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Abstract—This paper introduces a new ground clutter suppres- clutter and weather echoes have similar Doppler velocities.
sion technique which preserves weather echoes. This clutter sup-The technique is optimal for nonscanning atmospheric radars.

pression method uses both statistical and polarimetric properties ; jnroves the signal-to-clutter ratio with almost no effect on
of the target and clutter. This technique is intended for use in atmo- th flecti f ther t ¢

spheric studies for weather echoes the spectral properties of which € refiections irom weather targets. . .
do not differ much from those of ground clutter. This technique Generally, waves scattered from radar objects are partially po-

can be applied both to the total signal or to its separate Doppler larized. It is convenient to analyze partially polarized waves as

frequency components. a sum of two components: a stable and a fluctuating compo-
Index Terms—Atmospheric radars, ground clutter suppression, Nent. The stable component of the wave is scattered by targets
polarimetry. that are constant over the observation time, e.g., buildings, the

earth’s surface, etc.; these contribute to the ground clutter. The
fluctuating component of the scattered radar wave consists of
reflections from weather objects and the fluctuating part of the
HE performance of a ground-based atmospheric radarggund clutter, such as trees and grass; also reflections from the
highly affected by ground clutter. Several clutter supprestable targets can fluctuate if the propagation path is changing.
sion techniques are used to reduce this influence. The mgstce the stable and the fluctuating parts of the wave contain
common ground-clutter suppression technique uses Doppleflections of different types of ground clutter, in this paper we
power spectrum information, that is, the mean Doppler velociiyill consider these two parts separately.
and the spectrum width [1]. Ground echoes have a zero meaisection Il discusses the first step of the processing: the sup-
Doppler velocity and a narrow Doppler spectrum and hengsression of stable clutter, which consists of removing a constant
reflections that have velocities close to zero are suppresseddinponent of the reflected signals [1]. When atmospheric tar-
is more difficult to suppress the ground clutter if atmospherigets have Doppler velocities close to zero, a part of the reflec-
targets have low radial velocities. Such targets, e.g., cloud@®ns can appear to be reflections from nonfluctuating targets
also have Doppler velocities close to zero and narrow Dopplafid thus be affected by the stable clutter suppression. This tech-
spectra. Another approach to clutter suppression is to usique is equivalent to the suppression of the zero Doppler ve-
the polarization diversity to identify range resolution cell$ocity cell. The width of the cell is defined by the averaging time
which are contaminated by ground clutter. For this approagler which the stable signal is calculated and thus the width can
different polarimetric parameters can be used, such as: co-p&jarmanipulated to preserve weather signals. In this section, the
correlation coefficient [2], [3], the degree of polarization anthfluence of stationary-clutter suppression on atmospheric tar-
circular depolarization ratio [4], linear depolarization ratio [S]gets is discussed.
and differential reflectivity [6]. These techniques are only used Section 1l introduces a new method for the suppression of the
to detect echoes contaminated by ground clutter and notfligctuating part of ground clutter. This step of the processing is
separate weather echoes from clutter in a mixture. An attentpised on polarimetric differences between atmospheric targets
to improve current clutter suppression techniques using bethd the fluctuating part of the ground clutter. To improve the use
Doppler and polarimetry was made by Moisseval. [7];  of this clutter suppression for meteorological studies, Doppler
however, this technique also led to the loss of target informatigolarimetry is introduced in Section IV.
if target reflections and clutter occupied the same area in theFor this research, we used measurement data from the Delft
Doppler spectrum. Atmospheric Research Radar (DARR), the specifications of
This paper introduces a new clutter suppression technigughich are given in Table I. DARR is an frequency modulated
which improves the signal-to-clutter ratio even if groundontinuous wave (FM-CW) S-band radar located on the roof
of the 92 m high building of the Faculty of Information Tech-
nology and Systems. DARR is capable of carrying out Doppler
Manuscript received September 21, 2000; revised June 8, 2001. and polarimetric target measurements simultaneously. Our
_ The author_s are with the Internationa! Research Centre for Telecommunigggtter suppression method is illustrated with two precipitation
tions-Transmission and Radar, Delft University of Technology, 2628 CD Delft . L .
The Netherlands (e-mail: D.Moisseev@its.tudelft.nl). rheasurements. In the first case, the precipitation event consists
Publisher Item Identifier S 0196-2892(02)01884-3. of three different groups of atmospheric targets, namely, a
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TABLE | 25
SPECIFICATIONS OF THEDELFT ATMOSPHERICRESEARCHRADAR
20
Radar parameter Value E
Radar frequency 3.3 GHz § 15
Antenna beamwidth 1.8° o
Frequency modulation law triangular é 10
Number of samples per sweep 128 o
Frequency deviation 2 MHz 5
Sweep time 1.25 ms
Maximum range 9600 m
- 0 . ; . .

