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Abstract. Polarimetric measurements are sensitive to the
sizes, concentrations, orientations, and shapes of raindrops.
Thus, rainfall rates calculated from polarimetric radar are in-
fluenced by the raindrop shapes and canting. The mean rain-
drop shape can be obtained from long-term raindrop size dis-
tribution (DSD) observations, and the shapes of raindrops
can play an important role in polarimetric rainfall algorithms
based on differential reflectivity (Zpr) and specific differen-
tial phase (Kpp). However, the mean raindrop shape is as-
sociated with the variation of the DSD, which can change
depending on precipitation types and climatic regimes. Fur-
thermore, these relationships have not been studied exten-
sively on the Korean Peninsula. In this study, we present a
method to find optimal polarimetric rainfall algorithms for
the Korean Peninsula by using data provided by both a two-
dimensional video disdrometer (2DVD) and the Bislsan S-
band dual-polarization radar. First, a new axis-ratio relation
was developed to improve radar rainfall estimations. Second,
polarimetric rainfall algorithms were derived by using dif-
ferent axis-ratio relations. The rain gauge data were used
to represent the ground truth situation, and the estimated
radar-point hourly mean rain rates obtained from the dif-
ferent polarimetric rainfall algorithms were compared with
the hourly rain rates measured by a rain gauge. The daily
calibration biases of horizontal reflectivity (Zy) and differ-
ential reflectivity (Zpr) were calculated by comparing Zy
and Zpg radar measurements with the same parameters sim-
ulated by the 2DVD. Overall, the derived new axis ratio was
similar to the existing axis ratio except for both small parti-
cles (<2mm) and large particles (> 5.5 mm). The shapes of

raindrops obtained by the new axis-ratio relation carried out
with the 2DVD were more oblate than the shapes obtained
by the existing relations. The combined polarimetric rainfall
relations using Zpr and Kpp were more efficient than the
single-parameter rainfall relation for estimated 2DVD rain-
fall; however, the R(Zy, Zpr) algorithm showed the best
performance for radar rainfall estimations, because the rain-
fall events used in the analysis consisted mainly of weak
precipitation and Kpp is relatively noisy at lower rain rates
(< 10mmh~"). Some of the polarimetric rainfall algorithms
can be further improved by new axis-ratio relations.

1 Introduction

Radar is a very useful monitoring tool for extreme weather
forecasting, flood forecasting, and rainfall estimations be-
cause of its high spatial and temporal resolution. In par-
ticular, dual-polarization radar that provides information on
the reflectivity (Zy), differential reflectivity (Zpr), differ-
ential phase (®pp), specific differential phase (Kpp), and
cross-correlation coefficient (ppy) can distinguish precipita-
tion types by means of backscatter and the differential prop-
agation phase of hydrometeors. Dual-polarization radar can
also be used to obtain more information about the raindrop
size distribution (DSD), and this in turn can help to reduce
the impact of DSD variability on rainfall estimations (Cifelli
et al., 2011). The DSD can be characterized by parameters
such as the diameter, concentration, orientation, and shape.
Disdrometers and aircraft imaging investigations have been
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widely used to study the DSD variability especially as a func-
tion of the rainfall rate (Bringi et al., 2003). Polarimetric pa-
rameters are sensitive to the DSD properties. Rainfall rates
estimated from polarimetric radar measurements are affected
by the mean shape of raindrops and canting (Brandes et al.,
2002).

The average shape of a raindrop can be inferred from
its size through application of a shape—size relationship for
a raindrop. Some researchers have attempted to produce
the mean shape of raindrops. Keenan et al. (2001); Bran-
des et al. (2002); Thurai and Bringi (2005); and Marzuki
et al. (2013) derived empirical relations from observational
data, and Pruppacher and Beard (1970); Green (1975), and
Beard and Chuang (1987) investigated the shape of raindrops
falling under the influence of gravity. These raindrop axis-
ratio relations play an important role in the derivation of po-
larimetric radar rainfall algorithms that use Zpr and Kpp
(Jameson, 1983, 1985; Gorgucci et al., 2001). Polarimetric
rainfall algorithm can be derived from long-term DSD mea-
surements. However, the derivation of new empirical algo-
rithms based on long-term DSD data is still challenging for
different climatological environments.

Several different polarimetric rainfall algorithms have
been developed by assuming raindrop shapes (Sachidananda
and Zrni¢, 1987; Chandrasekar et al., 1990; Ryzhkov and
Zrni¢, 1995; Gorgucci et al., 2001). However, radar rain-
fall estimations are affected by the following two different
sources of errors: (i) errors in radar measurements such as
from attenuation, bright bands, ground clutter, and calibra-
tion bias of Zy and Zpr (Zawadzki, 1984; Villarini and Kra-
jewski, 2010; Sebastianelli et al., 2013) and (ii) errors in the
conversion of the radar measurements into rainfall rates at
the ground level. In addition, the error is also related to the
gamma assumption on the retrieve of the rain rate from dual-
polarization radar measurements (Adirosi et al., 2014). The
DSDs variability affects the accuracy of radar-derived rain-
fall (Maki et al., 2005). Many earlier studies have explained
the variability in the DSD by evoking both different storm
types and climatic regimes, and variations of the DSD are
known to be caused by climatological and physical factors
(e.g., Ulbrich, 1983; Tokay and Short, 1996; Bringi et al.,
2003). Variations in time and space of the DSD are associ-
ated with changes in microphysical processes such as evap-
oration, break-up, coalescence, and condensation. They can
be also due to the variation of vertical air motion (Marzuki et
al., 2013).

