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Abstract: Rain attenuation can hinder the implementation of quantitative precipitation estimations
using X-band weather radar. Numerous studies have been conducted on correcting the attenuation
of radar reflectivity by utilizing a dual-polarimetric radar and an arbitrary-oriented microwave link;
however, there is a need to optimize the required number of microwave links and their locations.
In this study, we tested four attenuation correction methods and proposed a novel algorithm based
on the sole use of adjacent multiple microwave links. The attenuation of the X-band radar reflectivity
was corrected by performing forward iterations at each link, and the correction coefficients were
statistically analyzed to reduce the instability problem. The algorithms of each method were evaluated
by studying the cases of convective and stratiform rainfall, and then validated by comparing the
corrected reflectivity of the X-band radar with the qualitatively controlled reflectivity of the S-band
radar. The new method was as efficient as the conventional method based on the specific differential
phase of dual-polarimetric radar. Furthermore, the correction coefficient was more effectively
optimized and stabilized using seven microwave links rather than a single link, and no further
independent reference data were required. In addition, the attenuation correction also accounted for
spatiotemporal differentiation depending on the rainfall type, and could recover the physical structure
of the rainfall. The method developed herein can facilitate estimations of quantitative rainfall in
developing countries where dual-polarization weather radars are not common. The exploitation of
microwave link data is a promising method for rainfall remote sensing.

Keywords: X-band dual-polarimetric radar; radar attenuation correction; multiple microwave links;
COMS; S-band radar reflectivity

1. Introduction

Low-cost, terrestrial, and commercial microwave links and earth-satellite systems are based
on the principle that atmospheric attenuation, which is caused by rain and encountered along each
transmission path, can be utilized to determine the path-averaged rate of rainfall [1]. Rain-induced
attenuation is a vital step that must be considered when analyzing microwave satellite communication
links [2], and it can be estimated utilizing Tropical Rainfall Measuring Mission (TRMM) data [3].
Atlas and Banks [4] investigated two factors that cause attenuation: First, the attenuation caused by
precipitation that affects the propagation of electromagnetic waves; second, the received power of a
radar is inversely proportional to the square of range. Short wavelength X-band radars provide several
advantages over long wavelength radars, such as S- and C-bands, including a finer resolution with a
smaller-sized antenna, lower costs, and greater mobility. In addition, since the launch of the Center for
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Collaborative adaptive Sensing of the Atmosphere (CASA) program, short-wavelength radars have
been deployed to overcome the coverage limitations of long-wavelength radars [5].

However, the impact of rainfall-induced attenuation on the propagation of electromagnetic waves
on a short wavelength (X-band) is one of the main factors affecting the quantitative precipitation
estimation of weather radar. Several methods have been proposed to correct attenuated radar
reflectivity. For a dual-polarimetric radar, these attenuation correction methods are based on the
differential propagation phase, ¢pp, being almost linearly proportional to the cumulative attenuation
in radar frequencies. For example, Testud et al. [6] suggested an attenuation correction method
for a dual-polarimetric radar that assumed a fixed proportionality constant, «, of the dependence
of specific attenuation, Ap, on the specific differential phase, Kpp. However, the dual-polarimetric
radar method (DPRm) is sensitive to the proportionality constant, a (= Ay /Kpp). In this respect,
Bringi et al. [7] proposed a method, referred to as the self-consistent method (SCm), in which the optimal
proportionality constant of Ay /Kpp is estimated by comparing the measured ¢pp with the calculated
¢pp. Based on the SCm, Park et al. [5] then extended the method to the X-band dual-polarimetric radar,
and Kim et al. [8] corrected the differential reflectivity, Zpg, using horizontal and vertical reflectivity
(Zy/Zy) via the SCm.

A microwave link consists of a receiver that continuously receives pulsed power from a transmitter
along the line of sight radio path. Microwave links are widely spread across countries and are used
for near-ground rainfall monitoring, as well as for the validation [9] and attenuation correction of
radar reflectivity. Accordingly, Krdamer et al. [10] proposed a method that adopted the attenuation
derived from a microwave link with its receiver. They further combined it with an X-band radar.
This method was used as a reference for correcting radar data estimations of rainfall without using
the dual-polarization factor (¢pp), and it was based on the relationship between the attenuation
factor, Ay, and reflectivity, Zy’, (Ag = aZ 1?). Rahimi et al. [11] proposed a backward-iterative
attenuation correction method that imposed a microwave link attenuation constraint. Furthermore,
Tromel et al. [12] reported that microwave link networks exhibit a high spatial density in many countries
and that microwave links are useful to optimize the ratio of Ay/Kpp in the radar radial direction.
However, the microwave link used in these methods must be situated along the radial direction of the
radar, which restrains the applications of microwave links for correcting radar attenuation.

Furthermore, Zhang et al. [13] presented a new method based on the DPRm for correcting the
attenuation of radar reflectivity using a dual-polarimetric radar and an arbitrary-oriented microwave
link. This method can be used to broaden the application scope of microwave links in the attenuation
correction of radar reflectivity. However, many microwave links are required to enable the correction
of attenuated radar reflectivity from all radar radials. This method also requires further independent
reference data, such as that from a dual-polarimetric radar.

In the empirical relationship between the attenuation factor, Ay, and reflectivity, Zy’, or Kpp
(AH = aZy? or aKpp® ), a, b, a, and c are the empirical correction coefficients. It is critical to optimize
the correction coefficients 2 and a to improve the effectiveness of radar attenuation correction methods,
because these coefficients vary widely with respect to the drop size distribution and drop temperature.
Thus, we propose the use of a modified method that employs seven microwave links to primarily
estimate the optimal correction coefficient, 2, when an attenuation reference cannot be provided by one
of the microwave links because of heavy rainfall [13]. This method effectively reduces any instability
problems that have been reported in previous methods as it uses multiple adjacent microwave links.
The attenuation correction can account for spatiotemporal differentiation depending on the rainfall
type, and it also recovers the physical structure of the rainfall in accordance with the rapidly changing
spatial and temporal variations as well as the spatial heterogeneity.

Chandrasekar et al. [14] reported that under Rayleigh scattering assumptions, radar reflectivity
will not change in accordance with the radar frequency. However, the Rayleigh scattering assumptions
are not strictly valid with respect to X-band. Hence, we converted the S-band radar reflectivity to
the intrinsic reflectivity in the X-band using an empirical conversion method [15] and changed the
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elevation angles of the S-band radar from 0° to 1.68° to identify the smallest differences between radar
beam heights.

