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Abstract: Polarimetric radar data are an important tool for quantitative precipitation estimation (QPE),
which is essential for monitoring and forecasting precipitation. Previous studies have shown that the
drop size distribution (DSD) and polarimetric radar parameters of typhoon-induced precipitation
differ significantly from those of other types of rainfall. South China is a region that frequently
experiences typhoons and heavy rainfall, which can cause serious disasters. Therefore, it is critical to
develop a QPE algorithm that is suitable for typhoon precipitation over South China. In this study,
we constructed four simple QPE estimators, R(Zy), R(Zy, Zpr), R(Kpp) and R(Kpp, ZpRr) based on
two-dimensional video disdrometer (2DVD) DSD observations of typhoon-induced precipitation
over South China in 2017-2018. We analyzed the DSD characteristics and the estimation accuracy
of these four QPE estimators in the reflectivity—differential reflectivity (Zy—-Zpr) space, as well as
the S-band polarimetric radar (S-POL) data of seven typhoon-induced precipitation events that
affected South China in 2017-2019. We used these data to quantitatively determine the optimal
ranges of the estimators and establish a typhoon precipitation QPE algorithm for typhoon-induced
precipitation over South China (2DVD-Typhoon). The evaluation results showed that: (1) compared
to R(Zy) and R(Kpp), R(Zy, Zpr) and R(Kpp, Zpr) had lower performance in estimating typhoon-
induced rainfall after incorporating the polarimetric parameter Zpg, as strong crosswind of the
typhoon caused some bias in the raindrop-induced ZDR; (2) the 2DVD-Typhoon algorithm utilizes
the respective advantages of the individual estimators to generate the best QPE results; (3) the
QPE performance of 2DVD-Typhoon and the Colorado State University-Hydrometeor Identification
Rainfall Optimization (CSU-HIDRO) is used as a comparison for hourly rainfall, cumulative rainfall
and different rainfall intensity. The comparison shows that 2DVD-Typhoon gives a better normalized
error (NE), root mean square error (RMSE) and correlation coefficient (CC), indicating its strength
in rainfall estimation for typhoons over South China. The above results provide theoretical support
for improving typhoon-induced rainfall monitoring and numerical weather forecasting models in
South China.

Keywords: quantitative precipitation estimation; drop size distribution; typhoon rainfall in South
China; S-band polarimetric radar; two-dimensional video disdrometer

1. Introduction

South China is the area most prone to typhoon disasters in China. On average, about
7.4 typhoons make landfall in South China each year, representing 60% of all typhoons
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making landfall in China annually [1,2]. According to statistics, China suffers an annual
economic loss of tens of billions of yuan as a direct result of typhoon disasters [3,4], pos-
ing a serious threat to people’s lives and property. The intense precipitation brought
on by typhoons after landfall is an important cause of typhoon disasters [5], making it
crucial to monitor typhoon-induced precipitation with high accuracy. The polarimetric
weather radar has unique advantages in precipitation monitoring. Quantitative precip-
itation estimation (QPE) by means of radar data inversion thus becomes an important
method for monitoring typhoon-induced precipitation. Its accurate estimation accu-
racy provides a solid basis for the disaster prevention, mitigation and relief efforts of
the government [6-8].

