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Ground Clutter and Noise Mitigation Based on
Range—Doppler Spectral Processing for
Polarimetric Weather Radar

Mengyun An"”, Jiapeng Yin

Abstract—Spectral polarization filtering in the range-Doppler
domain plays an important role in weather radar clutter miti-
gation. However, when ground clutter and precipitation overlap,
these methods tend to filter out clutter-contaminated precipitation,
leading to estimation errors. To address this problem, this article
proposes a ground clutter and noise mitigation method based
on range-Doppler spectral processing for polarimetric Doppler
weather radars. The proposed method can filter out clutter and
noise and retain precipitation overlapped with clutter by analyzing
the property differences between precipitation and clutter and
noise in the range-Doppler spectrogram. Specifically, due to the
spatial continuity of precipitation in the range—-Doppler domain,
the spectral moments (e.g., velocity and spectral width) are also
continuous. In addition, polynomial fitting is used to compensate
for the missing spectral moments, and the missing precipitation
is recovered by Gaussian fitting using the computed spectral mo-
ments. The results demonstrate performance improvements after
applying the proposed method to radar data collected by Chinese
operational weather radars. The proposed method is compared
with several other algorithms, and the comparison results show that
the proposed method performs best in clutter and noise suppression
and precipitation retention performance.

Index Terms—Clutter mitigation, polarimetric Doppler weather
radar, precipitation retention, spectral continuity, spectral
moment.

I. INTRODUCTION

OLARIMETRIC Doppler weather radars acquire hydrom-
Peteorological data from weather observations with high
spatial and temporal resolution [1]. These data are crucial for
quantitative precipitation estimation [1], [2], [3], [4], classifica-
tion, short-term weather forecasting [5], and subsequent warning
operations [6]. The prerequisite of using weather radar data is
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achieving sufficient measurement accuracy. However, the qual-
ity of weather radar measurements is highly susceptible to clutter
[7], such as ground clutter (GC), sea clutter, biological echoes,
wind turbine clutter, and radio frequency interference [7]. The
extraction of useful data can be severely restricted by clutter.

According to the Doppler velocity, weather radar clutter can
be divided into stationary clutter and nonstationary clutter [8],
[9], and the stationary clutter usually refers to GC. Traditionally,
a static clutter map constructed under clear-air conditions is typ-
ically used to locate gates contaminated by GC [9]. However, the
clutter map can change depending on meteorological conditions
due to anomalous electromagnetic wave propagation [10]. In
addition, GC is not entirely stationary, and vegetation flutter
and power lines swing can effectively widen the clutter spectrum
by generating extended tails [11]. Thus, a robust GC detection
algorithm is necessary before filtering.

The clutter mitigation decision (CMD) algorithm based on a
fuzzy logic method [12], [13] has been the most widely used GC
detection algorithminrecent years [14], [15], [16]. However, this
algorithm returns false detection along zero isodops. To improve
the clutter detection performance, the spectral properties have
been considered in [14] and [15], and the spectrum clutter
identification (SCI) algorithm was introduced based on a simple
Bayesian classifier; still, this algorithm requires large computa-
tional resources. Both of the aforementioned methods include
more than three parameters that can increase computation com-
plexity. More recently, the phase fluctuation index was intro-
duced to discriminate clutter from weather signals [16], [17].
Considering the difference in correlation time between precipita-
tion and GC, the dual-scan (DS) approach was developed in [18]
to improve the clutter detection performance. Furthermore, to
use the polarization properties fully, Li et al. [19] presented
the dual-polarization (DP) clutter detection algorithm based on
the power ratio, the cross-correlation coefficient pyy, and the
differential reflectivity Zg,. Taking full advantage of differences
in correlation time and polarization, Golbon-Haghighi et al. [20]
developed the DPDS algorithm that combines the DP with the
DS and can efficiently perform classification [18]. However, the
DS and DPDS methods require the 1&Q data [1&Q refers to the
in-phase (I) and quadrature (Q) components of a complex signal]
from two scans, which cannot meet the real-time requirement.
In addition, Nan et al. [21] identified the GC combining fuzzy
logic classification and statistics on the spatial distribution of
reflectivity. However, it can be challenging to identify the AP
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clutter because it is likely to be nonstationary within the statisti-
cal period [21]. Moreover, if only these recognition algorithms
are used for GC suppression, precipitation might be removed
when GC is embedded in precipitation.

In recent years, with the introduction of spectral polarimetric
techniques, tremendous progress has been achieved in the fields
of artificial target characterization in polarimetric synthetic aper-
ture radar [22], [23] and clutter mitigation for weather radar. The
double spectral linear depolarization ratio (DsLDR) filter ap-
plied to the range—Doppler (RD) spectrogram [i.e., the azimuth
of plan position indicator (PPI)] was proposed by Unal [24]. To
maintain the continuity of precipitation and suppress the narrow
band clutter, the moving DsLDR (MDsLDR) filter was proposed
in [25]. The MDsLDR filter can be used only in fully po-
larimetric weather radars with cross-polarization measurement
capabilities. However, operational weather radars do not always
possess full polarimetric measurement. Therefore, Yin et al. [8]
put forward the object-orientated spectral polarimetric (OBSpol)
filter and the moving spectral depolarization ratio (MsDR) fil-
ter [26] for clutter and noise suppression in DP weather radars
without cross-polar measurements. Nevertheless, these spectral
polarimetric methods tend to filter out the clutter-contaminated
precipitation, which can lead to precipitation discontinuities in
areas overlapping with GC.

The aforementioned methods effectively detect and remove
clutter but do not consider situations where clutter and pre-
cipitation coexist simultaneously. To address this problem, the
Gaussian model adaptive processing (GMAP) was proposed
in [27]. This method requires an enormous computing volume
and a lengthy calculation period since the moments are repeat-
edly computed, and the gap is repeatedly filled until reasonable
convergence [27], [28]. Furthermore, prior to using the GMAP
approach, the GC locations need to be identified. To integrate de-
tection and filtering into one algorithm, the clutter environment
analysis using adaptive processing (CLEAN-AP) was proposed
in [29]. The CLEAN-AP uses the phase of coefficients in the
autocorrelation spectral density to suppress GC and reduce bias
in weather target estimation. Hubbert et al. [30] introduced a
time-domain regression filter approach, but this approach was
not validated by real measurement data. To solve the loss of
zero-velocity precipitation, Yin et al. [31] developed the kriging
algorithm, which is computationally intensive and, thus, not
suitable for real-time weather radar. Moreover, an RD regression
(RDR) algorithm was proposed to recover precipitation contam-
inated by wind turbine clutter. The limitation of this method
is that it requires knowledge of the contaminated range gates’
location [32].

This article proposes a GC and noise mitigation method
for polarimetric Doppler weather radars that can suppress GC
and noise and retain precipitation when these echoes overlap.
Compared with the GMAP, which constantly adjusts the type
and size of the window to recompute the moments and refill the
gap, the proposed method can exploit the spatial continuity of
precipitation to compensate for the missing spectral moment.
The gap is rapidly filled by a Gaussian function defined using
the computed spectral moments without too much iteration.

The rest of this article is organized as follows. The spec-
tral polarimetric observables and the clutter characteristics are
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introduced in Section II. In Section III, the proposed clutter and
noise suppression approach is described in detail. The parameter
selection and the performance of the proposed approach are
compared with those of the OBSpol filter, MsDR filter, and the
method combining CMD with GMAP in Section IV. In Sec-
tion V, the robustness of the proposed method is validated using
radar data collected in Guangzhou, China. Finally, Section VI
concludes this article.

