 1gNV,,—D, in terms of
SR and CR at the three stations, in addition to a kernel
density plot, which is a non-parametric way of estimat-
ing the probability density function of a random variable.
Fitting was applied to 1gN,—D, according to SR (R> =
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Fig. 10. Scatterplots of (a) Dy—Z, and (b) Dy—Zx,. The open circles, red dots, and green plus signs represent the Dy—Zy (Zk,) of mixed rain,
CR, and SR, respectively. The black solid lines are the lines of best fit for all data. The blue and green solid lines are the fitted curves of CH17

and WU19, respectively.

Table 3. Second-order polynomial relations of Dy—Zy,,, Dy—Z,, and N,—D, for CR and SR

Relation Data o p y
Do=aZk, + Zxu + 7 SR 0.0005171 0.01162 0.5551
CR 0.0006511 —0.004165 0.7142
Total 0.00024857 0.0171 0.5612
Dy = cyZZKa + BZxa + 7y SR 0.0007447 —0.0004788 0.6487
CR —0.0009987 0.1293 -2.012
Total 0.000238 0.0175 0.5152
lgNy = aD} + Do+~ SR —0.7395 1.2310 3.1490
CR 0.2570 -1.532 5.7250
Total —0.1746 —0.0751 4.195

0.26) and CR (R? = 0.37), respectively, and showed a dis-
cernible difference. However, in terms of 1gN,—D,, for all
samples, the fitting was generally poor (R* = 0.16),
which shows the need for rain type classification in
GPM. The IgN,—D, curve of CR is located above the SR
curve and the curves are approximately parallel.
However, the fitted result of the combination of SR and
CR was relatively poor (R* = 0.15), which implies that
SR and CR should be separated when discussing
IgN,,—D, relationships. The results of CH17 (black solid
line) and WU19 (pink solid line) were compared to the
current study. The curve obtained by WU19 deviates sig-
nificantly from the observed data and is inapplicable to
Typhoon Mangkhut. CH17 is close to the fitted curve of
SR, but inapplicable to CR. Overall, by combining the
Dy—Zx, Dy—Zx,, and 1gN,—D, relations, the DSD can be
obtained based on the normalized gamma distribution
with a given u. Consequently, R can be derived through
GPM/DPR. This study may help expand the GPM al-

gorithm and improve the accuracy of rainfall retrieval in
typhoon precipitation in South China.

3.5 QPE

The present study used three radar parameters (7,
Zpr, and Kpp) and R to establish a relationship for using
radar to estimate the precipitation. During the landfall of
Typhoon Mangkhut, station FG (XF) was closest to
(farthest from) the typhoon. Therefore, the data of these
stations were combined as a training set to fit R and Z;,
Kpp, and Zpg to make the data more representative. The
following four relationships used by Ji et al. (2019) are
given to fit the parameters:

Rape(Zn, ZpR) = 6ZE10470R (19)
Rapr(Kpp, ZpR) = 6K§p 10°DR, (20)
Rape(Kpp) = 6K{p, (2D
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Fig. 11. Scatterplots of 1gN,—D, for SR and CR at three stations (top-right panel) along with the corresponding kernel density plots (bottom and
top-left panels). The blue and red solid lines represent the fitted curves of SR and CR, respectively. The black and green solid lines are the fitted
curves obtained by the methods of CH17 and WU19. The SR/CR separation scheme of BR09 and the modified separator line are drawn as the
black and magenta dashed line, respectively. Light green (orange) dotted, green (orange) solid, and dark green (orange) dashed curves in each
kernel density plot indicate the distributions of 1gN,, and D, at FG, LM, and XF for SR (CR), respectively. The gray contours represent the distri-

bution of R.

der(Zh) =07, (22)

where 0, ¢, and { are the coefficients in each relational
expression. The coefficients in this study are shown in
Table 4.