Rain rate, R, refers to the depth of surface water accumulated during a specific time
period and is dependent on the equivalent volume diameter of raindrops. The radar re-
flectivity, Zy; is related to the drop size distribution (DSD). Based on this, a relationship
between reflectivity and rain rate, Zy—R, can be established. This is the physical basis of
radar-based QPE [9]. For decades, scholars have studied QPE through the relationship
between radar reflectivity, Z and rain rate, R, i.e., the Zy—R relationship. Battan (1973) [10]
compared 69 Zy-R relationships and concluded that the estimation results of different
Z1—R relationships vary significantly. To quantify the QPE performance disparity across
different precipitation types, scholars also have analyzed the Zy—Zpg distribution under
these precipitation types using observed DSD data and found that significant variation
exists in the performance of the Zg—R relationship for different precipitation types [11,12].
To overcome the uncertainty of QPE inherited from the Zy—R relationship, a rainfall esti-
mation algorithm based on the polarimetric radar has been proposed. The first approach is
the R(Zy, Zpr) algorithm first described by Seliga and Bringi (1976) [13], which uses the
differential reflectivity, Zpg, in combination with Zy to reduce the impact of DSDs. The
combined use of Zy and ZpR affords higher estimation accuracy than that of using Zy
alone [14,15]. However, a ZpR bias of below 0.2 dB is needed to guarantee QPE accuracy
and severe differential attenuation will lower the accuracy of R(Zy, ZpRr), especially for
C-band and X-band polarimetric radars [16,17]. Another approach is the use of the specific
differential phase (Kpp) to establish the R(Kpp) algorithm. Compared to R(Zy), R(Kpp)
is less susceptible to the influence of DSDs [18,19]. In addition, hail and ground clutter
have a relatively small impact on it [20-22]. The QPE algorithm R(Kpp, Zpr), which uses
a combination of Kpp and Zpg, also offers a new direction [23,24]. This method shows
improvement compared to using R(Kpp) [25-27] but is still subject to the effect of Zpr
calibration accuracy [28]. The above QPE algorithms have their unique advantages and
disadvantages under different rainfall intensities and radar wavelengths. Combining mul-
tiple algorithms to establish a composite algorithm is also a helpful approach [29-31]. The
most commonly used methods in the past have included the use of R(Kpp) or R(Kpp, ZpRr)
for high rainfall intensities, R(Zy, Zpr) or R(Zpy) for low rainfall intensities and combining
Zyy with the thresholds of Zpr and Kpp or using the hydrometeor identification (HID)
results as the basis for QPE algorithm selection [32-34]. For example, Wang et al. [35] es-
tablished an optimized HCA-LIQ algorithm based on HID and the CSU-ICE algorithm [36].
The new algorithm showed improved estimation accuracy for light rain, heavy rain and
rainstorms. Zhang et al. [37] performed a simulation and identified the piecewise fit-
ting method (PFM) as the optimal QPE method for the polarimetric radar. They high-
lighted the importance of constructing localized QPE algorithms. In 2021, based on a
constraint model obtained using raindrop size inversion [38], Guo et al. [39] established
a QPE scheme (2DVD-SCM) for the South China monsoon using two-dimensional video
disdrometers (2DVDs) and polarimetric radars located in South China. This algorithm
achieves significantly higher estimation accuracy than the classic CSU-HIDRO algorithm
in most monsoon-induced rainfall events, improving the QPE accuracy for South China
monsoon-induced precipitation.

These scholars make full use of the unique advantages of the polarimetric weather
radar in QPE to improve the accuracy of precipitation estimation by varying degrees.
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However, significant differences exist in the QPE algorithms for different regions and
precipitation systems [40]. Typhoon-induced precipitation systems in South China carry
abundant water vapor and are subject to high wind speeds. Affected by strong crosswinds
and a significant decrease in the terminal velocity of rain droplets, large rain droplets
break apart easily, resulting in a small raindrop size, high particle number concentration
and large raindrop deformation in typhoon-induced precipitation [41]. As such, there
are significant differences between the DSD and microphysical characteristics of typhoon-
induced precipitation in South China and other precipitation systems. These differences
impose different requirements on the QPE algorithm for typhoon-induced precipitation
compared to other precipitation systems. Thus, it is necessary to establish a separate QPE
algorithm for typhoon-induced precipitation in South China.

To construct an optimized composite QPE algorithm for typhoon-induced precipitation
in South China, the method of establishing a QPE algorithm based on the normalized errors
(NEs) of Zy—Zpr distribution is adopted from Chen et al. [42], which mainly focuses on
the monsoon-affected summer precipitation in East China and used three QPE estimators,
R(Zny), R(Zy, Zpr) and R(Kpp), based on the C-band polarimetric radar, to construct a
composite algorithm. Differently, in this paper, we use 2DVD-generated DSD data of
typhoons in South China to obtain four QPE estimators, R(Zy), R(Zy, Zpr), R(Kpp) and
R(Kpp, ZpRr) by fitting the polarimetric parameters of the S-band polarimetric radar, and
the performance differences of these four QPE estimators are reflected in the distribution
of their estimation accuracy in the reflectivity—differential reflectivity (Zy—Zpr) space
and integrating their respective optimal intervals. The performance of this algorithm is
evaluated quantitatively in detail.