Rangfe re§01ut10n 7.5 o 0 5 10 15 20 25 30 35 40
Polarization linear
Cross-polar isolation (for distributed targets) 27 dB Ciutter suppression (dB)
Receiver one channel
Measurement time of the scattering matrix 3.75 ms Fig.1. Reduction of ground-clutter power due to the stable clutter suppression.
Maximum unambiguous Doppler velocity 6 m/s
Doppler velocity resolution 4.7 cm/s . .
Observation time for one Doppler spectrum 0.96 s different fall velocities of hydrometeors depends on the eleva-
Number of Doppler spectra used for averaging | 8 tion angle of the radar. However, these values give an estimate

of a Doppler spectrum width for typical atmospheric targets.

If the information from atmospheric targets is to be preserved,
precipitating cloud, a melting layer of the precipitation (brighthe averaging time, which is used to calculate the stable clutter
band), and rain. Reflections from the melting layer shoeomponent, should be so long that the effective width of the
relatively strong polarimetric behavior in comparison with th®oppler cell is much smaller than the Doppler width of weather
other weather echoes. The second precipitation measuremeaftoes (in our case, 0.18 m/s).
is a drizzle measurement, in this case the atmospheric objecFig. 1 gives the result of the stable clutter suppression.
of interest (drizzle) contains mainly spherical (polarimetricallround-clutter reflections before and after clutter suppression
isotropic) hydrometeors. For the drizzle measurement, the radeg calculated and a histogram of the power ratios is given.
is pointed to the zenith; for the first measurement the radar h@iblese ground-clutter measurements were performed by DARR
a 20 elevation angle with the respect to the horizon. Thus, for different radar elevation angles and in different azimuth
both cases, the ground clutter reflections were mainly due doections. The wind speed for all these measurements was
the antenna side lobes. between 3.5 and 8 m/s. In all analyzed case, ground clutter can

be considered as an urban-area ground clutter. About 8 s of
data were used to calculate the average signal for processing.
1l. SUPPRESSION OFSTABLE CLUTTER This averaging time gives Doppler cells effective width of
5.9-107% m/s, sinceA = 0.09 m and the observation time
Suppression of stable clutter is based on the fact that the coy-is 7.96 s. Thus, the influence of this processing on the
relation time of clutter is much longer than the correlation timatmospheric targets signal is negligible.
of atmospheric targets. Therefore, if coherent averaging is perThe median value for the stable clutter suppression is about
formed over a time period,;., which is much longer than the 13 dB. The spread in the histogram is caused by the presence of
correlation time of atmospheric targets, the reflections from tlata with different ground clutter content. High values of clutter
atmosphere will be canceled and only reflections from the stalslgppression correspond to ground clutter with a large stable part,
part of the ground clutter will remain. Subtraction of these awhich corresponds to the reflections from man made objects.
eraged reflections from measurement data will cancel stalew values of the clutter suppression, on the other hand, cor-
clutter. This processing is equivalent to the suppression of tlespond to clutter with a relatively large fluctuating part, which
zero Doppler velocity resolution cell, the size of the cell in thisorresponds to natural objects such as trees.
case is given by the averaging time&as = A/(27,;;).
During the Dutch national measurements campaign CLouds
And RAdiation (CLARA) [8] extensive information about cloud lll. FLUCTUATING GROUND CLUTTER SUPPRESSION