2. Materials

Since 2013, the dual-polarization X-band weather radar (RXM-25, Ridgeline Instruments, USA)
has been operated by the Korea Institute of Civil Engineering and Building Technology (KICT) at
Goyang-si, Gyeonggi-do Province (37.67° N, 126.74° E), Korea, to conduct rainfall observations
(Figure 1). The X-band radar has a frequency of 9410 MHz with horizontal and vertical polarization,
and it observes a radius of 40 km at intervals of spatial resolutions of approximately 60 m; thus, it can
observe the total range of Seoul. The antenna uses a parabolic dish with a diameter of 1.8 m and a beam
width of 1.8°, and it has a time resolution of 1 min. The KICT radar simultaneously transmits and
receives vertically and horizontally polarized scattered signals. The polarimetric parameter derived
from the KICT radar used in this study is the total differential phase, ¢pp. The quality of radar data are
checked by KICT [16]. Zp and ¢pp were retrieved by KICT at an elevation angle of 5° throughout
Seoul and its suburbs to examine the performance of the attenuation correction of reflectivity.
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Figure 1. Location of research area (Seoul) in Korea. Red lines represent microwave links, the orange
asterisk symbol represents the Gwangdeoksan (GDK) radar, the blue asterisk represents the Korea
Institute of Civil Engineering and Building Technology (KICT) radar, and the black triangles indicate
automatic weather stations (AWS) locations.

The Gwangdeoksan radar (GDK) is located close to Seoul, at 45.12 km northeast of the KICT radar.
This single-polarization S-band weather radar (DWSR-85015/KSDP, EEC, USA) has been operated by
the Korea Meteorological Administration (KMA) at Hwacheon-Gun, Kangwon-do province (38.1173° N,
127.4336° E), Korea, since 2003. It collects volume scan data every 10 min and has a frequency of
2887 MHz with horizontal polarization, an effective observational range of about 240 km, and a spatial
resolution of 1° X 240 m. Quality control is applied to radar data by KMA [17]. Zy was retrieved at
elevation angles of 0°, 0.3°, 0.6°, 1°, and 1.7° to compare the attenuation correction of KICT reflectivity.
The main specifications of the KICT radar are listed in Table 1 along with those of the GDK radar.
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Table 1. Technical specification of radars.

KICT Radar GDK Radar
Band Dual-polarimetric Single-polarization
Location 37.67° N, 126.74° E 38.1173° N, 127.4336° E
Transmitter type Magnetron Klystron
Frequency 9410 + 30 MHz 2887 MHz
Pulse width 0.6 usec 0.8 usec and 4.5 usec
Pulse repetition frequency 2000 Hz 250-1200 Hz
Gain 41 dB 45 dB
Beam width 1.4° 1°
Time resolution 1 min 10 min
Spatial resolution 60 m X 60 m 250 m x 250 m
Antenna polarization Simultaneous H/V Simultaneous H
Effective observation range 40 km 240 km
Antenna diameter 1.8m 8.5m

This study uses seven microwave links (located in Seoul, Korea) that are operated at frequencies
of 10 GHz or less by the Korea Telecom company. All the antennas of the microwave links are shielded
from rain using the hydrophobicity of the outer surface of the planar radome to reduce the additional
loss of transmission during rainfall [9]. The characteristics of each microwave link (e.g., frequency,
polarization, transmitted power (dBm), and link length) are shown in Table 2. Each link has a
transmitted and received power resolution of 0.01 dBm and a time resolution of 15 s. The microwave
links were used to provide attenuation references for calculating radar attenuation along the microwave
link paths. The MB microwave link crosses 56° in the azimuth (from 80° to 136°) of the KICT radar
(Table 2).

Table 2. Characteristics of microwave links.

Link Frequency Nearest Distance (km) from KICT KICT Azimuth (°) Link Length

(GHz) AWS Transmitter  Receiver Transmitter Receiver (km)

#1 7.75 413 46.37 25.56 113 110 21.1

#2 8.06 419 25.56 46.37 110 113 21.1

#3 7.95 421 25.80 38.50 110 136 17.6

#4 6.23 425 38.50 4.95 136 80 37.4

#5 8.26 401 38.50 25.80 136 110 17.6

#6 6.06 401 33.66 38.49 136 130 5.7

#7 6.32 401 38.49 33.66 130 136 57

The Communication, Ocean, and Meteorological Satellite (COMS) was launched on 27 June 2010,
and was the first Korean geostationary satellite to be located above the equator (at a longitude of
128.2° E). COMS records observations from five bands (i.e., water vapor, visible, short wave infrared,
infrared 1, and infrared 2) every 15 min. The microwave channel is structurally similar to a weather
radar, allowing it to indirectly measure rainfall by detecting hydrometeors. COMS Rainfall Intensity
(RI), Cloud Type (CT), and Cloud Top Height (CTH) data are calculated by the COMS data processing
system and provided by the National Meteorological Satellite Center. The CT data were classified
from 0 (undefined or cloud-free) to 10 (high semitransparent high, low, or mid-level cloud) using
vertical temperature data collected from the regional data assimilation and prediction system and by
measuring the brightness temperature of clouds with an infrared channel. COMS monitors one-third
of the earth at longitude 128E°, and data are observed up to 96 times a day. The COMS data have a
spatial resolution of 4 X 4 km and a temporal resolution of 15 min [18].
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3. Methods

3.1. Attenuation Correction Using Dual-Polarimetric Radar

Hitschfeld and Bordan [19] used differential equations, whereby the following parameterization
can be constructed to correct the attenuation of single-polarization radar data as follows:

Ay =z} = a(10%4/10Y, (1)
where Ap is the one-way specific attenuation at horizontal polarization (dB km™), Z (dBZ) is the
intrinsic radar reflectivity on a logarithm scale, and Zj, (mm® m~3) is on a linear scale. This relationship
is often unstable and can be affected by partial beam blockage and improper radar calibration. A more
stable approach can be devised using the specific differential phase Kpp. The Kpp is provided by
dual-polarimetric radars, whereby the specific attenuation Ay can be calculated using the following
parameterizations:

Ay = aKpp*, ()

where Kpp is in deg km~! and «a is in dB deg_l. The relation (2) is assumed to be linear, which is
approximately valid at typical weather radar frequencies [20].