2. Observation Data and Pre-Processing

Seven large-scale precipitation events triggered by typhoons that made landfall in
South China in the period 2017-2019 were selected for inclusion in the study. Of the seven
events, Typhoon Ewiniar (1804) had a continued impact of 4 days, bringing with it the
highest average accumulated rainfall (156.6 mm) and highest hourly rainfall (120.8 mm) as
recorded on the rain gauge. Typhoon Mangkhut (1822), on the other hand, featured the
highest accumulated rainfall (1844 mm).

Figure 1 shows the trajectory and intensity change of the seven typhoons selected for
this study. Figure 2 shows the location map of the two radars, 2DVDs and surface rain
gauge stations in Guangzhou and Yangjiang. The 2DVD drop size distribution data used in
this study were recorded in 2017-2018, while the radar and rain gauge data were recorded
in 2017-2019. Table 1 lists the basic information about these rainfall events. The number of
hourly rainfall samples in the table indicates the number of hourly rainfall events observed
by the rain gauges after quality control during typhoon precipitation.

Table 1. Data for typhoon-induced precipitation events.

Number of Maximum Maximum Average Number of Sample Size
Typhoon Name Observation Period . Hourly Accumulated  Accumulated p P z
(Identification (World Time) Rain Rainfall Rainfall Rainfall Volume of Hourly
Code) Gauges (mm/h) (mm) (mm) Scans Rainfall
Merbok (1702) 12-13 June 2017 110 46.5 70.8 12.8 2200 220
Hato (1713) 22 August 2017 152 33.5 41.2 11.9 3700 370
Mawar (1716) 3—4 September 2017 625 71.9 198.7 27.6 21,570 2157
Ewiniar (1804) 4-8 June 2018 1039 120.8 897.8 156.6 158,400 15,840
Mangkhut (1822) 16-17 September 2018 989 70.2 1844 96.7 107,210 10,721
Mun (1904) 3—4 July 2019 965 46.4 269.6 14.4 33,910 3391

Wipha (1907) 31 July-1 August 2019 1043 68.5 863.1 56.4 85,960 8596
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Figure 1. Trajectory and intensity change of typhoons (TD: tropical depression, TS: tropical storm,
STS: severe tropical storm, TY: typhoon, STY: severe typhoon).
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Figure 2. The location map of the two radars, 2DVDs and surface rain gauge stations in Guangzhou
and Yangjiang. (Red crosses represent the locations of the two S-band polarimetric radars (S-POL) in
Guangzhou and Yangjiang, Guangdong Province; green dots indicate the locations of the rain gauges
within the area covered by the radars (5-100 km radius); blue diamonds represent the 2DVDs of the
Longmen Cloud Physics Field Experiment Base of the China Meteorological Administration (CMA)).
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2.1. Rain Gauge Rainfall Data and Pre-Processing

The rainfall data from the 1043 rain gauge stations within the radar observation range
of Guangzhou and Yangjiang were used to evaluate the study. These rain gauges feature a
rainfall resolution of 0.1 mm. Rainfall data observation and transmission were made every
5 min, including 1-min rainfall and 5-min accumulated rainfall. The radars take 6 min to
complete a set of volume scans. Thus, the 1-min rainfall data from the rain gauges were
added up to generate the 6-min rainfall, so as to align the timing of estimated rainfall from
the radar with that of the observed rainfall from the rain gauges. In this study, the observed
rainfall data at these stations were used as the evaluation criteria for QPE.

To minimize the interference of observation anomaly from rain gauges with the
performance evaluation of the QPE algorithm, inverse distance weighting (IDW) was
used here to select automated rain gauges in terms of spatial consistency [43-45]. As
shown in Figure 3, Rain gauges giving reliable data were used to perform correction
on the polarimetric radar-based QPE algorithm in order to obtain more accurate initial
precipitation of radar QPE. For rain gauges with suspected faults that were inconsis-
tent with the value calculated using the IDW method, the initial precipitation of radar
QPE was used to perform a second-time validation of the estimated rainfall data, thus
reducing erroneous judgments arising from the use of spatial consistency alone as the
selection criterion.