Radar measurements often suffer from the system biases
of Zy and Zpg, and thus, accurate measurement and calibra-
tion of Zy and Zpg values are necessary to achieve accurate
radar rainfall estimations (Park and Lee, 2010). An assess-
ment of the calibration bias of polarimetric radar is possi-
ble by monitoring the hardware stability, and Zy and Zpr
measurements can be corrected by using ground validation
equipment such as a disdrometer. Joss et al. (1968) calibrated
radar reflectivity by using the vertical profile of reflectivity
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and disdrometer-inferred Zy. The radar reflectivity was cali-
brated by comparisons between the radar and disdrometer re-
flectivity to check the calibration of the WSR-88D (weather
surveillance radars — 1988 Doppler) at Greer, South Carolina
(Ulbrich and Lee, 1999). Goddard et al. (1982) and Goddard
and Cherry (1984) compared radar results with disdrometer
results by using the axis-ratio relations of Pruppacher and
Beard (1970) and Pruppacher and Pitter (1971), respectively;
they found that radar measures of Zpr were 0.3 and 0.1 dB
lower than the disdrometer estimates. In addition to disdrom-
eters, there are various other ways to correct biases in radar
data, such as by using the Zg—Kpp implementation of the
self-consistency principle, vertically pointing measurements,
and comparisons of measured data and the mean Zy—ZpgR re-
lationship (Kwon et al., 2015). Moreover, a variety of radar
calibration methods were introduced in Atlas (2002).

In this study, we computed the mean axis-ratio relation and
developed several polarimetric rainfall algorithms by using
two-dimensional video disdrometer (2DVD) measurements
collected from September 2011 to October 2012 in Daegu,
Korea. Specifically, three raindrop shape assumptions (Prup-
pacher and Beard, 1970; Beard and Chuang, 1987; Bran-
des et al., 2002) and the newly derived axis-ratio relation
from 2DVD data were used to derive polarimetric rainfall
retrieval algorithms. The Zy and Zpr biases of Bislsan dual-
polarization radar were calibrated by comparing them with
simulated Zy and Zpgr values obtained from the 2DVD.
Improvements in the quantitative rainfall estimations were
achieved by applying the Zy and Zpr calibration biases.
In Sect. 2, the data used in this study are described. The
methodology for 2DVD data quality control, derivation of the
raindrop-axis ratio from 2DVD data, and simulations of the
polarimetric parameters by the T-matrix scattering method
are described in Sect. 3. The results of the statistical valida-
tion of rainfall estimation are presented in Sect. 4. Finally,
the conclusions are given in Sect. 5.

2 Data and instruments
2.1 Disdrometer

In this study we used the compact 2DVD version deployed on
the campus of Kyungpook National University, Daegu, Ko-
rea (35.9° N, 128.5° E). The 2DVD was installed in an obser-
vation field away from the buildings. Disdrometers are used
to find the DSD characteristics at a given location. Disdrom-
eter data used in this study were collected by a 2DVD from
September 2011 to October 2012.

The 2DVD consists of two orthogonal light sheets (re-
ferred to as A and B line-scan cameras). Line-scan cam-
eras have single-line photo detectors. The particle shadows
are detected on the photo detectors, and the particle im-
ages are recorded from two sides and at different heights
when the particles are falling through the measurement area
(10cm x 10 cm). The 2DVD measures drop size, fall veloc-
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Table 1. Specifications for dual-polarization radar in Bislsan.

3865

Parameters Characteristics
Variables Zu, Vi, SW, Zpr, ®pp, KpP, Phv
Altitude of radar antenna 1085 m
Transmitter type Klystron
Transmitter peak power 750 kW
Antenna diameter 8.5m
Beam width of radar 0.95°
frequency  2.785 MHz (S-band)
Observation & 150km
gate size 125m
elevations —0.5°,0°,0.5°,0.8°, 1.2°, 1.6° (6 elevation)

ity, and the shape of individual particles. From these data,
one can calculate the DSD and all related quantities such as
the rain rate, total drop number concentration, and liquid wa-
ter content. A more detailed description of the 2DVD is given
in Kruger and Krajewski (2002).

2.2 Radar

The Ministry of Land, Infrastructure, and Transport (MLIT)
operates the Bislsan (BSL) dual-polarization radar in
Bislsan, Korea (35.7° N, 128.5° E, 1085 m). The BSL S-band
radar has observation range of 150km and a frequency of
2.5 min because it is used primarily for hydrological obser-
vations and flood forecasts. The BSL S-band radar measures
polarimetric variables such as Zy, Zpr, Kpp, and pj,, in real
time. Six elevation angles from —0.5 to 1.6° were available,
with a gate size resolution of 125 m and radar beam width
of 0.95°. The specifications of the BSL radar are shown in
Table 1.

The BSL S-band dual-polarization radar was located about
22.3km (17°) away from the 2DVD location (Fig. 1). These
geographical locations were adopted to compare the two sets
of observation data. We used radar data from September 2011
to October 2012. During this period, rainfall events were ana-
lyzed for Zy and Zpgr calibration and for rainfall estimation.
In addition, the 0.0°-elevation plan position indicator (PPI)
radar data were used to avoid effects due to beam block-
ing and ground echoes on the measurements, whilst being as
close as possible to the 2DVD. The Zy and Zpg radar param-
eters were averaged over five successive gate size resolutions
and two adjacent azimuth angles, and Kpp was calculated
from the filtered ®pp as the slope of a least squares fit.

2.3 Rain gauge

A tipping bucket rain gauge was used to validate the 2DVD
rainfall estimations. The rain gauge used in this study was
a RG3-M tipping bucket rain gauge from the Onset Com-
puter Corporation. The maximum rainfall rate of the rain
gauge was 127 mm (5in) per hour, and the operating tem-
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Figure 1. The locations of the Bislsan polarimetric radar and the
2DVD at the rain gauge site.

perature range was from O to 50 °C. The bucket size of the
rain gauge was 0.2mm and the time resolution was 0.5s.
The rain gauge measurements were corrected to reduce in-
strumental uncertainties through field inter-comparisons with
a reference gauge. The rain gauge was installed in the same
location as the 2DVD.

3 Methodology
3.1 Quality control of 2DVD data

The 2DVD observation data were useful for investigating the
characteristics of rainfall. However, a number of particle out-
liers were measured, and these anomalous data points were
due to wind turbulence, splashing, break up of drops, and
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mismatching between camera A and B (Raupach and Berne,
2015). These results can lead to incorrect information about
the particles. Therefore, before using the 2DVD data, a qual-
ity control process was needed.