The DPRm [6] facilitates two-way path-integrated horizontal attenuation, PIA,, by the total change
along a radial through a rain cell. The attenuation is then apportioned according to the distribution of
Zp along the radial, making this algorithm significantly more stable than the Ay — Kpp relation [20,21].
The DPRm requires two a priori values: the exponent in the Ay — Zp relation [b; see (1)] and the
coefficient in the Ay — Kpp relation [a; see (2)]. The intrinsic radar reflectivity, Zp, at a range, r, is related
to the measured (i.e., attenuated) radar reflectivity, Zy’, as follows:

r

ZH(V) = ZH/(T) +2 AH(V,)dT’,
/

= Zy'(r) + PIA,(r). 3)

Testud et al. [6] assumed that specific attenuation, Ay, is determined with a constraint, PIA,,
that is proportional to the total span of the differential phase shift, A¢pp, in typical radar frequencies:

PIA; = al¢ppp(r1) — ¢pp(ro)] = aA¢pp, 4)

where ¢ and r; denote the first and last range of precipitation, respectively. With this constraint,

Ap can be calculated as
[ZH/(r)]b[loO‘lbaAqup _ 1]

Ap(r) = , 5
H(r) 1(1’0, 7’1) + [100,labA¢Dp _ 1][(1,’ 7’1) ( )
where .
I(ro, 1) = 0.46b f [Z1' (s))ds,
I(r,71) = 0.46b f [Z1 (5)]%ds, (6)

r

and ryp < r <rj. Itis necessary to set the coefficient o and exponent b to calculate Ay in Equation (5).
Both a and b are empirical parameters that can be obtained by a scattering simulation of the raindrop size
distribution. Delriu et al. [22] state that b varies from 0.76 to 0.84 at a short wavelength (e.g., in the X-band
radar), and « can vary widely with respect to rain drop shape and temperature [23]. Bringi et al. [24]
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observed a linear relationship between Kpp, and Ay when the exponent b in Equation (6) was close to
1. Park et al. [5] noted that o changed from 0.139 to 0.335 at a short wavelength (e.g., in the X-band),
and Ryzhkov et al. [25] determined « as 0.14. Thus, the corrected reflectivity Zy; (r) can be obtained
using Equations (2)—(5).

However, if Ay(r) is calculated using a fixed value of a, the calculated Ag(r) will have
non-ignorable errors that will then affect the radar reflectivity attenuation correction. In this respect,
Bringi et al. [7] proposed a self-consistent method that did not set the coefficient a as a fixed value.
Furthermore, instead of using a fixed @ in the DPRm, which is based on a dual-polarization radar,
the method proposed by Zhang et al. [13] estimated the optimal «a using an iterative process based
on a dual-polarimetric radar measurement with a single microwave link (RSML). In contrast to the
weather radar, where there is a factor of 1 x 10~!7 between the received and transmitted signal power
level (which is caused by a small backscatter proportion), the amplitude of the link can be directly
measured [26]. Furthermore, the path-integrated attenuation of the microwave link (A ) can be
calculated based on Kim and Kwon [9]. If the frequency of the weather radar differs from that of the
microwave link, the attenuation (Apsz) at the microwave link frequency must be transferred to that at
the weather radar frequency (9410 MHz), Agrgr is calculated as follows:

macrowave frequency

ARer(r) = Apr(r) )

radar frequency

The initial o value is set to a certain range and can be determined from previous studies, such as
the change from 0.139 to 0.335 reported by Park et al. [5]. The mean of the radar-specific attenuation,
Ag, along a link path is calculated using Equations (4)—(8).

= T Agy (i) .
R=—t1 )
Numr.

where Ny, is the total number of radar measurements made along the microwave link path. In RSMLm,
the minimum initial value (@1 = 0.1) and the maximum initial value (a; = 0.5) are set first, and Ag and
Apr are then retrieved with these initial o values using radar measurements and microwave link
measurements. The optimal values can be determined by minimizing the cost function (6A), which is
defined as the difference between Ar and Agrgr, using the golden-section search method [27], which is
calculated as

5A = [A_R—AREF]. )

The golden-section search method is performed by first selecting two internal points, a3 and a4,
in the interval [a1, az]. The distance between the left-most endpoint, @; and the right-most internal
point, ay, is equal to the distance between the left-most internal point, a3, and the right-most endpoint,
ay. Both distances are equal to 0.618 (ap — a1). If 0A(a3) > 0A(aq), the range of a for the next iteration
is set to [a3, an]; otherwise, the range is set to [a1, as]. Therefore, the range of a is narrowed by a fixed
coefficient (0.618) after each iteration. Finally, with the optimized « in Equations (5) and (6), the optimal
specific attenuation, Ay, at each gate of the radar within the azimuth range in which the microwave
link cross is retrieved, and the attenuated radar reflectivity can be corrected using Equation (3) [13].

A modified algorithm with a dual-polarimetric radar measurement and adjacent multiple
microwave links (RMML) based on the RSMLm was tested. Each individual mean specific attenuation
from Agy to Agy along each microwave link path from Aggr; to Argr; was calculated with each
respective individual optimal coefficient from Aopt1 tO Agpr7. The maximum correction coefficient among
the seven optimal coefficients was determined as the final optimal coefficient, a,pt, for correcting the
radar reflectivity in the convective rainfall case, and the mean correction coefficient was determined in
the stratiform rainfall case. This is because stratiform rainfall has relatively more homogeneous and
weaker rainfall echoes than convective rainfall. When the microwave link missed a specific attenuation
reference, the coefficient was consistently estimated.
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3.2. Attenuation Correction Using Microwave Link only

Kramer et al. [10] proposed a correction method implemented using a gate by gate correction with
a single microwave link (SML), where the accumulated attenuation is estimated from Equations (1) to
(10) at each gate. The specific attenuation is calculated from the measured reflectivity and the sum of
the attenuation from the preceding gates. This process is described in (10) where Ar = 0.06 km, which is
the gate length of the X-band radar. A factor of two is used to consider the two-way attenuation of
X-band radar signal experiences as follows:

N N-1 b
Au(r) =a Z[ZH’(r) +Y AH(r)] X 24, (10)

r=ro r=ro

where N is the total number of radar measurements along the microwave link.
In the SML method (SMLm), radar attenuation is calculated over time using optimized
a, b coefficients, which provides the minimum attenuation difference between the Ag and Aggr,

|AR = Arer| < Atreshota (11)