: o » Suspicious Station
Determine the Availability of

Rain Gauge Data According " ]
to IDW »  Second Confirmation
» Reliable Station '
) Calibrate the Initial
Precipitation of Radar QPE
Preprocessing of | CalculateQPEof |
Polarimetric Radar Base Data Polarimetric Radar

Figure 3. Quality control process of rain gauge data.

2.2. Drop Size Distribution Data and Pre-Processing

The DSD data used in this study were obtained from the 2DVD of the Longmen Cloud
Physics Field Experiment Base, China Meteorological Administration (CMA) [46]. The
station distribution is as shown in Figure 2.

Errors were found to be present in the data recorded by the 2DVD [47]. To improve the
quality of the observed DSD data, based on previous results, the following observed values
were eliminated as noise: those in which the total number of particles in the diameter
channel and velocity channel was less than 50, the rainfall intensity was less than 0.5 mm/h
or the absolute value of the difference between the final falling velocity of raindrops and
the theoretical final velocity was greater than 0.6 times the theoretical final velocity [48,49].
The theoretical final velocity of precipitation particles was calculated using the suggested
method by Feng (2020) [41] and Wu (2020) [50].

A total of 79,122 typhoon-induced rainfall DSD samples were made available for
analysis in this study. The sample size refers to the number of observations made by
disdrometers (1-min average) during the typhoon-induced precipitation process.

2.3. Polarimetric Radar Data and Pre-Processing

A polarimetric radar provides additional polarimetric parameters such as Zpr, Kpp,
correlation coefficient (CC) and ®pp. These observed values are smaller in magnitude
than Zp and are more prone to observation errors. QPE accuracy is closely related to the
quality of radar data, thus putting higher demand on the data quality of Zpr and Kpp.
The calibration error of Zpg needs to be within 0.2 dB in general and within 0.1 dB for
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estimating light rain [16]. The Kpp of rainfall echo also needs to be non-negative. For these
reasons, to solve the data quality issue of polarimetric radars, elimination of non-rainfall
echo, correction of the Zpg bias of the radar system and suppression of the random jitter in
the differential phase (®pp) were performed in this study for data quality control [51-54].

Both S-band polarimetric radars in Guangzhou and Yangjiang (as GZ S-POL and Y]
S-POL) were operated with a volume coverage pattern (VCP21). To reduce interference
from the melting layer and ground clutter, observation data recorded at an elevation angle
of 1.5° and 5-100 km of the radar station (i.e., the circular area bounded by the two circles
in Figure 2) were used. A total of 412,950 base data points were collected from the seven
typhoon events included in the study. The number of radar volume scans performed for
each typhoon event is shown in Table 1.

2.4. QPE Algorithm Evaluation

To evaluate the effectiveness of the QPE algorithm, the estimated hourly rainfall and
observed hourly rainfall data were compared. The normalized error (NE), root mean square
error (RMSE) and CC between the two were calculated [39], as follow Equations (1)-(3).
NE represents the deviation between the estimated value and the measured value; the
smaller the value, the higher the accuracy and credibility of precipitation estimation. RMSE
reflects the degree to which radar-estimated rainfall deviates from the measured value of
a rain gauge; the smaller the value, the more concentrated the distribution of deviations
and the better the algorithm stability. CC is a dimensionless quantity between 0-1, which
represents the degree of closeness of the correlation between the estimated values and
measured values; the closer it is to 1, the higher the correlation. These three values were
used as the metrics to evaluate the QPE algorithm in this study.