The coefficient J in Ry, (Kpp, Zpr) and Ry, (Kpp) was
three to four times larger than that obtained by Ji et al.
(2019); only negligible differences were noted in the other
coefficients. To explore the accuracy and validity of the
QPE relational formulae, they were applied to the station
LM data, and the consistency between the measured and
estimated R of station LM was examined. The following
evaluation indices were used to quantitatively describe
the validity of the formula: root-mean-square deviation
(RMSD), R?, and the index of agreement d,, the latter of
which is a dimensionless evaluation index used for eval-
uating model performance, with —1.0 and +1.0 given as
the boundaries. This index is eminently flexible and ap-
plicable to various model performance evaluation prob-
lems (Willmott et al., 2012). RMSD and d, can be ex-
pressed as

(23)
and
N
Z |x; — il
1- _N ,when le, vil < Zb’z yil
c__leyi—yzl
d=1 " ’
c Z i — il
——1 when le, y,I>CZ|yl yil
Z]'xi_)’i|
=
(24)

where x; is the result estimated by the QPE formula, y; is
the actual observation result, N is the data length, and c¢ is
2. The estimated and observed results are substituted in-
to the formula to obtain the results shown in Table 5.

The three evaluation indexes of Ry, (Kpp, Zpg) are the
best, regardless of rain type, followed by Ry,(Zh, Zpr),
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Table 4. QPE formula coefficients for stations FG and XF with combined data fits for total samples/CR/SR

Parameter Rup(Zns Zpr) Ryp(Kpp,» ZpR) Ryp(Kpp) Rypl(Z)

0 0.008/0.009/0.012 99.237/92.612/119.567 57.552/57.619/32.289 0.029/0.055/0.040
e 0.908/0.882/0.899 0.922/0.904/0.894 0.800/0.766/0.699 0.682/0.626/0.585
4 —0.428/-0.382/-0.744 —0.204/-0.175/-0.468 --- ---

Table 5. Evaluation index values of the estimated R for total rain samples/CR/SR using four QPE formulae

Parameter der(Zh: ZpR) der(KDP7 ZpR) der(KDP) der(Zh)
RMSD 0.806/1.561/0.179 0.677/1.229/0.179 1.162/2.147/0.326 1.925/3.625/0.425
R? 0.990/0.989/0.973 0.993/0.974/0.973 0.979/0.979/0.910 0.943/0.939/0.848
d, 0.941/0.836/0.915 0.944/0.856/0.909 0.921/0.774/0.873 0.891/0.674/0.836

Ryp(Kpp), and Ry (Zy). Obviously, Ry (Kpp, Zpgr) and
Ryp(Zn, Zpr), which combine multiple parameters, per-
form better than Ry, (Kpp) and Ry (Zy), and Ry, (Kpp) is
superior to Ry, (Zy). The two formulae relate to Kpp per-
formed better, which might be attributable to the fact that
Kpp is immune to the absolute calibration error or attenu-
ation effect. It is unbiased if rain is mixed with spherical
hail (Bringi and Chandrasekar, 2001). Moreover, Kpp is
insensitive to the variation of D, and D, making
Ryp(Kpp, Zpr) more independent of the variation of
DSD.

The QPE formulae have obvious regional differences,

A Bringi (2009)
B Zhang (2017)
* Wen (2018)
«€Ji(2019)

4 Wu (2019)

* Our work

Standard deviation

A Bringi (2001)
B Bringi (2009)

<« Bringi (2015)
; 4 Huang (2018)
2 v Ji (2019)
* Our work

Standard deviation

Observation

* Wang and Chandrasekar (2010)

and the corresponding formulae for precipitation related
to different systems can also differ. Figure 12 shows
Taylor diagrams based on the QPE formulae obtained by
various scholars for different regions and precipitation
systems. In addition, R calculated by the formula is com-
pared with the measured R at station LM.