The optimal coefficients a and b are determined when the attenuation differences between Ag and
ARggr are not larger than Artpyesnoig < 0.25 dB. The forward iterative correction is preferred because it is
highly sensitive to the choices of 2 and b. The coefficients are varied in the range of 1 X 1076 <a<1x 1073
and 0.65 < b < 1.0. Gunn and East [28] proposed (a, b) = (4.41 X 1074, 0.73) whereas Delrieu et al. [29]
suggested (6.49 x 1072, 0.9). Rahimi et al. [11] suggested a backward iterative attenuation correction
method. In this study, 2.0 X 10 and 0.7 were used as the initial guess values of a and b, respectively,
to first overestimate the attenuation. The coefficient a is gradually reduced by Aa = 1.0 x 107°
until it is stable or @ = 3.0 x 107>, but the exponent b, remains constant. However, this method is
inherently unstable because it is numerically sensitive to clutter echoes, radar calibration problem:s,
and oversimplified assumptions of the attenuation [10]. In addition, the SMLm requires a microwave
link that lies along the radar radial direction, which then restrains the applications of arbitrary oriented
links. In this study, the MB link is quasi-parallel to the X-band radar ray to provide microwave-specific
attenuation. However, the optimal coefficients of the characteristic allocation along the “minute-lines”
serves as the basis for the real-time estimation of the coefficient g, even in the absence of a microwave
link (e.g., an attenuation reference) for each individual radar ray [10].

We propose a novel algorithm that only uses adjacent multiple microwave links and is based
on both the SMLm and RMMLm. This multiple microwave links method (MMLm) estimates the
specific attenuation by the SMLm and the correction coefficient by the RMMLm. When a microwave
link misses a specific attenuation reference, the MMLm can stably estimate the optimized coefficient
and correct the attenuation of the X-band radar. The characteristics of the five attenuation correction
methods are compared among each other in Figure 2 and Table 3.

3.3. Assessment of the Performance of Correction Methods

Snyder et al. [20] reported that reflectivity in the X-band may differ significantly from that in
the S-band. The radar reflectivity in the S-band was converted into the intrinsic reflectivity in the
X-band using an empirical conversion method [15]. The elevation angles (5°, 0°) of the X-band and
S-band radars are the lowest elevation angles. The radar beam heights (RBHs) from the beam blockage
simulation were retrieved by KICT (X-band) radar at an elevation angle of 5° and by GDK (S-band)
radar at elevation angles of 0°, 0.3°, 0.6°, 1°, and 1.7° over the 36 AWS sites. We changed the elevation
angles of the S-band radar from 0° to 1.7° to identify the smallest differences between RBHs. Results
showed that the minimum, maximum, median, and average RBH differences between the X-band
radar and the S-band radar were 0, 1.0, 0.1, and 0.2 km, respectively.
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Figure 2. Flow chart of the five attenuation correction methods.

Table 3. Characteristics of the five attenuation correction methods (DPRm: Dual-Polarimetric
Radar method, RSMLm: Dual-Polarimetric Radar and Single Microwave Link method, RMMLm:
Dual-Polarimetric Radar and Multiple Microwave Link method, SMLm: Single Microwave Link
method, MMLm: Multiple Microwave Link method).

Method DPRm [6] RSMLm [13] RMMLm SMLm [10] MMLm
Required Dual-Polarimetric Dual_POla.rlmemC Dual_POlarm}emC Radar, Single Radar, Multiple
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To assess the performance of the correction methods in the statistical methods, bias (BS), mean
error (ME), mean absolute error (MAE), correlation coefficient (CC), and root mean square error (RMSE)
between the KICT radar reflectivity and the GDK radar reflectivity were calculated as follows.

N N
Bias (BS) = ) . KICT radar(i) / } | GDK radar(i) (12)
i=1 i=1
1 N
Mean Error (ME) = N Z(KICT radar(i) — GDK radar(i)) (13)
i=1
1 N
Mean Absolute Error (MAE) = N Z|KICT radar(i) — GDK radar(i)| (14)
i=1

4. Results

4.1. Reflectivity of Convective and Stratiform Rainfall

To assess the effectiveness of the various X-band radar reflectivity attenuation corrections,
a stratiform rainfall case (from 19:21 LST, on 2 May 2016, to 08:50 LST, on 3 May 2016) and a convective
rainfall case (from 10:21 LST to 14:50 LST, on 5 July 2016) were investigated. Large differences were
observed between the maximum rainfall duration measured using the tipping-bucket rain gauge
(966 min) and that measured using the rain detector (1383 min). This was because the rain gauge could
not measure the amount of rain that were less than 0.5 mm (as it depended on the bucket volume).
These differences in the amount of rain indicated that the rainfall was not persistent [9].

Rainfall classification schemes generally depend on the rainfall rate or radar reflectivity because of
a lack of detailed dynamic spatial and temporal and microphysical information. Classification schemes
using ground-based weather radar can identify [30] areas associated with the bright band [31]. Simple
classification schemes (those that provide a threshold for radar reflectivity and the rainfall rate) are
used to separate convective rainfall (40 dBZ or >10 mm h~!) from stratiform rainfall (<40 dBZ or
<10 mm h~') [32], where convective rainfall cases show rapid spatial and temporal variations with
spatial heterogeneity. COMS data are also used to compare convective rainfall and stratiform rainfall.

The effectiveness of the five radar attenuation correction methods (DPRm, RSMLm, RMMLm,
SMLm, and MMLm) was validated by comparing the corrected X-band radar reflectivity with the
S-band radar reflectivity in convective rainfall and stratiform rainfall. Note that the S-band radar
reflectivity is assumed to be non-attenuated. In this respect, a strong convective rainfall system swept
over Seoul city from west to east on 5 July 2016. The precipitation type was initially convective, but it
then developed and became a mixed type precipitation. The spatial distributions of the RI, CTH,
and CT during the convective rainfall case are shown in Figure 3. Generally, Rl is correlated with CTH.
The CTH developed to over 13 km (Figure 3b) in the study area where the RI was more 10 mm h~!
(Figure 3a); this was consistent with the classification schemes. In addition, the CT (Figure 3c) was
“very high cloud.”