2{11 ’Rradar - Rgauge’

NE = M
Z{il Rgauge
1 «—N 2
RMSE = \/ ﬁzi:1 (|Rradar — Rgauge| — ME) )
Zi\i . (R;gauge . R;gauge) (Rfadar _ R{adar) )

CC =
—a5a)\ 2 —\ 2
\/ y jil (RigaUge _ R;gauge) Z{il (R{adar _ Riradar)

3. Establishing The 2DVD-Typhoon Algorithm

The technical procedure for establishing the South China Typhoon QPE algorithm
(2DVD-Typhoon) is shown in Figure 4. Four simple QPE estimators, R(Zy), R(Zy, ZpRr),
R(Kpp) and R(Kpp, ZpRr), were constructed using inversion of observed surface drop size
distribution. The optimal interval for the estimation performance of these four QPE estima-
tors in the Zy—ZpR space was then quantitatively calculated and the optimal combination
was found to establish a composite QPE algorithm, 2DVD-Typhoon. In the last step, the
estimation performance of the 2DVD-Typhoon algorithm was evaluated using a dense
array of surface rain gauges.

2DVD DSD Data S-POL Radar Data Rain Gauge Data

z . N v \ 4
Invert Polarization

Parameters and Four
QPE Estimators

| Establish a Composite
QPE Algorithm

Evaluate QPE Performance

A4

Figure 4. Technical procedures for establishing the South China typhoon QPE scheme (2DVD-Typhoon).
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3.1. Establishing Simple QPE Estimators Using 2DVD Drop Size Distributions

The DSD data on typhoon-induced precipitation systems were collected from seven
2DVDs during 2017-2018. Following the method of Wang et al. [51] in constructing
an S-band polarimetric radar simulator, four simple typhoon QPE estimators, R(Zy),
R(Zy, Zpr), R(Kpp) and R(Kpp, Zpr), were constructed. The specific QPE estimators are

as follows:

R(Zy) = 0.0212Z1°72,

R(Zp1 Zpr) = 0.00366Z"580 75 0745,

R(Kpp) = 56.805Kpp’¥,

R(Kpp, ZpRr) = 51.523Zpg "2 Kpp*72,

4)
©)
(6)
@)

The units of polarimetric radar parameters for Equations (4)—(7) were: dBZ for Zy, dB

for Zpr and degree per kilometer for Kpp.

To analyze the performance of the four QPE estimators (Equations (4)—(7)), the re-
trieved rainfall data were compared to the rainfall data observed by 2DVD. The results are
shown in the scatterplots of Figure 5. It was found that R(Kpp, Zpr) has the lowest RMSE
and NE, the highest CC and the best performance, followed by R(Kpp) and R(Zy, ZpRr),
with the latter two both being superior to R(Zp).
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Figure 5. Scatterplot of rain rate retrieved from (a) R(Zg), (b) R(Zy1, ZpRr), (¢) R(Kpp) and (d) R(Kpp,
ZpR) vs. the directly observed rain rate from the 2DVDs during typhoon precipitation from 2017 to 2018.
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3.2. Establishing the Composite QPE Algorithm Using the Quantitative Distribution Interval of
the Performance of Simple QPE Estimators in Zy—Zpr Space

3.2.1. Error Distribution Characteristics of Simple QPE Estimators

Using the radar observation data in Table 1 and Equations (4)—(7), the estimated hourly
rainfall was calculated using a radar. Comparing this to the observed hourly rainfall by
surface rain gauges, the distribution of average NE for the four simple QPE estimators in
the Zy—ZpRr space was obtained, as shown in Figure 6. Figure 6a shows the distribution of
all hourly rainfall samples for all typhoon events listed in Table 1. Figure 6b—e show the NE
distribution for the four simple QPE estimators in the Zy—-Zpg space. The average spatial
scale of these plots is 0.25 km, the temporal scale is 1 h and the Zy axis and Zpp axis have
an interval of 2 dBZ and 0.2 dB, respectively. The colored squares represent the average
values of NE.

(a) Sample 3000
1.4 -
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1.0 2000 o
3
T 0.8 - =
z
0.6~ 1000
0.4 -
0.2F
O O 1 1 1 1 1 1 1 0
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Zh
1.6
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Figure 6. Cont.
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Figure 6. The total sample number (a), hourly QPE normalized error of (b) R(Zp), (¢) R(Zx, ZpRr),
(d) R(Kpp) and (e) R(Kpp, ZpR) for all seven typhoon precipitation events in Zg—Zpr space; red lines
in (b,c) represent the optimal threshold ranges of the four single QPE estimators used to calculate the
composite QPE algorithm (2DVD-Typhoon).