II. WEATHER RADAR OBSERVATION
A. Spectral Polarimetric Observables

Spectral polarimetric technology, combining Doppler and
polarization information, is helpful in retrieving precipita-
tion microphysical information and mitigating nonhydrometeor
echoes [8], [24].

Following the backscatter alignment convention, the spectral
reflectivity, which relates to the range r and Doppler velocity v,
can be expressed as follows [24]:

.y (r,0) = C+ 5Py (r,0) - 7% = C - [sSay (r,0) [ - 7% (1)

where 55, (r,v) is the complex Doppler velocity spectrum,
with a transmitted = polarization and a received y polarization,
where x and y stand for horizontal (i.e., h) and/or vertical (i.e.,
v) polarization, respectively; sP,, (r,v) is spectral power; C
represents radar calibration constant.

Then, the definition of the spectral differential and the spectral
copolar correlation coefficient spqo(r, v) [24] can be, respec-
tively, expressed by

$Z4:(r,v) = 101ogy (M) (2)
|<S‘S’hh(rv U) ) SS\TV(Tv ’U)H (3)

Speo(ryv) =
\/<sShh(r,v)|2> <|sS\,V(r7v)|2>

where () represents the sample average in Doppler, and the
running average consists of three consecutive Doppler bins [8];
Speo describes the correlation between sSp, (7, v) and $Syy (7, v)
and plays a significant role in clutter mitigation; however, sp.,
is not sufficient for GC suppression due to the sp., distribution
overlapped between precipitation and GC [26], [33].

In this study, the clutter phase alignment (CPA) is used to
identify GC, which represents a parameter of temporal phase
fluctuations of a resolution cell [12]. The CPA is related to the
velocity and spectrum width of a signal. This indicator has been
shown to provide good discrimination between clutter and noise
and weather signals [12], [13].

The CPA in a range r is expressed as follows:

N N
S ()|/|3 fear)]

where x,,(r) = I,(r) + jQn(r) represents the complex radar-
received time series in the range r with j = /—1; N is the
number of samples in a dwell time.

The CPA values range from zero to one, where the value
of one indicates a very high probability of clutter because the
backscattering phase of the ground target is basically fixed, and

CPA(r) = / “
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TABLE I
JI’ AN RADAR SYSTEM SPECIFICATIONS

Radar type Polarimetric Doppler
Polarization STSR mode
Transmitted power (kW) 650
Wavelength (cm) 10.41
Range resolution (m) 300

Sample number 64
Scanning mode VCP21
Scan angle (azimuth) 0 — 360°

the phase of the echo in time series is basically the same for
specific azimuth and distance values [12], [13]. For distributed
targets (e.g., precipitation), the phase varies among pulses with
the target velocity and spectral width in the observation volume
leading to a lower CPA value (mostly less than 0.5) for most
nonzero-velocity weather echoes [12], [13]. The CPA is close to
zero for noise due to its random behavior [12], [13].

Spectral polarimetric filters can retain precipitation and filter
out clutter and noise, allowing for calculating standard moments
and polarimetric observables. The reflectivity in range r is
expressed by [1]

Zn(r) =C - Z (8P (r,v) — sN) - 12

veEpre

&)

where v € pre represents Doppler bins that contain precipita-
tion; sN is the spectral noise for the selected spectrogram.

Reorganize RD spectrum power bins of sF, in ascending
order of intensity. The average power in the range of 5%—40% is
calculated. And the average is regarded as the estimated spectral
noise [8], [27]. In addition, the radial velocity v and spectral
width o, can be, respectively, obtained by [1], [24]

o(r) ! Z v $Zpn(r,v)

" Zm() &,

(6)

Zhh(r)

These radar observables can be evaluated after applying the
proposed method, as explained in Section IV.

UU(T) - \/L ZvEp’r‘e (U B 17(7,.))2 : SZhh(rv U)' (N
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Raw PPI observations of the Ji’an radar. Data were measured at 21:11 CST on March 5, 2021. (a) Raw Zy, data. (b) Raw velocity data.

B. Clutter Analysis

The specifications of Ji’an radar whose data are used in this
study are given in Table I. The S-band polarimetric Doppler
weather radar operating in the simultaneous transmission and
simultaneous reception (STSR) mode is one of the National
Weather Service Radars located in Ji’an, China.

The raw PPI observation data of Ji’an radar are shown in
Fig. 1; these data were collected at a low elevation value of 0.5°.
As shown in Fig. 1(a), there are points with a strong power
due to the GC, which are indicated by the black circles. In
Fig. 1(b), it can be seen that the velocity is discontinuous in
the region where precipitation is located, as shown in the black
circle. In addition, it can be noticed from the reflectivity and
radial velocity that there is much GC close to the radar. The
GC significantly impacts quantitative precipitation estimation,
indicating the necessity for performing a GC suppression and
employing a precipitation recovery algorithm.

For a closer look at the raw range-time image and RD spec-
trogram (i.e., one ray with 64 pulses in the radar PPI), Ray 193
is extracted, and the observables are shown in Fig. 2. According
to Fig. 2(a) and 2(c), the power at 63 km is significantly higher
than that at 30 km. Fig. 2(b) and 2(d) shows that although the
main power is concentrated at zero velocity, the noise power at
63 km is significantly high. It can be concluded that this range
bin is affected by GC, and the raised noise is caused by spectral
leakage. Furthermore, to illustrate how GC affects precipitation,
Ray 1 is extracted, and the spectral polarimetric observables are
shown in Fig. 3.

In Figs. 2 and 3, the following characteristics of GC can be
observed.

1) After applying the discrete Fourier transform (DFT) us-
ing a Hamming window, the GC main lobe concentrates
around zero Doppler velocity.

2) Some GC spread out to the entire Doppler spectrum [e.g.,
63 km in Fig. 2(b) and 2(d)].

3) The GC power of the two channels may not be equal [e.g.,
63 km in Fig. 2(d), and 53 km in Fig. 3(c)].

4) When the power of GC is strong, both the main lobe energy
and spectral leakage energy may be significant, leading
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Observables related to Ray 1 in Fig. 1. (a) Spectral power sFPyy. (b) Spectral power sP,y. (c) Power spectrum of range bin 176 (53 km where GC and

precipitation overlap) and 189 (57 km where only precipitation exists). (d) Spectral differential reflectivity sZg,. (e) Spectral copolar correlation coefficient spco.

(f) spco spectrum of range bin 176 and 189.

to the GC power being comparable to or stronger than
precipitation [e.g., 53 km in Fig. 3(a) and 3(c)].

5) GC and precipitation have similar correlations [e.g., 53 km
in Fig. 3(e) and 3(f)].

These features make it challenging to eliminate clutter for
weather radar.

As the red line at 53 km and the black line at 57 km in
Fig. 3(a) and 3(c) show, the power of GC is higher than that of
precipitation. In addition, the GC increases the noise level in the
Doppler domain, and the power of sidelobe clutter is equivalent
to precipitation, as indicated by the black line at 53 km and the
red line at 57 km in Fig. 3(c). For sZg;, due to the wide sZ;
distribution of GC, the sZy, value of GC is diverse, but the s 74,
distribution of precipitation is relatively concentrated around
zero [24], as shown in Fig. 3(d). In this case, the sp., values of
precipitation and clutter are similar, as Fig. 3(f) shows (53 km

where GC and precipitation overlap). This indicates that the
GC characteristics make it even harder to suppress, and another

parameter should be combined when sp., is used to suppress
GC.