The correlation for each formula is above 0.95, with
the differences manifested mainly in the different stand-
ard deviations. The points in Figs. 12b and 12¢ are dis-
tant from the observation point, and the distribution is
scattered probably because the correspondence between
Kpp and R in different regions and precipitation systems

A Ryzhkov and Zrnic (1995)
| Ji (2019)
* Our work

Standard deviation

A Bringi (2009)

B Chang (2009)

* Chen (2012)

% <« Bringi (2015)
- & Wang (2016)

W i (2019)

* Our work
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Fig. 12. Taylor diagrams showing the index of agreement, standard deviation, and RMSD for the four formulae: (a) Rg4p(Zy, Zpr), (b) Rap(Kpp,

ZDR)$ (C) der(KDP)a and (d) der(Zh)'
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is quite different. This Kpp-based QPE method is more
accurate than other parameters for specific regions and
specific precipitation systems, although it is sensitive to
changes in these factors. Figure 12d shows the results of
Ryp(Zp), in which each point is closer to the observation
point. The performance of Ry,(Z;) in evaluating precipit-
ation is inferior to that of Ry, (Kpp, Zpr) (With similar
standard deviation but higher RMSD and a lower correla-
tion coefficient), although the former is obviously more
universal.

4. Conclusions

The present study employed DSD and axis ratio data
at stations FG, LM, and XF on 15-16 September 2018
and investigated the microphysical characteristics of pre-
cipitation in the outer rainbands of Typhoon Mangkhut.
The main conclusions can be summarized as follows:

(1) Significant temporal and spatial differences were
noted in the microphysical characteristics of precipita-
tion in the outer rainbands of Typhoon Mangkhut. Rain-
drops with a diameter < 3 mm accounted for more than
99% of the total precipitation. The strongest rainfall was
recorded at 1550, 1300, and 1300 UTC 16 September at
stations FG, LM, and XF, respectively. It is noted that
lgN,, and D, decreased radially from the typhoon center
during the pre-landfall stage. However, IgN,, increased
(decreased), and D, decreased slightly, during the land-
fall (post-landfall) stage, without consistent change in
these two parameters in different stages of the typhoon
(Bao et al., 2020b).

(2) According to the axis ratio of the entire precipita-
tion process, the shapes of raindrops in Typhoon
Mangkhut with diameters of 1.5-4 mm were more ellipt-
ical than those reported by Wen et al. (2018) and Chang
et al. (2009), but were closer to spherical than the results
of Brandes et al. (2002). The variation in raindrop shapes
can be attributed to the differences in wind power in the
precipitation system. For raindrops with diameters < 1.5
mm, the results of the present study are comparable to
those of previous studies in terms of the shape of rain-
drops. The raindrops with diameters > 4 mm in the
present study were closer to ellipsoid than those of
Chang et al. (2009), and closer to spherical than those of
Wen et al. (2018) and Brandes et al. (2002).

(3) A modified separator line for SR and CR was de-
rived based on the work of BA19 using »,, and D, scat-
terplots. This new classification scheme was compared to
the method of BA19 by applying the S—C likelihood in-
dex (Thurai et al., 2016). The two classification schemes
showed high consistency in terms of separating CR, but
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conformed poorly to SR and mixed rain. Based on the
method of BA19, 32.5% (16.8%), 16.4% (19.2%) and
29.5% (6.1%) of samples were classified as SR (CR) at
stations FG, LM, and XF, respectively. A comparison of
the SR and CR at a single location revealed that the cor-
responding u of the CR was relatively small and that the
normalized gamma distribution fitted curve of the SR
was more severely curved in the small particle-size sec-
tion. Moreover, the SR may have originated mainly from
small and dense graupel particles or ice crystals.

(4) In order to improve the inversion accuracy of the
normalized gamma distribution, we calculated Z in the
Ku and Ka bands and derived the empirical relations of
Dy—Z.. The variable D, was also fitted to N,, according to
SR and CR, separately. Compared to the results of CH17
and WU19, our relationships are more suitable for GPM
DPR rainfall retrieval in the outer rainbands of typhoons
in South China. The estimated result of Ry, (Kpp, Zpg)
matched the measured data best for all three types of pre-
cipitation, although the retrievals can be more sensitive
to changes in Kpp. The retrievals of the traditional
Ryp(Zy) relationship, i.e., the Z-R relationship, were less
favorable than the fitted results by combining Kpp and
Zpgr. However, Ry, (Z;,) showed broader applicability.
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