physics was collected. It was measured that typical Dopplar Short Review of the Theory of Polarimetry

spectra widths for zenith radar measurements of clouds are be1—_h lectric field tor of ttered f ¢ ¢
tween 0.18 and 0.3 m/s [9]. It is known that the spectrum width € electrc Tield vector of a wave scattered from a targe

of light rain caused by different fall velocities of hydrometeors iS relatg dto th? transmitted wave electric field vector by the
about 1 m/s [1]. The Doppler spectrum width of a weather ecﬁgattermg matrix of the target as

is a function of both the radar parameters, e.g., beam width, and

of meteorological parameters that describe the time behavior E, Sex Sy E!
of the ensemble of hydrometeors. The above-mentioned values <Ey ) - <5yl, Syy ) <EZ )
are given for zenith radar measurements. Radar reflections mea-

sured at other elevation angles will have a different correlatiovhere (, ) is an arbitrary orthonormal polarization basis. In
time, since the part of the Doppler spectrum width that is due toost cases, a radar target fluctuates over time, which implies

)
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changes of the scattering matrix and of the scattered wave.HBoAtmospheric Targets and Fluctuating Ground Clutter

describe a time-dependent wave, the coherence matrix is usety st of the atmospheric targets are characterized by the fact
Ea(f) that cross-polar reflections in thie — v linear polarization
J(r) = <<Ew(t)) (Eq(t+7) Ey(t+7) )> basis are much smaller than co-polar ones. For light rain and
Y water cloudsLdr = (|Su.|?)/{|Snr|?) is usually smaller than
_ <<Ew(t) Bt +7)) (Eu(t) Ep(t+ T)>> 2) —30dB, but for the melting layer of a precipitation event, this
(By(t) - Ex(t+7)) (E,()-Ej(t+7)) value can lie in the order 6£15 dB [5]. It should be mentioned
. . . that the Ldr values in a melting layer belong to the highest
where({) denotes gnsgmble averaging ant the Flme delay. values to be found in weather echoes. It is common to assume
The wave behavior is assume_d to be a sta.'uonary rar_1d t the co-polarized and cross-polarized elements of the scat-
process. For the case of quasi-monochromatic waves: if

. . X i ?ing matrix for ground clutter are uncorrelated [13], [14]. In
time delays' are restricted byr| < 1/, whereg Is the width the case of precipitation measurements, it was recently shown
of the spectrum of the scattered wave, e(2) will become [10]

[15] that the cross correlation coefficient between these scat-
* * tering matrix elements can be close to unity. However, in this
_ ((E(EL() (Eo(t)E(t)) g : Ly .
J(0) = . " paper, the assumption that the co-polarized and cross-polarized
(EsME;®) (E,(DE (1)) : - o )
elements of the scattering matrix of precipitation are uncorre
= <’]”‘ Jwy) . (3) lated is used since it represents the less favorable case for the
Ty Ty proposed clutter suppression method. Then, according to (1) and
), the coherence matrix of an atmospheric target, expressed in
" — v linear polarization basis, when the transmitted wave is
ggrizontally polarized, will be

This expression gives a more common notation of the wave
herence matrix and is widely used in radar polarimetry [11].
For a completely unpolarized wave, the coherence m

trix J will become a diagonal matrix, since an unpolarized )

wave has no preferable polarization, which implies that <|5hh| > 0

(|E-[*) = (|E,|*) and (E.E) = 0. A partially polarized J= 0 <|S;,.|2> 7
wave can be represented as a sum of a completely polarized "

and completely unpolarized waves; in mathematical form it ¢
be written as [12]