III. PROPOSED ALGORITHM

Taking advantage of the spectral-polarimetric feature and the
RD continuity of precipitation, the proposed approach is im-
plemented in the RD spectrogram. The proposed GC and noise
mitigation method can be divided into two stages containing six
steps, as shown in Fig. 4. The input of the proposed method is
the raw RD spectrogram while the output is the processed one.
The raw RD spectrogram is obtained by applying the Fourier
transform along the sample time using a Hamming window,
considering the Hamming window has less signal-to-noise ratio
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Fig. 4. Flowchart of the proposed method.

(SNR) loss and moderate clutter suppression [9]. The two stages
are described in detail ahead.

A. Stage 1: Filtering

The specific steps of stage 1 are as follows.

Step 1: A precipitation mask is obtained by spectral polari-
metric filtering.

This step preliminarily removes GC and noise by threshold
filtering based on the characteristic difference between precip-
itation and GC and noise. For operational DP weather radar
systems without cross-polar measurements, the spectral copolar
correlation coefficient sp., is always known. After being filtered
by $pco, the binary mask M P« ¢ {0, 1} indicating precipitation
can be expressed as follows:

, 1, ifsp,, > T4
SpPeo — 3 co
M {0, otherwise

where the threshold 73 can be set based on the clutter and
precipitation removal percentage [24], [25].

Since the density function in precipitation and clear air echoes
have many overlaps, the sp., threshold processing will retain
much GC. When the GC is strong, after applying the Ham-
ming window, the energy of GC mainly concentrates in several
Doppler bins near zero Doppler velocity. Therefore, this article
uses CPA to identify the GC location, and CPA is calculated by
(4). After the GC identification, the narrow notch filter around
zero can be applied to the range bins identified as GC to remove
the main lobe, and the width of the CPA mask is six central
Doppler bins. With such implementation, a mitigation mask
MCPA € {0,1} indicating GC is expressed as follows:

ACPA 0, ifCPA >T;
1, otherwise

®)

€))

where “0” indicates that there is GC.
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It should be noted that sp, filter is applied to the entire
spectrogram while the CPA with a narrow notch filter is only
concentrated around zero, and the remaining bins will be set to
“17in MCPA,

After Step 1, one binary mask M; € {0, 1} can be obtained,
which is expressed as follows:

My = M3Po . MCPA, (10)

Step 2: The mathematical morphology method is employed to
recover the missing precipitation.

The threshold is determined based on the precipitation and
clutter removal percentage, so after the threshold filtering, the
precipitation can be excessively suppressed, leading to a few
holes in the RD spectrogram. This makes the precipitation dis-
continuous. To address this problem, the missing precipitation
is recovered using mathematical morphology, which has been
widely used in binary image analyses. In particular, holes inside
M, are filled in using the dilation operator with the appropriate
structuring element. This step extends the perimeter of the RD
areas with values “1,” which can be restored by performing the
erosion operator with the structuring element, and the structuring
element is selected as a flat disk of radius 3 [8]; for more details,
refer to the work in [8]. After Step 2, a binary mask My € {0,1}
is obtained.

Step 3: The contiguous bins with the value “1” are integrated
into several separate objects.

As well known, precipitation always occupies a large area,
so the purpose of this step is to preserve the large area as
“precipitation,” removing scattered points and residual clutter.
In general, this step groups contiguous bins with the same value
“1” in the RD spectrogram as objects. After this step, only
large-size areas and limited numbers of objects will be regarded
as “precipitation” [8]. These objects will be selected for further
processing in Step 4. After completing the three steps, M3 can
be obtained, which is a matrix consisting of M rows and N
columns, where M represents the number of samples in the
range, and N is the number of samples in a dwell time. The
schematic is shown in Fig. 5(a).

Step 4: The range width is used to remove the residual clutter.

Due to the sidelobe of GC ranging from —vpax t0 +vmax, there
might be some GC still left after the first three steps. The objects
labeled as precipitation are analyzed to remove the residual
sidelobe of GC. The morphological feature of precipitation is
distributed along the range in the RD domain while that of GC is
distributed along Doppler, as shown in Fig. 2(a) and 2(b). Taking
advantage of the difference in distribution between precipitation
and GC in the RD spectrogram, this study adds an observable to
remove the sidelobe of strong GC. After summing M3 along the
range, the number of points remaining in the range dimension
is calculated, and the range width is defined as follows:

M
W™ (n) = >~ Ms(m, n) (11)
m=1

where m ranges from one to M, and n ranges from one to N.
From Fig. 5(b), the W™"¢¢ value is large at the velocity where
precipitation is located while the W™"&¢ value of the residual
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Fig. 5. Schematic drawing. (a) M3. (b) W™ (c) W' e in ascending order.

noise and clutter is minimal. Considering that the sidelobe of
GC spreads out to the entire Doppler spectrum, as analyzed in
Section II, this study reorganizes the range width in ascending
order. As shown in Fig. 5(c), the sorting places the weak compo-
nent representing the residual clutter and noise on the left while
the strong component representing precipitation is placed on the
right. Therefore, there are generally two regions: 1) a sidelobe
clutter and noise region on the left (i.e., weaker component) and
2) a precipitation region on the right (i.e., larger component).
The sidelobe clutter level between the two regions is determined
by averaging the range width WW in the range of a% to b%.
This idea has been inspired by Siggia and Passarelli [27]. The
percentages a% and b% can be set based on the clutter and noise
and precipitation distributions after the first three steps. Then,
the GC region in binary mask M3 is replaced by “0.” After this
step, binary mask M is obtained.

The analysis of the clutter characteristics in Section II shows
that GC and precipitation have similar correlations. When pre-
cipitation and GC overlap, the aforementioned steps have a
tendency to remove the clutter-contaminated precipitation, re-
sulting in biased estimates. To obtain more accurate precipitation
observation, this study proposes a reconstruction method to
recover precipitation.

B. Stage 2: Precipitation Recovery

Under the assumption that the spatial continuity of precip-
itation usually occupies a large volume of space compared to
the resolution volume of typical weather radars, the spectral
characteristics of precipitation from consecutive range bins
should be similar [32]. This is particularly true when the radar
resolution volume is relatively small. Following this assumption,
this study introduces a recovery approach to equalize precipita-
tion using velocity and spectral width continuity. In this stage,
precipitation-window estimation and precipitation reconstruc-
tion are performed.

Step 5: Precipitation-window estimation.

This step compensates for the velocity and spectral width of
precipitation in the missing range bins, considering the range dis-
tribution characteristics of precipitation. The precipitation win-
dow is used to determine the precipitation area in each range bin.

The final filtering mask M, is applied to the raw RD spec-
trogram to remove clutter and noise. Then, Doppler velocity
and spectral width are obtained by (6) and (7), respectively.
According to the analysis in Section II, the sidelobe of GC and
precipitation have similar correlations. Therefore, the filter stage

Wrange Wrange
500 . - -
400 1
]
S 300 i
o 1
= 200 i
1
e 100 .
0 A e [l L 1 L
20 10 0 10 20 30 0% 40%  80% 0% 40%  80%
Doppler velocity (m/s) Percentage
(b) (©)
Num 1 Num end
(@
! I | 2 — 3 [—4—
Num 1 Num end
(b)
val(/)
Num 1 / \ Num end
p() q() (c)
Fig. 6. Sequence segmentation methods. (a) Whole sequence. (b) Four con-

tiguous blocks sequences. (c) Four blocks with some points overlapping.

might result in discontinuity of precipitation. In view of that, this
study constructs the Doppler velocity and spectral width based
on polynomial interpolation fitting under the assumptions that
the precipitation is spatially continuous and that the velocity and
spectral width vary slowly at neighboring range bins.