Figure 2a and b show the fall velocity and oblateness dis-
tribution according to the raindrop diameter before the data
quality control procedure was performed. In Fig. 2b and c,
we compare the axis-ratio—diameter relation of Pruppacher
and Beard (1970) with that found by the disdrometer before
and after the correction, respectively. Some particles had fall
velocities beyond the terminal velocity of large raindrops.
In particular, the outliers appeared prominently in the small
raindrop ranges. To remove these outliers, velocity-based fil-
tering was applied to the 2DVD measurement data (Thurai
and Bringi, 2005). The equations used are the following:

| Vineasured (D) — Va (D)| < 0.4V (D)
Va (D) =9.65—10.3exp(—0.6 D), €))]

where D (mm) is the drop diameter, Vipeasured (M s~1) is the
fall velocity as measured by the 2DVD, and V represents the
Atlas velocity formula (Atlas et al., 1973). The procedure re-
moved about 17 % of the values that did not correspond well
with the expected normal distribution (Fig. 2c). Despite the
application of velocity-based filtering, significant bias still
remained in the small drop size area. This was due to instru-
mental limitations such as the mismatch problems with the
line-scan cameras and the limited vertical resolution of the
instrument. Therefore, the oblateness data corresponding to
raindrop diameters smaller than 0.5 mm were removed when
we calculated the new axis-ratio formula.

To analyze the reliability of the 2DVD data, we compared
the rain rates calculated from the 2DVD data (Eq. 2) to col-
located rain gauge measurements; the difference of accumu-
lated rainfall represents the percent error (Eq. 3).

R=6x 10—4nZD DV (D)N (D) AD [mmh™'] 2)
Dminmax

PE — |ARain gauge — AR2pvD|

x 100[%] 3)
ARpin gauge

Here, Dpax and Dyip are the maximum and minimum diam-
eters of the observed drops in mm, N(D) is the drop number
concentration in mm~! m™3, V(D) is the drop fall velocity in
ms~!, and D is the drop interval (D = 0.2 mm). The drop fall
velocity formula used was that derived by Atlas et al. (1973);
PE is the percent error and AR is the accumulated rainfall in
mm.

We analyzed the rainfall cases that occurred from Septem-
ber 2011 to October 2012. Figure 3 shows the accumulated
rainfall computed from the 2DVD and rain gauge data for
six of these cases. The six events occurred at (i) 00:00—
09:00UTC on 14 October 2011 (Fig. 3a), (ii) 14:00—
23:59 UTC on 2 April 2012 (Fig. 3b), (iii) 00:00-23:59 UTC
on 21 April 2012 (Fig. 3c), (iv) 00:00-08:00 UTC on 25
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Figure 2. Distribution of fall velocity and oblateness according to
drop diameter. (a) Velocity-based filter for the drop measurements.
The color scale represents the drop number density (log scale). The
dotted line (orange) represents the results from the velocity formula
of Atlas et al. (1973). (b) Drop axis ratios for all measured drops.
(c) Drop axis ratios after removing mismatched drops. The dotted
line (black) represents the mean axis-ratio results from the formula
given in Pruppacher and Beard (1970).
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Figure 3. Time series of accumulated rainfall measured from the rain gauge and estimated from the 2DVD: (a) 14 October 2011, (b) 2 April
2012, (¢) 21 April 2012, (d) 25 April 2012. (e) 23 August 2012, and (f) 27 August 2012.

April 2012 (Fig. 3d), (v) 00:00-23:59 UTC on 23 August
2012 (Fig. 3e), and (vi) 16:00-23:59 UTC on 27 August 2012
(Fig. 3f). Figure 3a shows the accumulated rainfall com-
puted from the 2DVD and rain gauge data on 14 October
2011. As shown in Figs. 3a—f, the percent errors from the six
considered rainfall cases were 2.40, 9.78, 0.12, 4.48, 8.38
and 8.66 %, respectively. The overall distribution between
the 2DVD and rain gauge results was good. In general, ear-
lier studies have found that rainfall differences between dis-
drometer and rain gauge data were mostly in the range of
10 to 20 % (McFarquhar and List, 1993; Sheppard and Joe,
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1994; Hagen and Yuter, 2003; Tokay et al., 2003). These dif-
ferences might have been due to such issues as differences
in instruments, effects due to the measurement environment,
and rainfall variability. Therefore, the rainfall differences be-
tween the 2DVD and rain gauge results used in this study
were limited to a maximum of 20 % error, and the 2DVD
data were excluded from the analysis when the rainfall dif-
ference between the 2DVD and rain gauge results exceeded
20 %.

After the quality control process, 33 rainfall cases were
selected for further investigations of the characteristics of
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Table 2. Summary of the date, type of precipitation, and accumulated rainfall comparison values between 2DVD and rain gauge measure-

ments for the 33 rainfall events.