A stratiform rainfall event that occurred from 19:21 LST on 2 May 2016 to 08:50 LST on 3 May
2016, was also analyzed to further assess the performance of the attenuation correction methods.
The CTH was approximately 5 km (Figure 2e) in the study area and the RI was less 10 mm h~!
(Figure 3d); these results were consistent with the classification schemes [32], and the CT (Figure 3f)
was “low cloud.”

Figure 4a shows the plan position indicator (PPI) of the X-band radar reflectivity at an elevation
of 5° at 07:00 LST on 5 July 2016, for a single scan prior to attenuation correction, and Figure 4b
shows the PPI of the S-band radar reflectivity at an elevation of 0° at the same time. The reflectivity
distribution of the X-band radar is evidently different from that of the S-band radar. The X-band
radar reflectivity values within 260-10° and 80-135° were highly attenuated, and the far range within
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190-260° (3040 km) was missed owing to the strong attenuation of heavy rain. The maximum X-band
radar reflectivity of the convective cores was approximately 35 dBZ, whereas the corresponding
S-band radar reflectivity was approximately 45 dBZ. Figure 4c shows a scatter plot of the X-band radar
reflectivity prior to attenuation correction and the S-band radar reflectivity for the 36 rain gauges
within 80-160°. The X-band radar reflectivity prior to the attenuation correction was much lower than
that of the S-band radar, the mean error (ME) was —16.2 dB, and the root mean square error (RMSE)
was 17.7 dB.

()

Figure 3. (a) Rainfall Intensity (RI), (b) Cloud Top Height (CTH), and (c) Cloud Type (CT) during
convective rain occurring at 23:15 LST, on 5 July 2016. and (d) RI, (e) CTH, and (f) CT during stratiform
rain occurring at 15:30 LST, on 3 May 2016 (provided by the National Meteorological Satellite Center).

Figure 4d shows the X-band radar reflectivity field at 22:00 LST, on 2 May 2016, for a single
scan prior to the attenuation correction. The range of reflectivity in the stratiform rainfall case was
not considerably larger in the convective rainfall case. The maximum reflectivity in the X-band was
approximately 29 dBZ, whereas the corresponding S-band reflectivity was approximately 38 dBZ.
Figure 4f shows that the correlation coefficient (CC) was exceedingly low, and the MAE (8.9 dB) and
the RMSE (10.3 dB) were much lower than those in the convective case. This is because attenuation
largely occurs owing to the relatively strong echoes in convective rainfall.

4.2. Attenuation Correction with a Dual-Polarimetric Radar

The specific attenuation (Ap) at an elevation of 5° was calculated by the DPRm at 07:00 LST,
on 5 July 2016, and the attenuation correction coefficients were used as fixed values (¢ = 0.28 and
b =0.86). The maximum Ay was 15 dB (Figure 5a), and its distribution was utilized to correct the radar
reflectivity with (2). After using the DPRm, the X-band radar reflectivity was increased at most azimuth
angles in the far range (30—40 km) of the X-band radar. This improved reflectivity was more intense
than the S-band radar reflectivity (Figure 5b), and weak reflectivity in the far range was increased from
20 dBZ to 30 dBZ.

To evaluate the performance of the DPRm, Figure 5c shows a scatter plot of the X-band radar
reflectivity after DPRm and S-band radar reflectivity from the 36 rain gauges. A comparison of radar
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reflectivity prior to the attenuation correction and radar reflectivity after DPRm shows that the ME
decreased from —16.2 dB to —1.3 dB, the MAE decreased from 16.2 dB to 7.2 dB, BS increased from
0.5 to 1.0, and RMSE decreased from 17.7 dB to 8.7 dB. Although these statistical values were clearly
improved, the corrected X-band radar reflectivity significantly deviated from that of S-band radar
reflectivity when the echoes were strong. For example, the reflectivity on the far range of the X-band
radar was 25 dBZ larger than S-band radar reflectivity. This occurred because Ay was calculated with
a fixed value of . The calculated Ay has non-ignorable errors that in turn affected the radar reflectivity
attenuation correction. The Ay was overestimated with a sharp increase in ¢pp at azimuth angles of
350-5°, at around 100°, from 170-90°, and at around 290°. This is likely because of contamination
caused by the accumulation of errors with the increasing range and broadening of the beam. DPRm is
strongly sensitive to the coefficient a with (2) [13]. Estimating Kpp from the measured total differential
phase shift (Ypp) is challenging because the backscatter differential phase shift causes measurement
errors for ¥pp [33].

The RSMLm determines the time-varying optimal a,; using an iterative procedure based on
incorporating a microwave link-based Ay and a radar-induced Ag. When Ay within the azimuth range
of 80-145° parallel to the #4 microwave link was estimated (Figure 5d), the reflectivity was corrected
(Figure 5e), and the corrected reflectivity for the same section at a distance of 30 km increased by
approximately 20 dBZ (Figure 5f). The distribution of Ag at 07:00 LST on 5 July 2016, was then calculated
using RMMLm, which applied adjacent multiple microwave links (Figure 5g). The time-varying
optimal attenuation correction coefficient agpt (= 0.192) was determined as the maximum value among
individual agy (= 0.163), agprz (= 0.163), agpz (= 0.187), agpta (= 0.187), agpis (= 0.187), agpte (= 0.192),
and agp7 (= 0.192). The corrected X-band radar reflectivity on the far range of the X-band radar was
increased from 15 dBZ to 30 dBZ compared with the uncorrected X-band reflectivity (Figure 5h), and it
was less intense than DPRm.

100

»
g N
b 2 90 | Number = 24
= 2z 80— =07
o 3 ME = -16.2 dB
® §_ 70 —| mAE = 16.2 dB
a £ gp— BS=05
3 RMSE = 17.7 dB
% B 50—
| P9 ©
k £ 40
P 2 .
s 3 30— 419 ‘u
i E {1 g1s21
ol 5 20 7 gowithin 10 km radius
25 g W6 e 7
¢ z 10 AT R 30 K radius
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
12640 126000 12600 127.00 Lt S-band radar reflectivity (dBZ)
(a) (c)
126 40 126 60 12680 127 00 20 100

90 —| Number = 25

80 —| €C =03
e ME = -8.8 dB
w 70 =] MAE = 89 dB
ol 60 - BS = 07
RMSE = 10.3 dB
0 50 —
s a0

within 10 km radius

Attenuated X-band radar reflectivity (dBZ)

within 40 km radius

11T 1T 1T 1T 1T 11
10 20 30 40 50 60 70 80 90 1
S-band radar reflectivity (dBZ)

()

Figure 4. Plan position indicators (PPIs) of reflectivity without attenuation correction during convective
rain by (a) the X-band radar, (b) the S-band radar, and (c) a comparison between the two. (d—f) are the
same as (a—c), respectively, but during stratiform rain.
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Figure 5. Radar attenuation for the convective case as estimated using the three correction
methods (a,d,g). Their corrected reflectivity values are shown in the middle column (b,eh),
and comparisons between S-band radar reflectivity and corrected X-band radar reflectivity are presented
in the right column (c,f,i). The top line represents DPRm, the middle line is the RSML method, and the
bottom line is the RMML method.