Three types of sequence partition methods are examined using
the entire sequence, as illustrated in Fig. 6, where the whole
sequence [see Fig. 6(a)], four contiguous sequence blocks [see
Fig. 6(b)], and five overlapping sequence blocks (overlapping
technique) [see Fig. 6(c)] are presented. This idea has been
inspired by Hubbert et al. [30]. As the length of sequences to
be fitted increases, high-order polynomial fits are necessary for
the variation trend of velocity and spectral width. However, this
can be numerically challenging for very high filter orders [30].
Thus, the high-order polynomial fit might not be applicable to
long-sequence fitting, and the whole sequence is not selected.
Because the initial and final points of the polynomial fitting
might have large errors compared with the original data, the
method presented in Fig. 6(b) is also not selected. To improve
fitting and interpolation accuracy, this study divides the sequence
into a series of subsequences with an equal length, fits and
interpolates them, and finally combines them into one sequence.

Furthermore, to smooth the overlapped regions, the fitted
overlapping points are averaged. Assume that p(l) and ¢({) are
the first and second overlapping sequences, respectively. Then,
the overlapped points need to be combined to form the final
sequence, and weights can be expressed as follows:

L+1-1 l
= zrr P F e

where L represents the number of overlapping points.

val(l) (12)
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Considering fitting accuracy and the computational efficiency,
the value of L is usually 1/10 of the subsequence length. After
determining the coefficients of the polynomial fits for Doppler
velocity and spectrum width, the fits are used to estimate the
velocity and spectrum width of the contaminated bins. Under
the assumption that the frequency spectrum of precipitation has
a Gaussian distribution, the precipitation window in the rth range
bin can be defined as an interval [32], which can be expressed
as follows:

[0(r) — K - Gy(r),0(r) + K - 5,(r)] (13)

where ¥(r) and &,(r) are the fitted mean Doppler velocity
and spectrum width in the rth range bin, respectively; K is
the precipitation-window width factor. Each spectral coefficient
exhibits a large bias in low signal-clutter ratio (SCR) instances,
and a small K is essential to mitigate the GC sidelobe. However,
for large SCR cases, the bias on each spectral coefficient is
small, and a large K is preferred [32]. The K value is evaluated
based on the magnitude of the SCR and calculated using the
RD regression algorithm. The estimation of the precipitation
window takes inspiration from the work in [32], where more
details could be found; this method was proposed to mitigate
wind turbine clutter by requiring an approximate location of
contaminated range bins.

Step 6: Precipitation reconstruction.

The power of precipitation can be overestimated, and the
mean radial velocity can be shifted toward zero when there is
GC. This has motivated the development of a unified method
for mitigating GC and noise and retaining precipitation. This
step performs precipitation reconstruction using the Gaussian
assumptions of the precipitation power spectrum [27] to ensure
the integrity of the precipitation area.

The power spectrum of precipitation can be expressed as
follows [27]:

_ P (v(r) = 0(r))?
$0) = )P ( 202y ) TR
(14)

where P(r), v(r), and o, (r) are the spectral-moment estimates
of the precipitation in the range r, and n(r, v) denotes the noise
power.

Compared with precipitation, GC tends to be stationary,
its spectral width is narrow, and its mean Doppler velocity
is essentially zero. In contrast, the mean Doppler velocity of
precipitation can be any value. The clutter contamination has
been conventionally reduced by a notch filter centered at zero.
However, this method also suppresses the precipitation, which
can lead to bias in spectral moment estimation for precipitation.
Therefore, locating GC first and then recovering precipitation
using Gaussian fitting to obtain high-quality precipitation is best.
The specific flowchart is shown in Fig. 7.

It should be noted that P(r), o(r), o,(r), and n(r,v) are
the key elements of Gaussian fitting. The values of o(r) and
o,(r) are estimated, as explained in the previous section, and
n(r,v) is defined by radar. Thus, the only parameter that needs
to be estimated is the peak power P(r), and in this study, it is
determined by minimizing the root-mean-square error (RMSE).
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Input processed
spectral power

ground clutter and
precipitation overlap?

notch filter clutter contamination

l

Gaussian fit to recover
precipitation

spectral power of precipitation |<7

Flowchart of the precipitation recovery method.

Fig. 7.

Supposing a spectrogram with I Doppler bins of precipitation
after the notch filter, the true power in the vth Doppler bin
is S™(v). Traversing P(r) between [Py min, Prmax|, Where
P, min represents noise power and P, .« 1s the peak power in
the rth range bin, the optimal peak power P(r) of Gaussian fit
is obtained by minimizing the RMSE of S™¥(v) and the fitted
Gaussian spectrum S*'(P(r),v). The RMSE of the spectral
power can be expressed by

5S(P(r)) = \/ % Z (S (v) — Sst(P(r),v)).  (15)

Furthermore, to recover the clutter-contaminated precipitation
effectively, the peak power that minimizes the RMSE is set as
the peak power of the Gaussian fit.

The proposed approach is used to fill in the gap. Compared
with the GMAP [27], the proposed approach can fully use
the spatial continuity of precipitation, reducing the amount of
calculation. The effectiveness of the proposed method is tested
and discussed in the next section.

IV. PERFORMANCE EVALUATION

Datasets were collected by operational weather radar to obtain
nearly pure precipitation and clear air. The collected data were
used to synthesize several datasets of precipitation combined
with clutter with known SCR [14], [15], [16], [17], [18], [19].
The synthesized data were obtained by adding the 1&Q data of
pure precipitation and clear air; these data were used to compare
the clutter suppression performance of the proposed method
and several existing algorithms. It should be noted that the pure
precipitation data denoted the data after noise removal. The ef-
fectiveness of the proposed algorithm was analyzed qualitatively
and quantitatively.
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Construction method description of the combined data acquired using the Ji’an radar. Data were collected at 21:11 on March 5, 2021. (a) Reflectivity PPIL.

(b) Spectral power s Py, of raw Ray 3. (c) Spectral power s Py, of raw Ray 193 in clear air. (d) Spectral power s Py, of reconstructed pure precipitation for Ray 3.

(e) Spectral power sF;, combined pure precipitation with Ray 193.

TABLE II
PARAMETERS OF THE CONSTRUCTED DATASETS

TABLE III

RMSE VALUES OF RADAR OBSERVABLES CAUSED BY GC

Scenario Rain Clear air Case 6v (m/s) Soy (m/s)  6Zpy (dB)  6Zg (dB)
122,123.124,125.148, T 22 07 110 20
Ray number 3,10,16,25,30, 149,157,174,175,193, 2 22 0.7 10.9 2.0
ay mumber - 4047311,312,317  194,195,198,244,245, 3 1.3 0.9 113 2.1
246,247,248,249,250 4 22 07 11.0 2.0
5 0.9 0.7 115 2.0
5 0.9 0.7 115 2.0
7 48 16 122 22
8 3.0 1.8 9.3 2.0
A. Controlled Dataset Construction 9 3.7 1.1 11.3 2.1
10 3.5 1.0 12.0 2.1
The performance of the proposed method was assessed quan- average 2.5 1.0 11.2 2.0
titatively using data obtained by Ji’an operational polarimetric average(200) 24 1.0 11.2 2.1

weather radar. The raw PPI, shown in Fig. 8(a), included several
precipitation rays and clear air rays that helped to find pure
precipitation and clear air to construct several datasets with
known SCR.