Date Time of Accumulated rainfall (mm) PE (%)
of observation (UTC) Type 2DVD rain gauge
09/05/11 01:00-15:00 C 7.07 6.86 3.16
09/09/11 15:20-21:20 S 4.28 4.31 0.72
09/10/11 00:00-23:59 C 19.48 17.83 9.28
09/29/11 00:00-17:00 S 3.81 3.72 2.46
10/13/11 00:00-23:59 S 3.93 4.11 4.59
10/14/11 00:00-09:00 S 13.20 13.52 2.40
10/21/11 06:00-23:59 S 53.33 65.83 18.99
04/02/12 14:00-23:59 M 17.85 16.26 9.78
04/21/12 00:00-23:59 S 32.17 32.13 0.12
04/25/12 00:00-08:00 S 18.63 17.83 4.48
05/01/12 08:00-21:00 S 4.08 3.53 15.62
05/08/12 07:00-11:00 C 8.94 9.60 6.89
05/14/12 00:00-15:00 S 22.16 19.79 10.88
05/28/12 06:00-07:00 C 15.19 14.50 4.79
06/08/12 03:00-23:59 C 17.07 19.40 11.98
06/23/12 00:00-08:00 C 13.43 14.50 4.79
07/06/12 00:00-18:00 C 22.43 20.18 11.13
07/12/12 17:00-21:00 M 7.51 7.45 0.88
07/13/12 01:00-12:00 C 25.22 25.08 0.55
07/15/12 00:00-12:00 C 8.22 7.64 7.54
07/16/12 15:00-23:59 M 16.40 18.42 10.97
07/21/12 09:00-10:30 C 5.86 5.68 3.15
08/12/12 01:00-18:00 C 20.25 18.42 9.95
08/13/12 00:00-15:00 C 37.27 34.09 9.31
08/23/12 00:00-23:59 M 90.88 83.86 8.38
08/24/12 00:00-23:59 S 7.37 7.45 1.01
08/27/12 16:00-23:59 S 13.62 12.54 8.66
08/29/12 19:00-23:59 S 6.26 5.29 18.39
09/09/12 00:00-23:59 S 21.56 18.65 15.61
09/16/12 00:00-23:59 S 83.12 69.88 18.95
09/17/12 00:00-07:00 M 63.64 58.55 8.69
10/22/12 06:00-11:00 M 13.63 14.92 8.64
10/27/12 00:00-09:00 S 8.77 8.20 6.94

rainfall over the Korean Peninsula. The accuracy of the 33
rainfall cases was in the range of 0.12-18.99 % compared to
in situ rain gauge data. The radar reflectivity and 1h rain-
fall rates measured by the rain gauge were used to classify
the data into different precipitation types. The criterion for
the reflectivity described by Chang et al. (2009) was ap-
plied in the present study, and rainfall rates that had val-
ues of R>5mmh~! (<5mmh—!) were considered to be
of the convective (stratiform) type. The data set consisted
of 15 stratiform rainfall cases, 12 convective rainfall cases,
and 6 mixed rainfall cases (total of 33 rainfall events) with
17 618 min DSD samples. The precipitation type, rainfall dif-
ference, and accumulated rainfall for the 2DVD and rain
gauge results are listed in Table 2. Figure 4 shows the hourly
and total accumulated rainfall for the 2DVD and rain gauge
results. The overall agreement between the 2DVD and the
rain gauge results was good, and the total accumulated rain-
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fall recorded by the rain gauge was greater than that of the
2DVD by about 0.30 %.

3.2 Raindrop axis ratio

A very small raindrop has an approximately spherical shape
that becomes oblate as its size increases. The shape of a rain-
drop according to the drop size can be expressed as the mean
axis-ratio relation. The mean raindrop shape is associated
with the measured DSD shape and diameter, which is re-
lated to the variation of DSD. The DSD variations depend
on different storm types and climatic regimes (Marzuki et
al, 2013), and they affects rainfall rates derived from polari-
metric radar measurements of reflectivity. Hence, in order to
produce rainfall estimation algorithms reflective of the rain-
fall characteristic of the Korean Peninsula, a new mean axis-
ratio relation, using the 2DVD data listed in Table 2, was de-
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Figure 4. One-hour (left panel) and total accumulated rainfall (right panel) from the 2DVD and rain gauge for the 33 rainfall cases.

rived as a polynomial function. The size of the diameter bin
was 0.2 mm, and the oblateness data corresponding to rain-
drop diameters smaller than 0.5 mm were removed when we
derived the new axis-ratio relation because oblateness in the
small range (D < 0.5 mm) was significantly influenced by the
calibration of the instrument (Marzuki et al., 2013). In addi-
tion, we only displayed the average values for the bins con-
taining more than five drops in order to have sufficient num-
bers of raindrops. Therefore, the measured maximum diam-
eter could reach to about 8 mm; however, the mean axis-ratio
fitting was established to be within 7 mm diameter because
it does not have a sufficient number of values in more than
7 mm diameter.

In order to produce the mean axis-ratio relation, various
fitting methods such as linear and polynomial (second-, third-
, fourth-order) fits were tried. The third-order polynomial re-
lation was deemed the most suitable for the observation data,
as this, relation performed (i.e., goodness of the fitting) better
than others. The third-order polynomial new mean axis-ratio
relation (b/a) is as shown in Eq. (4), which can be reasonably
extended to 7 mm:

b/a = 0.997845 — 0.0208475 D — 0.0101085 D>
+6.4332x 107*D? (0.5< D < 7mm), 4)

where a and b are the major and minor axis, respectively,
and D is the equivalent volume diameter of the particle in
mm. The statistical measures corresponding to the correla-
tion coefficient, root-mean-square error (RMSE), and mean
absolute error (MAE) were 0.989, 0.025, and 0.012, respec-
tively.

3.3 Disdrometer-rainfall algorithms

In order to produce the polarimetric rainfall algorithms, the
theoretical polarimetric variables (e.g., Zy, Zpr, and Kpp)
were simulated from the 2DVD data by using the T-matrix
(transition) method (Zhang et al., 2001). The polarimetric
variables depend on the shape of raindrops. The polarimet-
ric rainfall algorithms were derived by making assumptions
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about different axis-ratio relations. First, we calculated the
complex scattering amplitudes of raindrops at the S-band of
the 10.7 cm wavelength by using the mean axis-ratio rela-
tions. Second, we calculated the scattering amplitudes for the
different axis-ratio relations that were used for the production
of the polarimetric variables. The dual-polarimetric variables
were calculated by using Egs. (5-7) (Jung et al., 2010):

4k4 Dmax,x
Zp = —/ A
4 Ky |?

foo) P+ B| o (02

+2C Re[ fa () fo* (1) N (D)dD [mm®m 3], 5)

4)\'4 Dmax, x
Ly=—F—"> B
’ ﬁmw{

+2C Re [ fa () fo* ()] N (D)dD [mm°®m~3], (6)

foGo) P+ 4| o oo

where

A=<cos’® >= %(3 + 4(:052(5(3_2‘72 + cos4q_$e_8°2)
B=<sin"®>= %(3 —4cos 2<z_5e72Cr2 T cosdpe )
and

1 _
C =< sin>®cos?® > = §(1 — cos4¢e_8“2)

1802 [ Pmax

Dp=—— CxRe [ fa(0) = fo O]N (D)dD [*km™'].  (7)

0
Here, Cx =< c0s2® > = cos 2<I>e_2"2.

f2(0) and f,(0) are complex forward-scattering ampli-
tudes and f,(;r) and f,(;r) are complex backscattering am-
plitudes for polarization along the major and minor axes, re-
spectively. Additionally, f,* and f,,* are their respective con-
jugates, ¢ is the mean canting angle, and o is the standard
deviation of the canting angle. The terms ¢ and o were as-
sumed to be 0 and 7°, respectively (Huang et al., 2008). The
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Table 3. List of different polarimetric rainfall relations used for rainfall estimations and the mean absolute error (MAE), root-mean-square
error (RMSE), and correlation coefficient for estimated rain rates vs. observations.