It should be noted that in order to make the results more generalizable, data with
sample sizes below 50 were excluded from this study. Thus, only five typhoon-induced
precipitation events, namely Mawar (1716), Ewiniar (1804), Mangkhut (1822), Mun (1904)
and Wipha (1907), were evaluated.

As shown in Figure 6a, the Zy of a large number of samples is concentrated in the
22-42 dBZ interval, while the ZpR is concentrated in the 0.2-1.0 dB interval, reflecting
the microphysical characteristics in which small-sized raindrops of typhoons play a more
prominent role. Comparing the NE distribution of the four simple QPE estimators in
the Zy—Zpr space (Figure 6b—e), it can be seen that they all exhibit distinct intervals, i.e.,
Zy <36 dBZ, 36 dBZ < Zy < 42 dBZ and Zy > 42 dBZ in terms of Zy distribution. In the
interval Zyy < 36 dBZ, the NE values of R(Zy) mostly fall below 0.6, with some exceptions.
This indicates a better performance of R(Zy) compared to the other three QPE estimators.
In the interval 36 dBZ < Zp; < 42 dBZ, at Zpr < 0.6 dB, although the NE values of the other
three QPE estimators are all below 0.6, R(Zy) still performs better; at Zpg > 0.6 dB, R(Kpp)
becomes stronger; at Zyy > 42 dBZ, R(Kpp) undoubtedly shows the best performance, with
R(Kpp, ZpR) trailing slightly behind. Both estimators are nevertheless far superior to R(Zp).
R(Zy, Zpr) has no advantage over the other three QPE estimators in any interval.

In theory, adding a polarimetric parameter, Zpg, that characterizes particle size should
more accurately describe the DSD characteristics of a typhoon. However, the inclusion of
ZpR in this paper deteriorates the QPE performance. For a more intuitive characterization
of the impact of the typhoon on Zpg, the estimated rainfall by R(Kpp, Zpr) and R(Zy, ZpRr)
was compared to the observed rainfall using a rain gauge. As can be seen from Figure 7a-d,
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compared to R(Zy) and R(Kpp), after incorporating Zpgr, R(Zy, Zpr) and R(Kpp, Zpr)
significantly underestimated the rainfall to a greater degree. This underestimation was
more pronounced for R(Zy) and R(Zy, Zpr) in areas with higher average instantaneous
wind speeds (AIWS). For example, in areas with AIWS greater than 14 m/s, the ratio
of QPE/Gauge for R(Zy, Zpr) was generally lower than 0.3, while the ratio for R(Z)
was typically between 0.3 and 0.6. It is thus safe to conclude that for typhoon-induced
precipitation, the deterioration of QPE performance after Zpg inclusion is directly related
to the higher-than-usual Zpg bias of raindrops caused by strong crosswinds.
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Figure 7. Cont.
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Figure 7. The ratio diagrams of estimated cumulative precipitation derived from (a) R(Zy, ZpR),
(b) R(Kpp, ZpRr), (¢) R(Zy) and (d) R(Kpp) to rain gauge cumulative precipitation (The stars in the
figure are the locations of the two S-band polarimetric radars (S-POL) in Guangzhou and Yangjiang,
Guangdong Province. The scatter points in the figure are the locations of the rain gauge stations.
The size of the scatter point represents the cumulative rainfall of the station and the color of the
scatter point represents the ratio of QPE to the rain gauge. The filled contours represent the average
instantaneous wind speed).

3.2.2. Establishing a Composite QPE Algorithm (2DVD-Typhoon)

Based on the previous analysis, a composite QPE algorithm, 2DVD-Typhoon, was
proposed using the NE distribution characteristics of the four simple QPE estimators in the
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Zy—Zpr space. The Zy interval and Zpg interval corresponding to the minimum NE were
selected to construct this composite QPE algorithm:

R(Kpp) is used when Zy > 36 dBZ and Zpgr > 0.6 dB or Zy > 42 dB. R(Kpp) cannot
be used when Kpp < 0.1. It is, thus, necessary to add Kpp > 0.1°/km as an additional
constraint. In all other cases, R(Zyy) is used.