The pure weather data were obtained under precipitation
conditions within farther ranges (over 60 km for selected precipi-
tation rays) from the radar location. The GC could be neglected,
as Fig. 8(b) shows. The raw spectral power sFPy, of clear air
is shown in Fig. 8(c). To combine the pure precipitation with
clear air, this study folded the data within 60 km as the axis
of symmetry to fill in the near precipitation areas, as shown in
Fig. 8(d). The combined spectral power sFy, of reconstructed
Ray 3 and Raw Ray 193 is shown in Fig. 8(e), and the noise
level is calculated using the synthesized datasets [27].

To illustrate the validity and robustness of the proposed al-
gorithm, this study selected 20 sets of clear air data and 10
sets of precipitation data, as shown in Table II. For rainy cases,
the true precipitation areas were manually selected in the RD
spectrogram [e.g., the black contour in Fig. 8(d) and 8(e)] [8],
[25], [26]. Clear air refers to all signals from nonhydrometeors
and noise.

These datasets were combined to generate 200 combination
datasets. The RMSE was computed for the selected radar observ-
ables to measure the GC effect on precipitation and evaluate
the clutter and noise suppression and precipitation retention

performance of the proposed method. For a given spectrogram,
where R range bins were recognized as precipitation, the RMSE
of a specific radar observable was calculated by [8], [25], [26]

5X = \/ F3 (o) - X)) 6)

where X™(r) is the true value of the observable in the rth range
bin, which was manually selected, and it is denoted by the black
contour in Fig. 8(d); X*'(r) is the corresponding value obtained
after combining clear air with precipitation, which is not just in
the black contour. It should be noted that the observable X could
be v, 0y, Znn, and Zy;,.

Ten sets of combined data are randomly selected, and the
RMSE of radar observables caused by GC was calculated, as
shown in Table III. In addition, we present the average results
of the 200 sets of data in the last line.

As shown in Table III, GC caused 2.5 m/s bias in v, 1.0 m/s
bias in o, 11.2 dB bias in Zy;,, and 2.0 dB bias in Zg;,. It should
be noted that the average values within the entire precipitation
area were used to calculate the RMSE value. The results showed
that the RMSE of the parameters was smaller than the error on
the range bins where the real GC was located.
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clutter and noise

SNR (dB)
(b)

Scattergrams of spc, versus the SNR value for precipitation and nonprecipitation regions. (a) Precipitation. (b) Clutter and noise; the color bars stand for

sample numbers; the red dashed line indicates the potential threshold of spc, = 0.98.

B. Parameter Selection

Retaining precipitation and removing clutter is always a trade-
off. Therefore, in Step 1 of the proposed method, sp., is used as a
spectral polarimetric observable for nonmeteorological scatterer
mitigation.

Considering 30 rays of raw PPI in Fig. 8(a), the dataset was
classified into two scenarios, namely 1) rain and 2) clear air, as
shown in Table II. The sp, distribution versus the SNR value
was calculated, as shown in Fig. 9. However, since the proposed
method was implemented in the spectral domain, the SNR was
defined as follows [8]:

Zvepre (sPhn(r,v) — sN)
>, sN '

Therefore, one SNR was calculated for each range bin, cor-
responding to several spectral polarimetric observable values.
The noise estimation was based on the noise measurement data
obtained by the radar system. In Fig. 9(a) and 9(b), it can be
observed that the sp., value of precipitation was mostly greater
than 0.98. However, the sp., value of clutter and noise had a
large distribution with the decrease in the SNR value, and most
Speo values were under 0.98. Specifically, threshold T} was set to
0.98 for Ji’an radar based on the precipitation and clutter removal
percentage [8], [24], [25], and in this case, it can retain 80% of
the precipitation and filter out 93% of the GC. Furthermore, in
Fig. 9(b), it can be seen that some sp., values of clutter and
noise were distributed between 0.98 and one, which indicated
that the other observations should be used for clutter and noise
suppression.

Considering similar sp, distributions of clutter and precipita-
tion, the CPA was used for GC identification. The CPA value of
GC was close to one due to its zero velocity and narrow spectral
width. The CPA distribution versus mean velocity was calculated
in clear air, as shown in Fig. 10, where it can be seen that the CPA
value decreased with the velocity, which indicated low CPA for
precipitation. A considerable number of points had CPA values
exceeding 0.88, so a CPA threshold of 0.88 was used to identify
the stable clutter, and in this case, the targeted false alarm rate
for the precipitation is less than 1% due to the precipitation
having a lower CPA value (mostly less than 0.5) [12], [13]. The
threshold selection method is described in detail in [12] and
[13]. However, a false alarm could occur on the narrow-band
zero-velocity weather signal [13].

SNR(r) = (17)

CPA

800

700

600

500

CPA

400

300

200

100

0.5 * -
-0.5 0 0.5

Velocity(m/s)

Fig. 10. CPA scattergrams versus velocity for nonprecipitation regions. The
red dashed line indicates the potential threshold of CPA = 0.88.

Furthermore, considering the characteristics of GC, Wr"s¢
and W W are used to remove the sidelobe of strong GC and noise.
The value of W™ in the 200 controlled datasets is shown in
Fig. 11. In Fig. 11(a) and 11(c), it can be seen that after the first
three steps, the sidelobe of the strong GC still remained. Then,
the WW™"¢ is reorganized in ascending order. Its mean values
are shown in Fig. 11(b) and 11(d), where there are generally
two regions: 1) a sidelobe clutter and noise region on the left
and 2) a precipitation region on the right. And it can be seen
that ™€ of most precipitation is concentrated from 70% to
100% while that of extra GC was below 60%. Particularly, the
percentage to determine WW is set to 20%—-70% based on the
sidelobe of strong GC removal percentage. In a more general
sense, the threshold selection method involves determining the
intervals for clutter sidelobe width and precipitation target width.
Subsequently, the width of the sidelobe clutter is determined
using the mean width of nonprecipitation areas. This method
is similar to the approach described in [27] for dynamically
determining noise levels.

For the threshold selection of sp., and CPA, which are the
parameters for precipitation/clutter identification, we determine
the threshold based on the ratio of retained precipitation to
clutter and noise removal [7], [8], [12], [13], [24], [25], [26].
The selection of sidelobe clutter and noise may vary depend-
ing on different datasets, meaning the morphology depicted in
Fig. 11(c) might slightly change with varying data. However, the
general trend after sorting remains consistent with Fig. 11(d).
Therefore, we employ a dynamic clutter width selection method
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combined CMD with GMAP. (d) Proposed method.

where the widths obtained after the first three steps are arranged
in ascending order. Based on this result, we differentiate between
precipitation and nonprecipitation areas and utilize the average
width of nonprecipitation regions to determine the threshold
for clutter and noise width. The selected variable thresholds
can be applied only to this dataset, but this section introduces
a general method to select parameter thresholds. This method
allows the thresholds to be selected adaptively according to a
specific geographical environment surrounding the radar.

C. Clutter Detection Performance Evaluation

To illustrate the effectiveness of the proposed method, this
study compared the proposed algorithm with three algorithms,
namely the OBSpol, MsDR, and CMD combined with GMAP,
both qualitatively and quantitatively. The results of the four
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(d

RD spectrograms after applying different techniques to the combined spectrogram in Fig. 8(e). (a) OBSpol filter. (b) MsDR filter. (c) Method that

algorithms implemented on the combined spectrogram
presented in Fig. 8(e) are shown in Fig. 12. Note that the OBSpol
method is implemented based on the details provided in [8],
where the initial step involves using sp., to detect precipitation
and a notch filter to remove GC. The CMD method is replicated
following the relevant information in [12] and [13], utilizing
CPA, TDBZ (the texture of the reflectivity), and SPIN (the
spatial variability of the reflectivity field). Additionally, the
GMAP method is replicated according to the relevant content
in [27], incorporating adaptive window selection. The results of
the four algorithms implemented on the combined spectrogram
presented in Fig. 8(e) are shown in Fig. 12.