R(Zp) =alZP

Polarimetric rainfall relation Scatterplot R — Re Assumptions

a B MAE RMSE Corr.
1 0.0568 0.5876 0.96 2.40 0.93  Pruppacher and Beard (1970)
2 0.0587 0.5849 0.97 2.42 0.92  Beard and Chuang (1987)
3 0.0588 0.5851 0.97 2.42 0.92  Brandes et al. (2002)
4 0.0575 0.5870 0.97 241 0.92  New axis ratio (experimental fit)
R(Kpp) = alKppl?
Polarimetric rainfall relation Scatterplot R — Re Assumptions
o B MAE RMSE Corr.
1 38.59 0.834 0.47 1.05 0.99  Pruppacher and Beard (1970)
2 43.66 0.765 0.67 1.43 0.97  Beard and Chuang (1987)
3 46.85 0.740 0.82 1.64 0.97  Brandes et al. (2002)
4 42.20 0.831 0.46 1.15 0.98  New axis ratio (experimental fit)
R(Z, Zpr) = aZP 100-17 Zor
Polarimetric rainfall relation Scatterplot R — Re Assumptions
o B y MAE RMSE Corr.
1 0.0112 0.89 —4.0964 045 0.77 0.99  Pruppacher and Beard (1970)
2 0.0094 0.88 —3.5321 046 0.84 0.99  Beard and Chuang (1987)
3 0.0090 0.88 —3.4908 047 0.86 0.99  Brandes et al. (2002)
4 00114 0.87 —=3.7750 048 0.90 0.99  New axis ratio (experimental fit)
R(Kpp, Zpr) = a K, 10017 Zr
Polarimetric rainfall relation Scatterplot R — Re Assumptions
o B y MAE RMSE Corr.
1 66.56 096 —1.4041 0.29 0.45 1.00  Pruppacher and Beard (1970)
2 84.02 093 —1.6854 0.44 0.66 1.00  Beard and Chuang (1987)
3 96.57 092 —1.9085 0.59 0.86 0.99  Brandes et al. (2002)
4 74.80 097 —1.5489 0.23 0.36 1.00  New axis ratio (experimental fit)

maximum size of the observed particles is Dpy,x = 8 mm, the
radar wavelength is A = 10.7 cm (S-band), the dielectric fac-
tor for water is Ky =0.93, and N (D) was calculated by us-
ing the 2DVD measurements.

Polarimetric rainfall relations between R and dual-
polarimetric variables were derived when the rain rate was
greater than 0.1 mmh~!. The derived new polarimetric rain-
fall relations according to different axis-ratio relations are
presented in Table 3.

3.4 Calibration of the radar
The radar measurements are affected by various observa-
tional errors, such as ground echoes, beam broadening,

anomalous propagation echoes, and calibration biases of
radar Zyg and Zpr. These errors can lead to significant un-

Atmos. Meas. Tech., 9, 3863-3878, 2016

certainty in precipitation estimations. Therefore, accommo-
dation of the calibration bias of radar is necessary to improve
quantitative rainfall estimations involving Zy and/or Zpg.
The radar calibration was done for light rainfall events, and
the simulated theoretical Zy and Zpr variables based on the
new axis-ratio relation (Eq. 4) were used.

The calibration biases of Zy and Zpr were calculated
from the comparison of measured Zy and Zpr with the sim-
ulated Zy and Zpgr from the 2DVD measurements. To com-
pare polarimetric radar parameters, the cross-match point
must first be determined. This is because 2DVD data con-
sist of point measurements, whereas radar data are measured
in a sampling volume. The BSL S-band radar data were av-
eraged over five successive gates and two adjacent azimuth
angles centered on the 2DVD location. The elevation angle
of 0.0° PPI was used. The radar rainfall estimation reliabil-

www.atmos-meas-tech.net/9/3863/2016/
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Figure 5. Different raindrop axis-ratio relations for the oblate rain-
drop model. The upper right subfigure illustrates the axis ratio of an
oblate raindrop.

ity was assessed before and after the calibration to test the
effectiveness of the calibration process.

4 Results
4.1 Comparison of raindrop axis-ratio relations

We compared the new axis-ratio experimental fit with ex-
isting mean axis-ratio relations such as those of Pruppacher
and Beard (1970), Beard and Chuang (1987), and Brandes et
al. (2002) (see Fig. 5). Consisting in the following polyno-
mial formulas:

b/a=1.03—-0.062D(1 < D < 9mm) (®)
b/a=1.0048+45.7x 1074D —2.628 x 1072 D?