1— Ldr)
A0 B J., _ ‘(4
= x p
J <0 A>+<Jym 0) @ (1+ Ldr)
where the first matrix represents the coherence matrix of tR&ictly speaking, the matrix (7) is only proportional to the ac-

completely unpolarized wave and the second one that of &l wave coherency matrix (3). However, we are only interested
completely polarized wave. Following a well-known procedurd relative polarimetric parameters and hence the coefficient of

Ahd the degree of polarization according to (6) will be

. 8)

[10], [12] using the diagonalization df we can find that proportioqal_ity can be omitted here.' Thps, fqr atmospheric tar-
gets, the limits of the degree of polarization will change between
1 o X : .
A=t (TrJ /T3 — 4det J> 0.94, for a precipitation melting layer, and 1 for light rain and

2 water clouds.
1 1 . . - .

= (Jpw — Jyy) + 2V Tr2T — 4detd As was shown in the beginning of this paper, stable clutter
2 suppression removes the monochromatic component of the

:1(,]” — Jue) + 1 Tr2J — ddet J (5) Wwave scattergd from the ground clutter. This cqmponent dqm-
2 2 inates reflections from the ground clutter and its suppression

gives a reduction by 13 dB of the clutter signal. The residue
part of the clutter varies over time and a wave reflected from
it has nonzero spectrum width. These reflections come from
small objects which fluctuate over time, i.e., trees, grass, etc.
A theoretical prediction of the degree of polarization for such

where7'rJ denotes the trace of the matdxanddet J denotes
determinant off. The degree of polarizatiomof a wave is the
ratio of the power in the polarized component of the wiyg
and the total power of the wawve,; . It can be written as

ddetd targets is complicated. It is even more complicated by the fact
p=y/1— T2y that in most of the cases reflections from the ground clutter are
obtained via the antenna side lobes. Thus, the exact polarization
_ (Uaw = Jyy)? +4- Juadyy basis of the radar sounding is unknown and antenna patterns
Joz + Jyy for different polarizations are different.
Lo Measurements of the degree of polarization of atmospheric
“Tor. (6) targets as rain, precipitating cloud and melting layer of precipi-

tation as well as data of the ground clutter were obtained during
For an unpolarized wave= 0, since(4det J)/(T72J) =1 a measurements campaign in November 1997. These measure-
or J,, = Jy, = 0andJ,, = J,,. For a completely polarized ments were carried out using DARR. Scattering matrices of the
wavep = 1, sincedet J = 0. precipitation were obtained ih — v linear polarization basis.



242 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 2, FEBRUARY 2002

~
o

fluctuating part of ground clutter. Thus, this difference in the
processing can explain the difference in results.

The degree of polarization gives a high contrast between
ground clutter and weather echoes, as can be seen in Fig. 2.
That gives us the possibility to use the degree of polarization for
the detection of the range resolution cells which are affected by
ground clutter. This approach was already discussed by Da Sil-

I r veira and Holt [4]. In this paper, the difference in polarimetric
| properties of weather echoes and fluctuating ground clutter for
clutter suppression is used by applying the wave decomposition
uLIL " " [ - | theorem. The degree of polarization for ground clutter has
07 S T the median value of 0.3 and for atmospheric targets the value
0.1 0.3 0.5 0.7 0.9 0.92 0.94 0.86 0.98 1 . . .
Degree of polarization of 0.97. Now, if the backscattered wave is decomposed in
completely polarized and completely unpolarized waves, the
amount of clutter power which will remain in the polarized part
i o ] ] will be on average 5.2 dB lower than that in the backscattered
Fig.2. Degree of polarization for ground clutter, rain, melting layer, and cloug\./ave. Moreover, the power in the completely polarized part of
the atmospheric signal will only be reduced by 0.13 dB.
Since the exact polarization states of the side lobes of the anThe above given values of the polarimetric clutter suppression
tenna are unknown, reflections from the ground clutter wep@rrespond to the reduction of the clutter power in the backscat-
treated as if they were also obtainedhin- v linear polarization tered wave. The gain in the signal-to-clutter ratio for the co-polar
basis. It should be noted that even though the degree of pokelement of the scattering matrix can be obtained from (8) as-
ization can change from basis to basis, it mainly depends on gening that/,, = J,. = 0. In this case, the reduction of clutter
time variations of the backscattered wave, which are defined is\given by ( —Ldr), whereLdr is obtained from (8). This leads
the variations of the target. The radar elevation angle for thesgto the final values of the fluctuating clutter suppression using
measurements was 2@ith respect to the horizon. To calculatethe wave decomposition theorem, which on average give 3.35
the degree of polarization, approximately 8 s of data were us@® of ground clutter suppression and will reduce power in at-
Prior to the calculation of the degree of polarization the stabiospheric signal by only 0.07 dB.
clutter was suppressed. This processing removes the constant
pq{pponent of the signal, which is completely polarized by def- IV. DOPPLERPOLARIMETRY AND WAVE DECOMPOSITION
inition.