To further evaluate the performance of the RMMLm, corrected reflectivity with RMMLm compared
to the S-band radar reflectivity is shown in Figure 5i. A comparison with the result of the attenuated
X-band radar reflectivity showed that RMMLm was effective. The ME decreased from —16.2 dB to
—4.6 dB, the MAE decreased from 16.2 dB to 6.7 dB, BS increased from 0.5 to 0.9, and RMSE decreased
from 17.7 dB to 8.8 dB. However, the effectiveness before and after the attenuation correction methods
(RSMLm and RMMLm) were almost the same as with the convective rainfall case. The statistical scores
between RSMLm and RMMLm were almost identical.

A total of 24 volumes of scan data were collected during the convective rainfall case, and 52 volumes
of scan data were collected during the stratiform rainfall case by the X-band radar. The maximum
correction coefficient, a, varied over time during the convective and stratiform rainfall cases (not shown).
Among the seven microwave links in the convective rainfall case, the maximum a was nine times
greater in microwave links 3 and 5. At times, these links yielded similar values of maximum «a
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(e.g., links 6 and 7 yielded the same correction coefficient during the first convective rainfall case)
as those of the same rainfall case. In the case of the stratiform rainfall case, the maximum a was
21 times in the microwave link 5. Each microwave link provides a specific attenuation reference Apqr,
for calculating each mean of the radar specific attenuation Ag. Unlike RSMLm, when a microwave link
misses a Apjr, the RMMLm can stably estimate the optimized coefficient and correct the attenuation of
the X-band radar reflectivity. These results indicate that the advantages of RMMLm can be utilized
effectively when, for example, one of the microwave links does not provide a realistic reference of
attenuation because of heavy precipitation. For example, Zhang et al. [13] reported missing microwave
link attenuation data because of severe attenuation from a downpour.

The height and volume of each radar gate along a microwave link differed because of variations in
the distance from the radar to different parts of the microwave link [13]. Therefore, Ay was calculated
using volumes at different heights and with different sizes. In general, the radar reflectivity volume
increases with distance from the microwave link to the radar. When the microwave link is located far
from the radar, uncertainties can occur when estimating Ag. The uncertainties then increase because of
the spatial mismatch between the radar and microwave link. Therefore, to ensure that the method is
effective, the link must not be excessively long.

Figure 6b,e,h show the X-band radar reflectivity field at 22:00 LST on 2 May 2016, for a single
scan after using each attenuation field of DPRm, RSMLm, and RMMLm (Figure 6a,d,g, respectively).
The maximum corrected X-band reflectivity was approximately 33 dBZ, whereas the corresponding
S-band reflectivity was approximately 38 dBZ. Although the effectiveness levels of the attenuation
correction methods were mostly similar to the stratiform case, the CCs were lower and other statistical
scores were superior in the convective case (Figure 6c¢,f,i). The statistical scores between RSMLm and
RMMLm are almost identical because the optimal a,p+ determined by RSMLm and the optimal apt
determined by RMMLm are same at this time. In the case of the stratiform rainfall, the attenuation was
not large because of homogeneous and weak rainfall echoes.
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Figure 6. Cont.
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Figure 6. Same as Figure 5 but for the stratiform case.

4.3. Attenuation Correction Using Microwave Link only

Figure 7a shows the distribution of the SMLm attenuation at 07:00 LST on 5 July 2016.
The attenuation correction coefficients are based on the relationship Ay-Zy and a (= 0.0007) and
b (= 0.7) are determined. These attenuation coefficients are in the range proposed by previous
studies [10,11,28,29]. The maximum attenuation was 1.2 dB, which was relatively smaller than the
maximum attenuation calculated using the other attenuation corrections. This was because the MB
link was used, and it had the longest link length (37.4 km) and a lower frequency than the others.
In addition, the radials of the radar and microwave link were not parallel. Kramer et al. [10] found that
the SMLm remained stable for a path-integrated attenuation below 15 dB. After attenuation correction,
the X-band radar reflectivity increased weakly within 60-160° and evidently within 315-45° (Figure 7b).
The textures on the far range of the X-band radar reflectivity after SMLm were different from those with
the S-band radar reflectivity. The ME, MAE, and RMSE decreased, whereas the BS increased (Figure 7c).
However, the effectiveness of the SMLm was lower than those of DPRm, RSMLm, and RMMLm with
respect to this case.

The MMLm attenuation field was calculated using the time-varying optimal attenuation correction
coefficient, 4, which was determined as the maximum value among each correction coefficient a from the
golden-section search method with each Argr and A_R and b was set to 0.9 (Figure 7d). The maximum
attenuation was 14 dB, the corrected X-band radar reflectivity increased within 60-160° and was
clearly increased within 315-45° (Figure 7e), and there were considerable changes in the textures of
the reflectivity. Specifically, the weak reflectivity on the far range (3040 km) of the X-band radar
increased from 10 dBZ to 30 dBZ, compared with the uncorrected X-band radar reflectivity. The echoes
within 50-70° on the far range of the X-band radar were more intense after MMLm than after SMLm,
and they were closer to the S-band radar reflectivity. To further evaluate the performance of the MMLm,
the corrected reflectivity with MMLm was calculated against the S-band radar reflectivity, and the
results are presented in Figure 7f. Compared with the result of attenuated X-band radar reflectivity,
the effectiveness of using MMLm is evident. The ME decreased from —16.2 dB to —3.3 dB, the MAE
decreased from 16.2 dB to 6.7 dB, BS increased from 0.5 to 0.9, and the RMSE decreased from 17.7 dB to
8.2 dB (Figure 7f).