+3.682x 103D - 1.677x107*D* (1< D< 7mm)  (9)
b/a =0.9951 4 0.02510D — 0.03644 D>

+5.303 x 1073D% —2.492 x 107*D*(1 < D < 8mm).  (10)

Equation (8) from Pruppacher and Beard (1970) is a linear
relation derived by measurements in a wind tunnel. Equa-
tion (9) is a fourth-order polynomial formula from a nu-
merical model. Equation (10) is a polynomial empirical re-
lation developed by Brandes et al. (2002) that was derived
by combining drop shape observations. The Pruppacher and
Beard (1970) linear relation results (Eq. 8, green dash-dot
line) fell below the new mean axis-ratio for 1 < D <5 mm.
The Beard and Chuang (1987) polynomial relation results
(Eq. 9, black dashed line) ranged from 2.5 to 6.5 mm lower
than the new mean axis-ratio relation values. The new mean
axis-ratio fit was more oblate than that obtained with the
Brandes et al. (2002) polynomial empirical relation (Eq. 10,
blue dotted line) when the raindrop sizes were greater than
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5.5mm and less than 2.5 mm. With the exception of this
case, the new axis ratio yielded results similar to those from
Eq. (10) for diameters ranging from 3 to 5.5 mm. The new
mean axis-ratio relation was very similar to existing axis-
ratio relations except for small particles (<2 mm) and large
particles (> 5.5 mm).

The differences in the mean axis-ratio relations seemed
small, and dependence of the raindrop axis ratio on climatic
regimes was not clearly observed, although raindrop shapes
can be influenced by the temperature and pressure (Beard and
Chuang, 1987). Differences of raindrop shape can also be
caused by measurement errors, drop oscillation, event selec-
tion criterion, and the fitting method used (Thurai and Bringi,
2005). A small error in the mean axis ratio can lead to signif-
icant errors in the estimated DSD and rainfall rates (Bringi
and Chandrasekar, 2001). Therefore, the consideration of the
accurate raindrop shapes based on long-term DSD data is
necessary to improve the polarimetric rainfall estimations.

4.2 Verification of polarimetric rainfall algorithms
4.2.1 Variability of DSD in rainfall estimations

To investigate the variability of the DSD in rainfall estima-
tions from polarimetric parameters, the rain rate R, was esti-
mated by utilizing various combinations of polarimetric vari-
ables and then was compared with R derived from the 2DVD
results (Eq. 2). The MAE, RMSE, and correlation coefficient
(Corr.) were calculated according to the following equations:

1 _
MAE:NZ|R—R6| [mmh™!] 1)

0.5
RMSE = (%Z(R—Re)z) [mmh™!] (12)

I 2[(R—R) (R — k)]
N—1 Nar(R)Var(Re)

where R is the rain rate from observed 1-min DSDs and R,
is the rain rate from various polarimetric rainfall algorithms.
Re can then be obtained from the 2DVD data. The N is the
number of comparisons. Figure 6 shows the scatterplot of R
and R, for polarimetric rainfall algorithms based on the new
axis-ratio relation. The scatter indicates the effect of DSD
variability on rain estimations. The comparison between rain
rates from the observed R and those estimated from R,
showed good overall agreement. In particular, the statistics
for the scatter showed the best results (MAE =0.23 mmh~!,
RMSE=0.36mmh~!, and Corr.=1.00) when using the
R(Kpp, Zpr) based on the new axis-ratio relation. The use
of the single parameter R(Zy) resulted in an increase of the
MAE (0.97 mmh~!) and RMSE (2.41 mmh~"), but in a de-
crease of the Corr. (0.93) compared to the other polarimet-
ric rainfall relations. Other polarimetric rainfall algorithms
based on existing axis-ratio relations (Eqs. 8-10) showed
similar results. A summary of the statistics according to po-
larimetric rainfall algorithms and mean axis-ratio relations

Corr. =

13)
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Figure 6. Scatterplot of R derived from observed DSDs (17 618 min samples) and R estimated from combinations of polarimetric parame-

ters. Re was then obtained from the same data set.

are presented in Table 3. The differences in performance be-
tween the dual-polarization rainfall algorithms under practi-
cal conditions can also be due to the different error structures
of dual-polarization measurements.

The reflectivity factor is affected by the absolute calibra-
tion error, and it requires accurate knowledge of the radar
constant. The differential reflectivity is a relative power mea-
surement of any rainfall algorithm. Therefore, it can be mea-
sured without being affected by absolute calibration errors.
However, the Zpr-based algorithm needs to be used in con-
junction with Z, or Kpp because Zpgr is a relative power
measurement of any rainfall algorithm. Unlike Zj, and Zpg,
Kpp is independent of the absolute calibration error atten-
uation because it is related to the phase shift of the electro-
magnetic wave. However, Kpp is relatively noisy in light rain
(a low rain rate). Thus, the advantages and disadvantages of
each polarimetric variable translate into the error of rainfall
algorithms (Bringi and Chandrasekar, 2001).

4.2.2 Validation of rainfall estimation algorithms

In order to evaluate radar rainfall estimations according to
different rainfall relations and raindrop shapes, we compared
the 1 h rain rate from the BSL S-band radar with the hourly
rain rate obtained by the use of the rain gauge in Daegu, Ko-
rea. Furthermore, the rainfall estimate from the 2DVD data
was included for comparison. Here, the time of observations
was short and unstable rainfall events in regard to the conti-
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nuity and stability of measurement data were excluded from
the analysis. Therefore, Statistical validation of the radar and
2DVD rainfall estimates for the different rainfall relations
were performed for 18 rainfall events among the 33 rainfall
cases. The MAE and RMSE are given by

MAE:%ZlRR—Rm [mmh~!] (14)
1 0.5
RMSE = (ﬁ Z (Rr — RG)Z) [mmh~'], (15)

where RR is obtained by the radar (or 2DVD) averaged 1h
rain rate (mmh~'), and Rg is measured by the rain gauge
averaged 1 h rain rate (mm h~1). The results are presented in
Table 4. According to the DSD statistics, the combined po-
larimetric rainfall relations using Zpr and Kpp were more
efficient than the single-parameter rainfall relation for esti-
mated 2DVD rainfall. In particular, when using the new axis-
ratio relation, the R(Kpp, Zpr) relation performed better
than the others. These results can be found in Fig. 7, which
shows a scatterplot of the 1h rain rate from the rain gauge
and the radar (or 2DVD) data developed by using the new
mean axis-ratio relation for 18 rainfall events. The pluses rep-
resent 1 h gauge rain rates vs. radar rain rates from different
rainfall relations and the squares indicate gauge vs. 2DVD
rain rates. In the single rainfall relation with Z; (Fig. 7a),
some amount of scatter was present (MAE =0.96mmh~!
and RMSE =1.24mm h’l), and the scatter decrease
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Table 4. Mean absolute error (MAE) and root-mean-square error (RMSE) of the radar estimates of hourly rain rates for the different radar

rainfall algorithms listed in Table 3.