Measurements results are presented in Fig. 2. As can be seefhe combination of the stable clutter suppression and wave
the degree of polarization for the atmospheric targets is closed@composition is an attractive tool for ground clutter suppres-
unity, as expected. The mean value for the degree of polarig#n, as it results in about 16 dB of clutter suppression and pre-
tion of clouds and rain is higher than 0.98. This value is expect&@rves reflections from the atmospheric targets. The drawback
to be an underestimation since cross-polar measurements of fiifhis method is that the output of this processing gives aver-
and water clouds are affected by the coupling of the polarizati@ged intensities, so the Doppler spectrum information is lost.
channels [16]. The cross-polar isolation of DARR for distribute@ihe solution to this problem lies in applying the method to
targets is—27 dB. The mean value of the degree of polarizatioRoppler spectra.
of the melting layer is 0.97. This value is defined by physical Let us introduce the spectral coherence mak{w) [10],
processes in the melting layer itself, since the cross-polar Hghich is analogous to the wave coherence matrix (3) but defined

o
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w
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flections are about 10 dB higher than the antenna limit. for each Doppler frequency
Fig. 2 also shows that the mean value of the degree of polar-
ization of the ground clutter is about 0.3. That means that the A Frn(w)  Fry(w)
waves scattered from the ground clutter are mainly depolarized. Fw) = <Fym (w) Fyy(w) ) ©)
However, values of the degree of polarization for ground clutter
were reported to be close to unity in [17]. These measurementisere
were performed in the suburbs of Rome, Italy. Since in both oo
cases we deal Wlt_h the same type_ of gro_und clutter _(urban area Fij(w) = 2/ Ji;(7) exp(—iwr )dr, (10)
ground clutter), differences in their physical properties cannot oo

explain the discrepancy between the results. However, the dif-
ference between these and our results can be explained by thEhe expression (10) relates the wave coherence matrix (2) to
fact that reflections from an urban area are dominated by t#¢ spectral coherence matrix (9).

reflections from the stable ground clutter. Furthermore, in our The relation between the matrd0) and the spectral coher-
case, prior to the calculation of the degree of polarization, t§&Ce matrix is

stable ground clutter was suppressed and hence the completely

polarized part of the ground clutter was removed. This part dom- 1 /+°°

inates the ground clutter reflections; it is 13 dB larger than the Ji3(0) = Az Fj(w)dw. (11)
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Fig. 3. Slant profile of precipitation, 20elevation.

In the discrete form, if we take into account that the measure-
ment timeT is finite, (11) can be rewritten as [18]

1
:EZ

Ji;(0) py 12y 2

whereAw ~ 1/T denotes the spectral (Doppler) frequency res-
olution. Thus a wave coherence matrix is just the sum of co-
herence matrices of waves with frequencigsand the spec-
trum width Aw. This result is logical since waves with different
center frequencies are statistically independent and their cross
correlations are zero.
To clarify the physical meaning of (12), we consider two lim-
iting cases.
1) If the observation time is smalll{ < 1/o4 , o4 iS
the width of the Doppler spectrum), then the Doppler
frequency resolution cell contains the complete Doppler
spectrum of targets. Therefore, the wave coherence

243

HH-polarization before decomposition

Doppler velocity (m/s)

d).

composition theorem to the spectral coherence matrix
will give the same results as its application to the wave
coherence matrix.