Compared with the result of SMLm, the ME decreased from —10.6 dB to —3.3 dB, the MAE
decreased from 10.6 dB to 6.7 dB, BS increased from 0.7 to 0.9, and RMSE decreased from 12.6 dB
to 8.2 dB. The advantages of MMLm effectively reduced the instability problems of the SMLm;
this occurred with respect to the use of the golden-section search method and the adjacent multiple
microwave links.
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Figure 7. Radar attenuation estimated for the convective case using the two correction methods (a,d).
Their corrected reflectivity is shown in the middle row (b,e), and comparisons between S-band radar
reflectivity and corrected X-band radar reflectivity are presented in the right row (c,f). The top line
represents SMLm, and the bottom line is the MMLm.

(d)

The distribution of Ay at 22:00 LST on 2 May 2016, for a single scan after using SMLm shows
that the results of MMLm are lower than for the convective rainfall case (Figure 8a,d). Following
SMLm, the X-band radar reflectivity slightly increased, and minimal changes were observed in the
reflectivity textures (Figure 8b,e). In addition, the statistical scores were based on, e.g., ME, MAE,
and RMSE decreased and BS increased. ME decreased from —8.8 dB to —6.1 dB, MAE decreased from
8.9 dB to 4.9 dB, BS increased from 0.7 to 0.9, and RMSE decreased from 10.3 dB to 5.9 dB (Figure 8c).
These results show that the attenuation-corrected reflectivity in the stratiform rainfall case seemed to be
relatively more consistent for S-band radar reflectivity than the corrected reflectivity in the convective
rainfall case because stratiform rainfall has more homogeneous and weaker rainfall echoes.

Figure 8f shows the performance of the corrected reflectivity using the MMLm against that of the
S-band radar reflectivity. The results of the corrected reflectivity are more consistent with the S-band
radar reflectivity than the attenuated X-band radar reflectivity. ME decreased from —8.8 dB to —0.1 dB,
MAE decreased from 8.9 dB to 3.1 dB, BS increased from 0.7 to 1.0, and RMSE decreased from 10.3 dB to
3.7 dB. In addition, the MMLm results are superior to the SMLm results: ME decreased from —6.1 dB to
—0.1 dB, MAE decreased from 6.4 dB to 3.1 dB, BS increased from 0.8 to 1.0, and RMSE decreased from
7.7 dB to 3.7 dB. MMLm reduced the instability problems of the SMLm by using the golden-section
search method and adjacent multiple microwave links when microwave link attenuation data were
missing because of severe attenuation from downpours [13].

Figure 9a shows box-whisker plots for a4, which was determined by the MMLm during the
convective rainfall case. From 10:21 to 14:50 LST on 5 July 2016, 24 volume scan data were collected by
the X-band radar. Furthermore, Figure 9b shows a determined by the MMLm during the stratiform
rainfall case. From 19:21 LST on 2 May 2016, to 08:50 LST on 3 May 2016, 52 volumes of scan data were
collected by the X-band radar. Each individual optimal 2 was determined using the MMLm within
0.001-0.014. The range of correction coefficient for microwave links 6 and 7 were higher than those
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of other microwave links. This is because links 6 and 7 have the shortest link path, and the distance
between antenna (transmitter and receiver) and KICT radar is long. Leijnse et al. [34] stated that if
most of the variation in rainfall occurs within a link, then the relation between specific attenuation and
rainfall rate will have to be close to linear. The typical spatial scales are relatively distributed in ranges
below 8 km [34]. The distribution of the optimal a was consistent with the variation range used in a

previous study [5].
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5. Discussion

To further assess the performance of each correction method, the attenuation corrected X-band
reflectivity values obtained via DPRm, RSMLm, RMMLm, SMLm, and MMLm were compared against
the S-band radar reflectivity values, and the results are shown in Figure 10. Reflectivity values from
10:21 to 14:50 LST on 5 July 2016, at 10 min intervals (720 radar scans in total) were selected as subjects
for a comparison, as shown in Figure 10a—f. The X-band radar reflectivity values corrected through
MMLm are highly consistent with those of the S-band radar reflectivity: The ME, MAE, and RMSE
decreased and BS increased relative to the attenuated X-band radar reflectivity and corrected X-band
radar reflectivity; therefore, the statistical values were evidently improved. Reflectivity values recorded
during 19:21 LST on 2 May 2016 to 08:50 LST on 3 May 2016, at 10 min intervals (1240 radar scans in
total) were investigated to conduct further comparison (Figure 9a—i). Unlike in the convective rainfall
case, no large differences were found in the observed effectiveness before and after attenuation. This is
because stratiform rainfall exhibits relatively more homogeneous and weaker rainfall echoes.

Moreover, the differences in the performance between the correction methods were not large;
however, errors were observed to commonly occur in the results. Even though we converted the
S-band radar reflectivity to the intrinsic reflectivity in the X-band using the empirical conversion
method [15], one reason for these errors may be the accuracy of the empirical conversion method.
This can also be regarded as another reason that relates to the radar beam heights (RBHs) of the two
different radars. Despite changing the elevation angles of the S-band radar from 0° to 1.7° to identify
the smallest differences between RBHs (Table 4), differences between the RBHs persisted because of
the differences in the impact of antenna elevations, distances between the antennae and RBHs, and the
earth’s curvature. Results showed that the minimum, maximum, median, and average RBH difference
between the X-band and S-band radars was 0, 1.0, 0.1, and 0.2 km, respectively. The radar reflectivity
volume increased in accordance with the distance from the microwave link to the radar and may have
caused uncertainties in the estimation of Ag when the microwave link was far from the weather radar.
Furthermore, the uncertainties were bound to increase because of the spatial mismatch between the
radar and the microwave link.

With respect to the stratiform rainfall case, the corrected X-band radar reflectivity of all five
attenuation correction methods were commonly greater than the S-band radar reflectivity (Figure 10a—i).
One reason for this was the bright band phenomenon, which appeared from 16:00 LST on 2 May 2016
to 23:50 LST on 2 May 2016. A bright band is defined as a horizontal layer of strong radar reflectivity
produced during the transition of the melting of accumulated precipitation to the rain state [3]. Bright
band contamination could contribute to rainfall estimation errors from weather radar systems [24].
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Figure 10. Scatter plots of the X-band radar reflectivity (a) before attenuation correction and after
(b) DPRm, (c) SMLm, (d) RSMLm, (e) RMMLm, and (f) MMLm against reflectivity retrieved by the
S-band radar over the 36 AWS sites during the convective rainfall case. Scatter plots of X-band radar
reflectivity (g) before attenuation correction and after (h) DPRm, (i) SMLm, (j) RSMLm, (k) RMMLm,
and (1) MMLm against reflectivity retrieved by the S-band radar over 36 AWS sites during the stratiform
rainfall case.