In 2DVD-Typhoon, the coefficients for R(Zy) and R(Kpp) are obtained by fitting
DSD data and are only used when Zyy, Zpr and Kpp reach their respective thresholds.
In the following sections, a detailed evaluation will be conducted on the radar-based
estimated values obtained with 2DVD-Typhoon and the observed values obtained with the
rain gauge.

4. Evaluation of the 2DVD-Typhoon Algorithm
4.1. Comparison of the Composite QPE Algorithm with the Simple QPE Estimators in the
Cumulative Rainfall of Each Typhoon Rainfall Event

Table 2 provides a comparison of the evaluation results of 2DVD-Typhoon and the
simple QPE estimators in the hourly rainfall of each typhoon rainfall event; the column
“Total rainfall” represents the sum of all five subsequent typhoons. All three evaluation
criteria for typhoon processes indicate better performance of R(Zy) and R(Kpp) compared
to R(Zy, Zpr) and R(Kpp, ZpRr), respectively. With reference to the results of Section 3.2,
this more explicitly shows that the incorporation of Zpg lowers the estimation performance
of R(Zy, Zpr) and R(Kpp, Zpr). For both a single typhoon-induced rainfall event and
all typhoon-induced rainfall events, 2DVD-Typhoon shows the lowest NE and RMSE
and the highest CC, indicating that, compared to the four simple QPE estimators, the
estimated rainfall of 2DVD-Typhoon is more consistent with the observed rainfall and that
the proposed composite QPE algorithm is robust.

Table 2. Performance comparison of 2DVD-Typhoon algorithm with simple QPE estimators.

Typhoon Process
Parameter Equation Total Mawar Ewiniar Mangkhut Mun Wipha
Rainfall (1716) (1804) (1822) (1904) (1907)
2DVD-Typhoon 0.41 0.36 0.35 0.49 0.53 0.43
NE R(Zy) 0.45 0.38 0.40 0.50 0.65 0.47
(fraction) R(Zu, ZpR) 0.58 0.52 0.59 0.66 0.49 0.45
R(Kpp) 0.51 0.46 0.43 0.58 0.73 0.59
R(Kpp, ZpRr) 0.60 0.53 0.53 0.66 0.73 0.67
2DVD-Typhoon 5.791 4.78 5.953 6.838 4.038 4.862
RMSE R(Zy) 6.308 4.975 6.811 7.005 4.728 5.152
o) R(Zt1, ZpR) 7.814 6.306 9.197 8.684 3.625 5.19
R(Kpp) 7.084 5.388 7.627 7.68 5.456 6.304
R(Kpp, ZDR) 7.931 6.054 8.718 8.559 5.387 6.984
2DVD-Typhoon 0.808 0.882 0.865 0.714 0.746 0.754
R(Zy) 0.765 0.871 0.854 0.708 0.852 0.779
cC R(Zu, ZpR) 0.719 0.856 0.825 0.669 0.84 0.753
R(Kpp) 0.743 0.869 0.793 0.654 0.577 0.636
R(Kpp, Zpr) 0.675 0.861 0.728 0.585 0.492 0.553

4.2. Comparison of 2DV D-Typhoon with the Classic CSU-HIDRO QPE Algorithm
4.2.1. Comparison Using all Samples

The CSU-HIDRO algorithm was developed by Colorado State University and it has
been improved over time by incorporating dual-polarization radar data. This algorithm
utilizes a combination of four rain-rate estimators similar to this article, while a hydro-
meteor identification (HID) algorithm was required to be able to filter out solid precipitation.
In some cases, it has shown better performance than other QPE algorithms [36]. Figure 8a-d
compares the performance of 2DVD-Typhoon with the classic CSU-HIDRO algorithm. From
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the evaluation criteria shown in Figure 8a,c, 2DVD-Typhoon achieves better results on NE
(40.98), RMSE (5.791 mm) and CC (0.808). From the accumulated rainfall in Figure 8b,d, the
scatter points of 2DVD-Typhoon are more concentrated, while those of CSU-HIDRO are
more diffused and show a more significant underestimation.
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Figure 8. Scattered plots comparing the two algorithms: hourly rainfall (a) and accumulated rainfall
(b) of 2DVD-Typhoon, hourly rainfall (c) and accumulated rainfall (d) of CSU-HIDRO.