InFig. 12(a) and 12(b), it can be seen that both the OBSpol fil-
ter and MsDR filter could retain the precipitation from GC while
filtering out the noise and clutter. When the GC sidelobe ran
through the precipitation, the OBSpol filter tended to filter out
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TABLE IV
AVERAGE ERROR OF THE OBSERVABLES PROCESSED BY THE FOUR METHODS

Method
Parameter No OBSpol MsDR CMD + GMAP Proposed
10 200 10 200 10 200 10 200 10 200
Py — —— 799% 82.1% 89.2% 90.2% —— o 90.5% 91.5%
Py, — — 52% 4.4% 11.1%  93% —— — 5.6% 5.1%
oV (m/s) 2.5 2.4 1.9 1.8 2.3 2.1 1.8 1.8 1.0 0.9
Soy, (m/s) 1.0 1.0 1.5 14 1.2 1.2 1.8 1.7 0.5 0.7
6Zpp (dB)  11.2 11.2 3.8 4.6 8.0 8.5 4.8 5.3 3.9 4.2
6Z4 (dB) 2.0 2.1 1.2 1.3 2.3 2.1 2.2 2.1 1.8 1.7

The bold values means that the processing result is the best.

the overlapped areas, whereas the MsDR filter might retain some
clutter. This was because both the OBSpol filter and MsDR filter
could not handle the situation where the precipitation overlapped
with GC. As shown in Fig. 12(c), the method that combined
CMD with GMAP could reduce the GC power, but the sidelobe
and noise were retained. This is mainly due to the prerequi-
site assumption that the shape of the clutter is approximately
Gaussian for the implementation of the GMAP algorithm [27].
However, in the 62.4—64.5 km range, the GC on some range
bins exhibits significant fluctuations. This means that the GC on
these range bins exhibits multiple spectral components, so the
power spectrum exhibits multiple peaks rather than a Gaussian
shape. Consequently, the clutter with nonzero velocity and noise
still persists within these regions. Furthermore, as shown in
Fig. 12(d), although the proposed method retained a portion of
GC, it could suppress GC overlapped with precipitation as much
as possible.

To evaluate the quality of the polarimetric variable quantita-
tively, this study used 10 sets of combined data in Table III.
In addition, to quantify the performance, the probability of
detection (FPy) and false alarm rate (FPr,) were calculated as
follows [8], [25]:

TP
Pl=— 1
¢ TP+ EN (%)
FP
Py=—— 1
B~ FP TN (19

where TP is the number of precipitation bins that were accurately
identified; FN is the number of precipitation bins that were
classified as clutter or noise; FP is the number of clutter and
noise bins that were classified as precipitation; TN is the number
of clutter and noise bins that were successfully identified.

It should be noted that the true area was obtained by the
manual selection of precipitation in the reconstructed RD spec-
trogram [8], [25]. It is also worth noting that the method that
combined CMD with GMAP was not involved in this evaluation,
as it was not selecting the precipitation, as shown in Fig. 12(c).

The RMSE value was computed for the selected radar vari-
ables, but X*(r) denoted the corresponding value after apply-
ing the methods. Py, Pr,, RMSE of v, 0, Zhn, and Zg, are shown
in Table IV. Table IV presents only the average error on the 10
and 200 sets of combined data listed in Table III before and after
applying the four methods. Note that the “No” column represents

the deviation in precipitation parameter estimation resulting
from the combination of pure precipitation and clear air, where
“No” indicates no clutter suppression techniques applied.

After using the OBSpol filter, the average P4(79.9%),
P (5.2%), 6Zyn(3.8 dB), and §Z4:(1.2 dB) were the smallest
among all techniques. The Py value of the OBSpol filter was
only 79.9%, which indicated that when GC was overlapped with
precipitation, the OBSpol filter tended to remove GC that over-
lapped with precipitation. This could result in precipitation loss
and lead to bias in precipitation parameter estimation, as shown
in Fig. 12(a). Apart from that, the result of the smallest error was
used as an estimation parameter, and it was calculated using the
remaining precipitation. The average do, of the OBSpol filter
was 1.9 m/s because of the precipitation loss. By contrast, the
average 00 (2.3 m/s), 0 Zy, (8.0 dB), and 674, (2.3 dB) were
the largest among all processing techniques, which was due
to clutter retention in the MsDR filter, as shown in Fig. 12(b).
The average 60, 6 Zy,, and d Zg, of the CMD and GMAP were
1.8 m/s, 4.8 dB, and 2.2 dB, respectively; there was the RMSE
difference because of the GC sidelobe retention in the CMD
and GMAP processing. Compared with the other techniques,
after the proposed method processing, the average Py (90.5%)
was the largest, and the average dv (1.0 m/s) and do,, (0.5 m/s)
were the smallest. For weather radar, the precipitation retention
performance is as important as the clutter suppression perfor-
mance. Therefore, although the average 6 Zy, and 67y, of the
proposed method were comparable with those obtained after
applying the OBSpol filter and the method that combined CMD
with GMAP, the overall performance of the proposed method
was the best among all methods. The results indicated that the
proposed method could maintain most of the precipitation while
removing the majority of clutter and noise.

Itis worth noting that after applying the other three algorithms,
0o, was larger compared with the raw situation. As well known,
strong GC might shift the o, value toward zero. For the OBSpol
filter and the MsDR filter, there was an increase in the do,, value
due to the precipitation loss and the sidelobe of GC retention.
However, the method that combined CMD with GMAP could
reduce the main lobe of GC, but the sidelobe spread out to the
entire Doppler spectrum was retained, which could enlarge o,
causing o, be larger than that of untreated.

As shown in Fig. 8(e), the GC power was approximately 60 dB
greater than that of precipitation. This implied that any residual



AN et al.: GC AND NOISE MIIGATION BASED ON RD SPECTRAL PROCESSING

2

E

=

1]

<

o
0

SCR (dB)
(a)

<107
]
0.8

w

£ 0.6

=

2 04

o
0.2
0

SCR (dB)
©
CMD+GMAP x10°3
T = > 1

08

@

£ 06

=

2 04

)

E

R 0

-10 0

-30 ’ -20
SCR (dB)
©)

the proposed method

-40

10 -

-30 -20
SCR (dB)

(€3]

Fig. 13.

1037

1
0.8
0.6
0.4
0.2
-10 0
-50 -40 -30 -20 -10 0
SCR (dB)
(b)
MsDR <103
10 = 1
_ s 0.8
(]
= 06
s
2 0.4
@
0.2
-10 0
-50 -40 -30 -20 -10 0
SCR (dB)
(d)
CMD+GMAP <10
— 1
0.8
@
= 06
& 0
%]
2 0.4
@
0.2
-10 0
50 40 30 20  -10 0
SCR (dB)
()
10 the proposed method 4110'3
0.8
0.6
0.4
0.2

-40 -30 -20

SCR (dB)
(h)

-10 0

Distribution of v and o, bias versus the SCR. (a) and (b) Results after applying the OBSpol filter. (c) and (d) Results after applying the MsDR filter.

(e) and (f) Results after applying the method that combined CMD with GMAP. (g) and (h) Results after applying the proposed method. Note that the color bar

represents the probabilities.

or excessive estimation of GC could cause a large deviation.
Therefore, to analyze the changing trend of the estimation bias
of v and o, with SCR, the estimation error was defined as
follows [1], [9], [34]:

BIAS(X (1)) = X*(r) — X™(r) (20)

where X™(r) is the true value of the observable at the rth range
bin, and X*'(r) is the estimated value of the observable at the
rth range bin.