R(Zy) = alZyl?

MAE RMSE Assumptions
RADAR 2DVD RADAR 2DVD
1 1.02 0.96 1.39 1.24  Pruppacher and Beard (1970)
2 1.03 0.96 1.39 1.25 Beard and Chuang (1987)
3 1.03 0.96 1.39 1.25 Brandes et al. (2002)
4 1.02 0.96 1.39 1.24 New axis ratio (experimental fit)
R(Kpp) = alKppl#
MAE RMSE Assumptions
RADAR 2DVD RADAR 2DVD
1 6.04 0.69 6.99 0.93 Pruppacher and Beard (1970)
2 7.69 0.75 8.63 0.99 Beard and Chuang (1987)
3 8.67 0.76 9.62 1.00  Brandes et al. (2002)
4 6.80 0.71 7.78 0.93 New axis ratio (experimental fit)
R(Zu, Zpr) = a Zyp100-17 Zor
MAE RMSE Assumptions
RADAR 2DVD RADAR 2DVD
1 0.89 0.66 1.22 0.92 Pruppacher and Beard (1970)
2 0.85 0.69 1.18 0.96 Beard and Chuang (1987)
3 0.87 0.73 1.20 1.02  Brandes et al. (2002)
4 0.85 0.72 1.17 0.99 New axis ratio (experimental fit)
R(Kpp, ZpR) = @ Kpps 10017 ZDR
MAE RMSE Assumptions
RADAR 2DVD RADAR 2DVD
1 8.19 0.58 10.05 0.88 Pruppacher and Beard (1970)
2 10.92 0.61 12.98 0.91 Beard and Chuang (1987)
3 12.71 0.64 14.96 0.94  Brandes et al. (2002)
4 9.19 0.58 11.23 0.86 New axis ratio (experimental fit)

(MAE =0.58 mmh~! and RMSE =0.86 mmh~!) when the
Kpp and Zpgr parameters were used for 2DVD rainfall esti-
mation (Fig. 7d). These results were influenced by the vari-
ability of the DSDs, and the effect of the DSD variability was
worse in rainfall estimations obtained with the R(Kpp) or
R(Kpp, Zpr) than those obtained with the R(Zj). However,
if actual radar measurements were used, the R(Zy, ZpRr) al-
gorithm showed the best performance, while the accuracy
of radar rainfall estimation was reduced when the Kpp pa-
rameter was used. As shown in Fig. 8, at lower rain rates
(<10mmh~1), R(Kpp) and R(Kpp, Zpr) were less effi-
cient because the measured Kpp became too noisy; however,
R(Kpp) and R(Kpp, Zpr) relations performed better than
others at higher rain rates (> 10 mm h_l). Therefore, as the
rain rate increased, the uncertainty in radar estimates due to
the use of Kpp was reduced. Zj, (instead of Kpp) should be

www.atmos-meas-tech.net/9/3863/2016/

used jointly with Zpr because R(Zy, Zpr) showed excel-
lent performance at lower rain rates. These results show that
the R(Kpp, Zpr) relation will be useful for heavy rainfall,
and R(Zy, Zpr) is more suited for light rainfall (Ryzhkov et
al., 2005).

4.2.3 Correction of calibration bias

Radar measurements can suffer from Zy and Zpg system bi-
ases, and inaccurate calibration can lead to significant uncer-
tainty in radar-based quantitative precipitation estimations.
In this study, Zy and Zpg calibration biases were calculated
for eight rainfall events through a comparison between Zy
and Zpr radar measurements and Zyg and Zpgr simulations
obtained from the 2DVD measurements. Figure 9a and b
shows time series data for the 2DVD and BSL radar Zy and

Atmos. Meas. Tech., 9, 3863-3878, 2016
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Figure 10. Same as Fig. 9, except that the data are for 16 September 2012.

ZpR, and Fig. 9c and d shows scatter plots of the 2DVD es-
timations and radar measurements for the Zy and Zpr on
23 August 2012. The overall distribution of the observed Zy
corresponded well with the simulated parameter; however,
the BSL Zpr measurements were underestimated with re-
spect to the simulated Zpgr values. The mean bias (= bias) of
Zy and ZpRr was about 0.98 dBZ and 0.10 dB, respectively.
The bias of Zy and Zpg on 16 September 2012 was 0.90 dBZ
and —0.13 dB, respectively (Fig. 10).
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The application of absolute calibration biases is the most
effective way to reduce radar rainfall errors, in particular,
for rainfall estimators with both Zy and Zpr (Kwon et al.,
2015). The accuracy of the radar rainfall estimations was in-
vestigated by applying the calculated Zy and Zpr bias. The
R(Z},, Zpr) algorithm based on the new mean axis-ratio re-
lation showed the best result in terms of radar rainfall estima-
tions. These results were evaluated by comparison with rain
gauge measurements, which represent the ground truth situ-
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Table 5. Mean absolute error (MAE) and root-mean-square error (RMSE) of rainfall estimates before and after applying bias correction.

— = = Acu. Rain gauge [mm]
= = = Acu. Before BC [mm]
= = = Acu. After BC [mm]

fall was compared to the rain gauge data, rainfall estimation
was improved by about 10.38 %. Figure 11b shows the re-
sults for the 16 September 2012 event. The recorded accu-
o mulated rainfall amounts were 55.20, 44.90, and 53.77 mm
for the rain gauge, radar before bias correction, and radar af-
ter bias correction results, respectively. The radar rainfall es-
timation was improved by about 16.07 %. For the eight con-
sidered rainfall events, the Zy and Zpg total mean biases for
the BSL radar was 1.03 dBZ and 0.22 dB, respectively. More-
over, MAE changed from 1.04 to 0.93 mm h~! and RMSE
decreased from 1.41 to 1.26mmh~! after the bias correc-
tion. The bias of Zy and Zpgr as well as MAE and RMSE
e h values for each of the eight rainfall events are presented in
[RUSNPREE ‘ Table 5. As shown in Table 5, both MAE and RMSE values
‘ 10 decreased after the bias correction, which, therefore, lead to
an improvement of rainfall estimation.