4.2.2. Comparison by Rain Intensity

To further evaluate the performance of the two types of algorithms under different rain
intensities, the rain intensities of all typhoon events listed in Table 2 were grouped into three
intervals: 0-10 mm/h, 10-20 mm/h and above 20 mm/h. Values of the evaluation criteria
for 2DVD-Typhoon and CSU-HIDRO were calculated under different rain intensities.
Figure 9 shows the evaluation results for the two QPE algorithms.

For hourly rainfall of 0-10 mm/h or 10-20 mm/h, 2DVD-Typhoon returns significantly
better NE than CSU-HIDRO. For 10 < R < 20, the NE difference between the two is 11.42%.
In terms of RMSE and CC, 2DVD-Typhoon is also superior to CSU-HIDRO. For hourly
rainfall of above 20 mm, 2DVD-Typhoon returns slightly better NE than CSU-HIDRO.
Hence, as indicated by the values of NE, RMSE and CC, 2DVD-Typhoon delivers a better
estimation performance under various rain intensities.

The above results indicate that 2DVD-Typhoon is a more robust algorithm in estimat-
ing typhoon-induced precipitation systems than the CSU-HIDRO algorithm, whether the
comparison is made using all samples or based on rain intensity classification.
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Figure 9. Evaluation of the two algorithms under different rainfall intensities.(Comparison of, (a) NE,
(b) RMSE, (c) cc, between 2DVD-Typhoon and CSU-HIDRO).

5. Discussion and Conclusions

This study utilizes surface drop size distribution data, polarimetric radar data and
surface rain gauge data to construct an algorithm (2DVD-Typhoon) applicable to typhoon-
induced rainfall estimation in South China and evaluates its performance. The main
research findings are as follows:

(1) A comparison of R(Zy), R(Zy, Zpr), R(Kpp) and R(Kpp, ZpR) reveals a better estima-
tion performance of R(Zy;) and R(Kpp) than R(Zy, Zpr) and R(Kpp, Zpr), largely due
to the negative impact of the polarimetric parameter Zpr. Quantitative investigation
shows that, due to the influence of strong crosswinds brought on by the typhoon, the
excessively large Zpr bias of raindrops leads to significant underestimation by R(Zy,
ZpR) and R(Kpp, ZpR)

(2)  For each typhoon-induced rainfall event, 2DVD-Typhoon returns better values for the
evaluation criteria compared to the simple QPE estimators. This is mainly because
the 2DVD-Typhoon algorithm is able to quantitatively obtain the optimal intervals of
the four simple QPE estimators, thereby fully utilizing the advantages of each simple
QPE estimator and producing the best QPE results.

(38) Compared to the classic CSU-HIDRO algorithm, 2DVD-Typhoon performs better on
hourly rainfall, accumulated rainfall and across rainfall intensities, as indicated by
the NE, RMSE and CC values. In the comparison using all samples, 2DVD-Typhoon
yields better NE (40.98), RMSE (5.791 mm) and CC (0.808). In the comparison by
rain intensity classification, 2DVD-Typhoon shows a higher estimation performance
in all three rain intensity intervals: 0 < R <10, 10 < R <20 and R > 20. The NE of
2DVD-Typhoon is 11.42% lower than that of CSU-HIDRO in the rainfall interval of
10 <R <20.

In this study, it was found that R(Kpp, ZpgR) still outperforms R(Kpp) on a small
portion of samples at large Zy and Zpg, likely because these samples are less affected
by typhoon crosswinds, such that raindrops have not produced significant Zpr bias. A
slight improvement in the values of the evaluation criteria is therefore observed after the
inclusion of Zpgr. However, to make the results of this study more generic, data with sample
sizes below 50 were eliminated. In the future, with the addition of these raindrop samples
that are less affected by typhoon crosswinds, it is possible for R(Kpp, Zpr) to outperform
R(Kpp) in some intervals. Quantitatively specifying the optimal interval of the R(Kpp, ZpRr)
will further improve the performance of the South China Typhoon QPE algorithm.
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