It should be noted that the observable X could be v and o,
and when X*!(r) was closer to X™ (r), the value of X (r) was

smaller. The v and o, distribution versus the SCR are shown in
Fig. 13. The SNR, CNR, and SCR were, respectively, defined as
follows:

SNR(r) — 2= (Sp‘g(z ;\? —sN) @1
o Zv (SPth{u(rv U) B SN)

CNR(r) = S SN (22)

SCR(r) = SNR(r) — CNR(r) (23)
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where sPE represents the spectral power of pure precipitation
with hh polarization, and s P5 represents the spectral power of
clear air with hh polarization.

In addition, the SNR was calculated using the reconstructed
spectral power, which was considered pure precipitation; the
CNR was calculated in the clear-air condition; the SCR of the
combined data was calculated by (23).

Fig. 13 shows the bias of v and o, when the SCR was less than
or equal to zero. It can be observed that relative to the other three
methods, the proposed method exhibits the most concentrated
estimation bias toward O m/s for v and o,. Fig. 13(a) and 13(b)
indicates that, with the OBSpol method, the bias in ¥ and o,
is also relatively concentrated when SCR> —30 dB. However,
there are few signals when SCR < —30 dB, as this method tends
to filter out signals in the overlapped areas. The MsDR method
yields more signals after processing, but the bias in the processed
signals is relatively dispersed, primarily because MsDR tends to
retain signals in the overlapped areas. The method that combined
CMD with GMAP does not cause signal loss, and the bias in v
and o, isrelatively concentrated. However, this algorithm cannot
completely eliminate GC and spectral leakage when GC is strong
and fluctuating, as shown in Fig. 12(e). Hence, the estimation
bias of signals when SCR< —30 dB tends to be more dispersed
and relatively larger. As mentioned earlier, the proposed method
demonstrates better performance in clutter and noise suppression
and precipitation retention.

To further quantify the performance of the proposed method,
the clutter suppression ratio (Rcs) [25], [26] of the 200 cases
combined with pure precipitation and clear air was calculated,
as shown in Fig. 14. In principle, Rcs was the filtered reflectivity
subtracted from the raw one. For the OBSpol filter, the maximum
Rcs was 63 dB, and the probability of Rcg values larger than
30 dB was 2.3%. For the MsDR filter, the maximum Rcg was
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62.9 dB, which was equal to that of the OBSpol filter, and the
probability of Rcs values larger than 30 dB was 1.5%. For the
algorithm that combined CMD with GMAP, the maximum Rcg
was 50.9 dB, and the probability of Rcg values larger than 30 dB
was 3%. However, the maximum R¢g of the proposed method is
62 dB, which was equal to those of the OBSpol and MsDR filters,
and the probability of Rcs values larger than 30 dB was 3.7%,
which was the largest among the four algorithms. In addition,
after processing with different methods, the average Rcg for
adding the same power is shown in Fig. 15. As can be seen from
Fig. 15, Rcs of the proposed method is relatively high. The Rcs
result indicated that the proposed method was more effective
than the other algorithms in clutter suppression.

This section illustrates the effectiveness of the proposed al-
gorithm quantitatively using the constructed data with known
SCR. In parameter estimation, the proposed method obtained
the maximum detection probability and the minimum RMSE
of v and o, compared with the other three methods, which
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Qualitative performance comparison of the OBSpol filter, the MsDR filter, the method that combined CMD with GMAP, and the proposed method.

The presented RD spectrogram is the spectrogram corresponding to the data of Ray 21 in Fig. 8(a). (a) Raw spectrogram. (b) OBSpol filtered spectrogram.
(c) MsDR-filtered spectrogram. (d) Spectrogram after applying the method that combined CMD with GMAP. (e) Spectrogram after the proposed method

processing.

represented the best precipitation retention performance. Mean-
while, the RMSE of Zy,, and Zy, could also be reduced to a large
extent. As for Rcs, the proposed method had a larger number of
points with an Rcg value greater than 30 dB, indicating the best
clutter suppression performance.

D. Spectrogram Analysis

The results of the four methods implemented on the raw RD
spectrogram s P, of Ray 21 are shown in Fig. 16. As presented in
Fig. 16(b) and 16(c), both the OBSpol filter and the MsDR filter
could not resolve the problem when precipitation and clutter
overlapped. In addition, as shown in Fig. 16(a), when the GC
power was very high, and the power of sidelobe was up to
-10 dB, which was similar to or higher than precipitation, it was
impossible to determine whether there was precipitation. In this
situation, the method that combined CMD with GMAP could
reduce the clutter power significantly, but some clutter still re-
mained due to strong GC completely masking the precipitation.
The proposed method outperformed the other methods, keeping
many weak signals while recovering the clutter-contaminated
precipitation. However, GC was so strong within 20 km that it
was impossible to determine whether it contained precipitation,
so the proposed method removed the signal of this area. Overall,
the clutter suppression performance of the proposed method was
better than that of the other three methods.

E. PPI Analysis

For operational weather radar systems, the filtered observ-
ables are required to be displayed in radar PPI. Therefore, to
test the proposed technique’s performance, this study applied
the four methods to the data shown in Fig. 8(a). Compared
with the PPI result after the OBSpol filtering, which is shown
in Fig. 17(a), Zu, of the proposed method was much higher,
indicating better performance in precipitation retention. In ad-
dition, compared with the PPI result after the MsDR filtering,

which is shown in Fig. 17(c), the proposed method achieved
better performance in clutter removal. Furthermore, as shown
in Fig. 17(e) and 17(g), the performances of the method that
combined CMD with GMAP and the proposed method were
comparable. For the area near the radar, where GC was present
throughout the spectrum, the method that combined CMD with
GMAP might keep some GC, thus leading to bias in Zy, and
v. However, when GC was so strong that it was impossible
to determine whether it contained precipitation, the proposed
method tended to remove the signal, as shown in Fig. 16; thus,
there could be partial signal loss in the near areas in Fig. 17(g)
and 17(h).

Finally, the performance comparison between the proposed
method and the method that combined CMD with GMAP pre-
sented in this section is similar to that in [2], where the compar-
ison between the GMAP-TD and the GMAP was conducted.

V. METHOD APPLICATION TO GUANGZHOU RADAR

In this section, the performance of the proposed method is
further discussed both qualitatively and quantitatively. To illus-
trate the robustness of the proposed method, this study used the
data collected by another operational DP weather radar located
in Guangzhou, China. The system specifications of this radar are
the same as those of the Ji’an radar used in the aforementioned
analyses.

The parameter selection in the proposed method was per-
formed as presented in Section IV, as shown in Fig. 4. For
Guangzhou radar, the threshold of sp., was set to 0.98, CPA
was set to 0.88, and the percentage to determine WIWW was set
to 20%-70%.

A. Spectrogram Analysis

The results of the four methods implemented on the raw RD
spectrogram sFP, of Ray 131 are shown in Fig. 18. The results
indicated that the OBSpol and MsDR filters could not resolve the
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method. The RD spectrogram represents the spectrogram corresponding to the data of Ray 131; the data were measured by the Guangzhou radar at 5:30 on May
20, 2016. (a) Raw spectrogram. (b) OBSpol-filtered spectrogram. (c) MsDR-filtered spectrogram. (d) Spectrogram after applying the method that combined CMD

with GMAP. (e) Spectrogram after the proposed method processing.
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Fig. 19.  Rcs results of the method that combined CMD with GMAP and the
proposed method.

problem when precipitation and clutter overlapped. In addition,
the results in Fig. 18(b) and 18(c) indicate that both filters could
preserve most of the precipitation, but they also retained too
much clutter and noise. Furthermore, as shown in Fig. 18(d), the
method that combined CMD with GMAP retained much GC.
The Rcs values of this method and the proposed method are
shown in Fig. 19, where it can be seen that the GC mitigation
performance of the proposed method was comparable or even
better than that of the method that combined CMD with GMAP.
The result demonstrated that the proposed method performed
better in terms of clutter suppression and precipitation retention
than the other methods.