An infinitely long observation time will lead to infinites-
imal Doppler frequency resolution cells and hence every
Doppler cell will represent a monochromatic wave. For
example, if a wave consists of two equal intensity com-
ponents with slightly different frequencies and having or-
thogonal polarizations, then according to the Stokes the-
orem [9] this wave will behave as a completely unpolar-
ized wave. However, if spectral coherence matrices are
calculated for a time interval that is long enough to sepa-
rate these components of the wave, then the resulting two
spectral coherence matrices will represent completely po-
larized waves. In this case, application of the wave de-
composition theorem in the time domain and in the fre-
quency domain will give two completely different results.

matrix J(0) will coincide with the spectral coherence Thus, to be able to apply the wave decomposition theorem
matrix F(w). In this case, application of the wave deto the Doppler spectrum, we should have Doppler resolution



244 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 2, FEBRUARY 2002

Degree of polarization HH-polarization before decomposition
P dBzZ

Range (km)

a) b).
Completely unpolarized return Completely polarized return - HH
dBZ
4.8
‘l! l. ; w
it ' \ 4.2
{aale g A by
1 amy “.I' L I .{“{ g‘..‘ Mﬁ\. ]
ﬁl .:l‘jllll;lll{ {l‘l "{] #””' ) ’: I‘lllrl "“‘:lﬁl \flllllll "lllll 3.6
* i, "I Vo IR 148 J‘I Ly qo! |[|i
g 30 !
<
© 2.4
o))
% 1.8
s .
1.2
0.6 )
0.0 L
% -4 -2 0 2 4 6
Doppler velocity (m/s) Doppler velocity (m/s)
c). d).

Fig. 4. \Vertical profile of precipitation (drizzle).

cells that are large enough to contain the complete spectrumodéDARR is in the order of 3 min. The radar coherence time is
the ground clutter. The Doppler spectrum resolution should beersely proportional to the spectrum width caused by the radar
high enough to allow for a good estimation of widths and meagrhase instability.
velocities of atmospheric targets. The Doppler spectrum of the coherence matrix is obtained
each 0.96 s using 256 samples. The maximum unambiguous
Doppler velocity for this setting is 6 m/s and the Doppler ve-
V. RESULTS OF THE SPECTRAL COHERENCE locity resolution is 0.047 m/s. This number of samples is a trade
MATRIX DECOMPOSITION off between a high Doppler resolution for the retrieval of spec-
trum information on weather echoes and relatively large reso-
To test this new clutter suppression technique, we have méaion cells to contain most of the ground clutter reflections in
sured slant and vertical profiles of precipitation. The elevatiamne Doppler cell. More details about Doppler polarimetric pro-
angle of the radar for the slant profile measurement wds 2€essing can be found in [20]. A total of eight spectra are ob-
relative to horizon. The co-polar and cross-polar componentstained for each element of the coherence matrix. The number of
the scattered wave were measured by alternating linear polariggectra is a compromise between the good approximation of the
tions on the receiving channel; the polarization state is switchddgree of polarization and a good time resolution for real-time
every 1.25 ms. For both examples, 1 min of data is collectegpplications. Using (4), (5), (6), and (12), the degree of polariza-
Prior to the Doppler processing, stable clutter suppressiontiisn, and the completely polarized and completely unpolarized
performed. Coherent averages of the co-polar and cross-peoketurns are calculated for every Doppler resolution cell.
echoes for the stable clutter suppression are computed using thEhe slant and the vertical profile of precipitation are shown
complete data set. It is important to note that the coherence timd-igs. 3 and 4, respectively. Fig. 3(b) and Fig. 4(b) show the
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reflectivity of the precipitation versus range and Doppler veround clutter has low degree of polarization, while the degree
locity. The high reflectivity, betweer5 and 5 dBZ, at 4.8 km of polarization of the complete clutter is close to unity. It was
in Fig. 3(b), corresponds to the melting layer of the precipitatioalso shown that weather echoes have a high degree of polariza-
Reflections below the melting layer come from rain. Ice crydion. Thus, the degree of polarization is a parameter that can be
tals falling from the cloud cause reflections above the meltingsed to discriminate between atmospheric target and fluctuating
layer. Other features which can be clearly seen in Fig. 3(b) ayeound clutter.