N
=3

Date Calibration Radar rainfall Rain MAE RMSE
bias estimation gauge (mm h~! ) (mm h~! )
Zy Zpr Before After Obs. Before After Before After
(dBZ)  (dB) BC BC BC BC BC BC
1 11.10.13  —0.01 0.10 20.71 18.99 16.85 0.50 0.40 0.61 0.49
2 11.10.21 1.16 028 48.60 4826 49.96 0.77 0.76 0.99 0.98
3 12.04.25 1.40 043 1983 18.07 17.24 1.33 1.24 2.03 1.90
4 12.05.14 2.17 0.28 12.89 1558 1940 0.57 0.42 0.78 0.58
5 12.08.23 0.98 0.10 7265 8135 83.86 0.78 0.62 1.27 0.87
6 12.09.09 0.44 0.18 18.16 17.00 14.17 0.75 0.68 1.18 1.09
7 12.09.16 090 —0.13 4490 53.77 5520 0.75 0.69 0.92 0.84
8 12.10.22 —-144 —0.14 1855 1576 1492 2.85 2.60 3.49 3.30
Avg 1.03 0.22 1.04 0.93 1.41 1.26
*BC: bias correction.
(a) bias correction, respectively. The bar graph is the 1 h rainfall
il SR B B B "] rate measured by the rain gauge. The blue and green dashed
» eIl S lines are estimated accumulated rainfall obtained before and
ISy T -] after the bias correction, respectively, and the red dashed line
B Lom T - ‘:, e e £ is the accumulated rainfall measured by the rain gauge. In
5 , R SPEEE 1 f comparison with the rain gauge measurement (83.86 mm),
§ 15 " B e gouge o) || Aoé the underestimated precipitation (72.65 mm) was corrected
£ prioetii L g to 81.35 mm after bias correction. When the estimated rain-
S <
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Figure 11. Comparison of the 1 h rain rate (left ordinate) and accu- 5 Conclusions

mulated rainfall (right ordinate) obtained by the BSL S-band radar
and rain gauge. The R(Zy, ZpRr) algorithm based on Eq. (4) was
used for rainfall estimations for (a) 23 August 2012 and (b) 16
September 2012. BC represents the bias correction.

The purpose of this study was to find an optimal polarimetric
rainfall algorithm by using 2DVD measurements in Korea,
and to improve the radar rainfall estimations by correcting
the Zy and ZpR biases. First, we derived a new raindrop axis-
ratio relation reflecting the rainfall characteristics on the Ko-

ation. Figure 11a shows the 1h rain rate (left ordinate) and
accumulated rainfall (right ordinate) estimated from the radar
and rain gauge on 23 August 2012. The blue and green solid
lines are estimated 1 h rainfall rates obtained before and after

Atmos. Meas. Tech., 9, 3863-3878, 2016

rean Peninsula by using data from 33 rainfall events, and this
was done after checking the accuracy and performing a qual-
ity control procedure for the 2DVD measurements. The de-
rived raindrop axis-ratio relation was compared with existing

www.atmos-meas-tech.net/9/3863/2016/
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relations. The derived new mean axis-ratio relation was very
similar to existing axis-ratio relations except for both small
particles (<2 mm) and large particles (> 5.5 mm). The de-
pendence of the raindrop axis ratio on climatic regimes was
not clearly observed.

The polarimetric rainfall algorithms were derived based
on various assumptions about the shape of raindrops. The
accuracy validation of the 1 h rainfall rate obtained through
rainfall algorithms was assessed by comparing 2DVD and
BSL radar data with rain gauge measurements. As a re-
sult, R(Kpp, Zpr) based on the new axis-ratio relation was
deemed suitable for rainfall estimations according to the
DSD statistics when compared with others. This occurs be-
cause the effect of the DSD variability declined in rain-
fall estimations obtained with the R(Kpp) or R(Kpp, ZpRr)
compared to those obtained with the R(Z;). However, if
actual radar measurements were used, at lower rain rates
(<10mmh™'), the Kpp-based algorithms displayed large
statistical errors, while R(Z,, Zpr) based on the new axis-
ratio relation showed the best performance. This occurs be-
cause the measured Kpp parameter was relatively noisy at
lower rain rates. However, the R(Kpp, Zpr) algorithm based
on the new axis-ratio relation performed better than the oth-
ers at higher rain rates (> 10 mm h~1). Therefore, in order to
produce more accurate rainfall estimations, the R(Zj, ZpRr)
and R(Kpp, Zpr) algorithm should be classified according
to rainfall intensities.

To perform radar calibration measured Zy and Zpr were
compared with simulated Zy and Zpgr. The calculated Zy
and Zpr bias was used to reduce radar bias, and to pro-
duce more accurate rainfall estimations. After bias correc-
tion, radar rainfall estimations were closer to rain gauge mea-
surements, meaning an improvement of the first ones.

In this paper, different raindrops axis ratios were used to
derive new polarimetric rainfall relations, and the new po-
larimetric rainfall algorithms were assessed with respect to
their ability to produce accurate point radar rainfall estima-
tions. The new polarimetric rainfall algorithms performed
better than existing rainfall algorithms, and no large differ-
ences were observed in regard to climatic regimes. In par-
ticular, the use of the R(Zy,, Zpr) algorithm lead to an im-
provement of radar rainfall estimations in the Korean Penin-
sula since in this region extreme precipitation systems such
as tornados, supercells, and hail storms do not often occur.
We are now working to improve the Kpp quality because it
is a very useful parameter for high rainfall rates estimation. A
classification of rain rates based on these results will also be
performed in future work. In addition, polarimetric rainfall
algorithms will be developed to obtain areal rainfall estima-
tions through long-term DSD collection efforts and several
rainfall-cases-based analyses.
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