To quantify the performance further, Py, P,, and RMSE of v,
oy, and Zy, were calculated. Note that the GC and precipitation
are manually selected [7], [8], [25], [26]. The Py and P, results
are shown in Table V. It should be noted that the method that
combined CMD with GMAP was not involved in this evaluation.
The RMSE results of v, 0, and Zy;, are shown in Table VI.

As presented in Table V, the average Py and P, values of
the MsDR were 95.5% and 40.9%, respectively; meanwhile, the
OBSpol achieved the average Py and Py, values of 95.4% and
61.1%, respectively. The Py results of the two filters could be up
t0 95%, which indicated that these methods could preserve much
more precipitation. However, the P, value was relatively large

TABLE V
P, AND P, RESULTS OF RADAR OBSERVABLES

OBSpol MsDR Proposed
Ray Num Py Py Py Py Py Pgy
3 97.9%  69.6%  97.7%  542%  99.7%  9.3%
27 91.3%  457%  953%  27.6%  999%  3.2%
56 96.9%  68.0%  93.5% 41.0% 999%  6.7%
average 954%  61.1%  95.5% 409% 999%  6.4%

The bold values means that the processing result is the best.

due to the incomplete clutter and noise suppression. The results
improved after using the proposed algorithm, achieving the Py
and P, values of 99.9% and 6.4%, respectively. This indicated
that the proposed method retained most of the precipitation and
filtered out almost all the clutter and noise. In conclusion, the
proposed method performed well in clutter and noise suppres-
sion and precipitation retention.

As shown in Table VI, the average 6 Zy, values of the pre-
vious three methods were 1.2, 0.7, and 0.7 dB while that
of the proposed method was 0.3 dB. Apart from that, the
average 00 and do, values of the proposed method were
both 0.5 m/s, which was the smallest results among the four
methods.

B. PPI Analysis

Next, to test the performance of the proposed method further,
the four methods were applied to the data collected at 5:30 CST
on May 20, 2016; the results are shown in Fig. 20. Compared
with the PPI values after the OBSpol and MsDR filtering pro-
cesses, the proposed method performs better in precipitation re-
tention and clutter removal. As shown in Fig. 20(d) and 20(e), the
performances of the method that combined CMD with GMAP
and the proposed method were comparable. For the areas near
the radar, the method that combined CMD with GMAP could
keep some GC leading to errors in Zy,. However, the proposed
method could lose some precipitation.
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TABLE VI
RMSE RESULTS OF RADAR OBSERVABLES
Ray No OBSpol MsDR CMD + GMAP Proposed
ov ooy, OZhh ov ooy, 0Zhh ov ooy, 0Zhh ov ooy, OZhh

3 2.6 2.4 1.3 24 2.4 0.5 2.2 2.7 0.7 0.2 0.5 0.1

27 24 0.9 1.4 22 1.0 0.9 1.2 1.6 0.6 0.3 0.2 0.1

56 1.5 1.1 1.0 1.6 1.1 0.9 1.5 1.9 0.7 1.0 0.7 0.6
average 2.1 1.5 1.2 2.1 1.5 0.7 1.6 2.1 0.7 0.5 0.5 0.3
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after applying the OBSpol filter. (¢) Zy, after applying the MsDR filter. (d) Zy, after applying the method that combined CMD with GMAP. (e) Zyy, after applying

the proposed method.

The PPI comparison of other radar products (i.e., Zg;, V) is
shown in Fig. 21. After the proposed method processing, most of
the clutter and noise were removed from the radar PPI, and the
majority of precipitation was successfully preserved. As shown
in Fig. 21(a) and 21(b), there were fewer anomalous points in Zg;
after the proposed method was applied. Comparing the results
displayed in Fig. 21(c) and 21(d), it can be concluded that the raw
velocity had a large number of outliers while the radial velocity
became more continuous after the proposed method was applied.
Moreover, it can be seen that the spectral polarimetric filter
and precipitation recovery using spectral moments improved the
accuracy of the observation.

C. Other Case Study

Finally, another case study was conducted to illustrate the
performance and robustness of the proposed method. This case
study used data collected at 5:31 CST on May 20, 2016, at an
elevation of 1.5°. The raw PPI of Zy;,, v, and Zpr is shown
in Fig. 22(a)-22(c), respectively, where it can be seen that GC
could increase the power, causing the Zpr errors and shifting

the velocity toward zero. The PPI of Zy, after the proposed
method processing is shown in Fig. 22(d), where it can be
observed that the proposed method could effectively suppress
GC in the near areas with less precipitation loss. The PPI of Zpr
after the proposed method processing is shown in Fig. 22(e),
where it can be seen that this method could eliminate the errors
caused by GC. Fig. 22(f) displays the processed radial velocity,
demonstrating that the velocity was smoother compared with the
raw. Moreover, Ray 90 was used as an analysis instance to better
illustrate the algorithm’s effectiveness. The spectrograms before
and after applying the four methods to Ray 90 data are shown
in Fig. 23.

As shown in Fig. 23(a), the measurement was influenced by
GC. Both the MsDR and OBSpol filters could remove most of
the clutter and noise. However, the OBSpol filter removed some
weak precipitation while filtering out clutter and noise, as shown
by the black circle in Fig. 23(b). The MsDR filter preserved
the sidelobe clutter caused by GC, as shown in Fig. 23(c). In
this test, the method that combined CMD and GMAP had little
effect on clutter mitigation. However, the proposed method kept
precipitation while suppressing almost all clutter and noise.
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PPI comparison results of Zpr and v processing performance. (a) Raw Zpg. (b) Zpr after the proposed method processing. (c) Raw velocity. (d) Velocity

PPI comparison results of Zy,, Zpr, and © processing performance. Data were collected by the Guangzhou radar at 5:30 on May 20, 2016, at an elevation

angle of 1.5°. (a) Raw Zyy;,. (b) Raw ZpR. (c) Raw velocity. (d) Zy, after the proposed method processing. (e) Zpr after applying the proposed method. (f) Velocity
after the proposed method processing.
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Fig. 23.  Qualitative performance comparison results of the OBSpol filter, the MsDR filter, the CMD + GMAP method, and the proposed method. The RD
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(e) Spectrogram after the proposed method processing.

VI. CONCLUSION

This study proposes a spectral polarization method to mitigate
GC and noise for polarimetric Doppler weather radar. Taking
advantage of the spectral polarimetric feature and the RD con-
tinuity of precipitation, the proposed method is implemented
on the RD spectrogram to mitigate clutter and noise. The pro-
posed method includes two stages: 1) clutter filtering and 2)
precipitation recovery. The filtering stage can cause precipitation
loss, leading to discontinuity of precipitation. To address this
problem, the weather window is estimated using the continuity
of spectral moments in precipitation recovery, and then, the
precipitation window is applied to the raw power spectrum to
obtain precipitation.

The proposed method integrates clutter detection, filter, and
precipitation recovery. Specifically designed for GC and noise
suppression in the polarimetric Doppler weather radar, it is par-
ticularly suitable for radars without cross-polar measurements,
which is a common configuration for operational weather radars.
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