Table 4. Radar beam heights (RBH) over the 36 AWS sites.

AWS KICT RB(I;-ID(Ilfm) AWS KICT RBCI;-ID(Ilfm) AWS KICT RBcl;-ID(Ilfm)
Site RBH (km) /Elevation (°) Site RBH (km) /Elevation (°) Site RBH (km) /Elevation (°)
116 2.8 2.7/1.0 411 2.0 2.2/0.6 506 0.9 1.3/0.0
400 29 2.6/1.0 413 29 2.6/1.0 509 2.6 2.7/1.0
401 29 2.8/1.0 414 2.1 2.0/0.6 510 1.9 1.8/0.3
402 3.4 3.3/1.7 415 24 2.2/0.6 532 2.3 2.1/1.0
403 32 3.5/1.7 416 1.6 1.5/0.2 540 1.2 1.3/0.0
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Table 4. Cont.

GDK GDK GDK
AWS KICT AWS KICT AWS KICT RBH (km)

Site  RBH (km) RBH (k) Site  RBH (km) RBH (k) Site  RBH (km)

/Elevation (°) /Elevation (°) /Elevation (°)
404 1.5 1.4/0.0 417 24 2.3/0.6 541 3.3 29/1.7
405 1.9 1.9/0.3 418 2.2 2.3/0.6 544 19 2.0/0.3
406 22 2.3/1.0 419 2.2 2.1/0.6 569 3.2 3.1/1.7
407 2.8 3.1/1.7 421 2.7 2.6/1.0 572 35 3.7/1.7
408 2.6 2.5/1.0 423 2.0 1.9/0.3 589 0.3 1.4/0.0
409 29 3.2/1.7 424 1.9 1.9/0.6 590 3.2 2.9/1.0
410 2.3 2.3/0.6 425 29 2.8/1.0 599 34 2.4/1.7

Figure 11a shows a Skew T-Log P diagram provided by KMA. The bright band peak (37.9 dBZ)
occurred at a height of around 3.4 km (Figure 11b) at 17:40 LST on 2 May 2016. The freezing
level was also at around 3.4 km at the time (according to an upper-air observatory in Osan located
nearest to the X-band radar site), and weak reflectivity was prevalent (less than around 30 dBZ)
(Figure 11c,d). The bright band appeared from 15:00 LST on 2 May 2016 to 23:50 LST on 2 May 2016.
However, we confirmed that bright band contamination prevented the overestimation of the corrected
reflectivity (Figure 10h-1) because most RBHs of the X-band and the S-band were below 3.4 km (Table 4).
Cunningham et al. used reflectivity at an elevation angle of 1.6 and an area between 20 km and 80 km
from the radar’s center was used to avoid bright band contamination and ground clutter.

Figure 12 shows the performance of the corrected reflectivity with the MMLm using different
values of the optimal correction coefficient a (e.g., maximum, minimum, median, and mean) against
that of S-band radar reflectivity. The results of the corrected reflectivity with the MMLm using the
mean correction coefficient a are more consistent than the attenuated X-band radar reflectivity with
that of the S-band radar reflectivity. A comparison between the corrected reflectivity via MMLm,
whereby max correction coefficient a was applied and one whereby mean correction coefficient a was
applied, showed that the ME decreased from 6.3 dB to 1.9 dB, the MAE decreased from 7.9 dB to 5.3 dB,
BS decreased from 1.3 to 1.1, and RMSE decreased from 9.7 dB to 6.8 dB.
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Figure 11. (a) Upper-air sounding data at Osan station. The blue and red solid lines represent
temperature and dew-point temperature, respectively, and the areas shaded with red and blue colors
represent the convective available potential energy and convective inhibition, respectively, (b) profile
of X-band radar reflectivity at azimuth 134° at 17:31 LST on 2 May 2016. Spatial distributions of the (c)
X-band and (d) the S-band radar reflectivity.
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Figure 12. Bar graph showing the performance of corrected reflectivity with the MMLm using different
optimal correction coefficient a for the stratiform rainfall case.

6. Conclusions

Attenuation correction of the X-band radar is one of the most important factors in
hydrometeorological studies. This is because attenuation is significantly greater in the X-band
than in the C or S-bands. In this study, we compared the use of four correction techniques and
proposed a technique based on the reference attenuation from adjacent multiple microwave links,
namely, the multiple microwave links method (MMLm). The required number of microwave links
and their locations were optimized. The attenuation of the X-band radar reflectivity was corrected
forward-iteratively at each microwave link, and the correction coefficients were statistically analyzed
to reduce uncertainties. Furthermore, the correction coefficients 2 and a were optimized and stabilized.
The estimated correction coefficients show that the variation ranges of optimized a and a were
overall consistent with those proposed in previous studies. This method effectively reduces instability
associated with problems occurring when estimating 4 and @ and broadens the application scope of
ground-based microwave links. The attenuation-correction method can account for spatiotemporal
differentiation depending on rainfall and recover the physical structure of the rainfall.

The algorithms of the various methods were evaluated using two rainfall cases (convective and
stratiform rainfall) and validated by comparing the corrected reflectivity of the X-band radar with the
suitable controlled reflectivity of the S-band radar. Compared with the results of the attenuated X-band
radar reflectivity, the results of the MMLm are as effective as those of the conventional method based
on the specific differential phase of dual-polarimetric radar.

Rainfall observation technology using microwave links can substantially reduce rainfall
observation costs by utilizing the infrastructure operated with respect to global broadcasting and
telecommunication, and lower rainfall levels over areas spanning several kilometers at a height of
several tens of meters above the ground can be identified. This technology can be used to fill gaps
relating to data obtained from rain gauges and radar. It can also be used economically in developing
countries where rainfall observation equipment is scarce. Thus, the MMLm can be applied with
arbitrary oriented microwave links and can contribute to the estimation of quantitative rainfall in
developing countries where dual-polarization weather radar is not operational, thereby increasing
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microwave link networks. In future research studies, further analyses of the effectiveness of MMLm
should be conducted through more observation cases and estimation of the rainfall rate using the
corrected reflectivity.
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