measurement and processing artifacts. Such artifacts are sped-his study has led to a new ground clutter suppression tech-
tral leakage and aliasing. The spectral leakage, caused by higdiue that preserves reflections from atmospheric targets. This
reflection from the melting layer, can be clearly seen at a heigtititter suppression technique shows good performance. It al-
of 4.8 km; it occupies all Doppler velocities and has a lower réews for separation of ground clutter and atmospheric objects
flectivity than the melting layer itself. Since the maximum uneven if they occupy the same Doppler spectrum area. This pro-
ambiguous velocity for these measurements was 6 m/s, all wessing gives 16.4 dB of clutter suppression on average.
locities which exceed this limit are aliased. This effect can be This new clutter suppression method is mainly applicable to
seen in Fig. 3(b) at ranges between 0 and 1.2 km and Doppteyud radars and wind profilers, since it requires suppression of
velocities between-2 and 6 m/s. Fig. 4(b) shows the Dopplethe stable clutter component, which is time-dependent in scan-
spectrum of drizzle. The low reflectivity signal, abeu88 dBZ, ning weather radars. Nevertheless, the polarimetric processing
at 1.8 km comes from a cloud and reflections between 0 and WRich is discussed in this paper could be used to remove resid-

km are caused by the drizzle itself.

uals of ground clutter, which are left after the standard Doppler

Fig. 3(a) and Fig. 4(a) show the degree of polarization verspsocessing in weather radars.

range and Doppler velocity. In Fig. 3(a), the grayscale gives
values of the degree of polarization between 0.9 and 1 and con-
tours show values between 0 and 0.8. As expected, reflections
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flections from the ground clutter and noise have lower values
of degree of polarization. It is interesting to compare the de-
gree of polarization values for areas in Fig. 3(a) and Fig. 4(a)[1]
which have no significant reflections. In Fig. 3(a), the degree of
polarization values for such an area (range interval 5-8 km andZ2]
Doppler velocities interval from-5 until —1 m/s) vary between

0.2 and 0.6. These rather high values can be explained by the ins;
fluence of spectral leakage. Therefore, these values correspond
not only to noise but to a sum of noise and spectral leakage. AdY
it can be seen in Fig. 4(a), areas which contain only noise have
values for the degree of polarization between 0 and 0.2.

Fig. 3(d) andFig. 4(d) show the completely polarized (5]
backscattering of the considered events. As can be seen, clutter
reflections have been reduced by approximately 5 dB, while[6]
reflections from atmospheric targets are hardly affected at all
(a reduction of 0.1 dB can be expected in the melting layer).
Completely unpolarized returns in Fig. 3(c) and Fig. 4(c) show [7]
the difference in reflection before and after fluctuating clutter
suppression. Fig. 3(c) clearly shows that the main component
of unpolarized reflections is clutter. However, it also shows [8]
that the lower part of the melting layer also contributes to
unpolarized reflections. Thus, the melting layer reflections are
affected by this clutter suppression, but this influence is not
large and coincides with our estimation made above. Fig. 4(c)[9]
shows approximately the same picture, only more clearly. Note
that due to the processing, noise is also suppressed.

[10]
[11]

VI. CONCLUSIONS

It was shown that it is very useful to consider ground clutter™?

as a sum of the stable and fluctuating (time-dependent) cont3]
ponents. Moreover, the change of the polarimetric properties of

ground clutter due to suppression of the stable part of the sign<[:14]
were also discussed. It was shown that the fluctuating part of
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