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Chapter 1

Introduction

In the early 90s, a stepwise procedure for the rejection of (anomalous propaga-
tion) clutter has been developed and implemented in the C-band weather radars
of KNMI (Wessels and Beekhuis, 1992, 1994). This procedure is based on distin-
guishing between the inherently fluctuating Rayleigh-scattered precipitation sig-
nals and the relatively stable ground clutter signals (Aoyagi, 1983). A dynamical
clutter map is constructed from the “fluctuation” flags using a spatial averaging
procedure and a decision-making model. Anomalous propagation clutter over
land is removed almost completely, while the system is partly (40%) effective
in removing sea clutter. All in all, the radar operators and customers are quite
satisfied with the performance of this statistical clutter rejection method.
Nowadays most operational weather radars use Doppler filtering of the re-
ceived power to suppress clutter from fixed targets. The spectral power around
zero, i.e., from fixed targets, is cut from the Doppler spectrum. Modern signal
processors reconstruct the Doppler spectrum using interpolation before the spec-
tral moments are estimated (Siggia and Passarelli Jr., 2004). Clutter suppression
using Doppler filtering is not without problems especially for S-band radars where
the precipitation echoes are about 10 dB weaker than for C-band radars (Kessinger
etal., 2004). The first dual-polarization Doppler radars are slowly being integrated
in the operational networks and they offer additional possibilities to separate pre-
cipitation and clutter signals (Parent duaiélet et al., 2004). Steiner and Smith
(2002) have proposed the use of three-dimensional reflectivity structure for the au-
tomated detection of clutter. In particular the vertical extent of the radar echoes,
their spatial variability, and vertical gradient of the intensity are fed into a decision
tree. Sugier et al. (2002) have recently developed and implemented a statistical
clutter removal scheme based on echo fluctuations. They report a high detection
probability of fixed ground targets (96-99%) and a false alarm rate below 2%.
Currently KNMI is preparing a technical upgrade of the weather radar systems
which are now running for almost 10 years. The purpose of the upgrade is to
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ensure that the weather radars can operate for another 10 years. Apart from a
mechanical overhaul the upgrade will consist of a renewal of the radar (scan)
controller, the signal processor, and the product generator. The radar controller
and the signal processor are 10-year-old computer systems which have become
outdated and difficult to maintain. The technical upgrade is also the reason for
the review of the current operational clutter removal scheme. For this review it is
important to note that the demand for 3-dimensional volume data for research and
operations is increasing.

In this technical report it is demonstrated that the current clutter removal
scheme can be transformed to a method for 3-dimensional polar data by a few
(minor) modifications. The performance of the proposed clutter rejection scheme
has been evaluated using three cases. Furthermore a quantitative evaluation of
the current and proposed clutter removal scheme using one month of radar data
is presented. It is found that the proposed scheme produces cleaner reflectivity
images where the residual clutter close to the radar and especially the sea clutter
are removed more effectively. Therefore it is highly recommended to implement
the proposed clutter rejection scheme during the technical upgrade of the KNMI
weather radars. The outline of the remaining of the report is as follows:

e In chapter 2 a detailed description of the current operational clutter removal
scheme based on several reports and specification documents is presented.

e The current clutter removal scheme can be transformed to a method for
3-dimensional polar data by a few minor modifications. In chapter 3 the
prosed clutter rejection scheme is documented in detail and a case of mixed
precipitation and clutter is used to illustrate the procedure.

¢ In chapter 4 an evaluation of the proposed clutter rejection scheme based
on three cases, a case with mixed precipitation and clutter, a case where the
radome is wet, and a case of severe anomalous propagation, is described.
Furthermore a quantitative evaluation of the current and proposed clutter
removal scheme using one month of (hourly) radar data is presented.

¢ In the last chapter the conclusions and recommendations for further appli-
cation are made.



Chapter 2

Current operational clutter removal
scheme

In the early 90s, a stepwise procedure for rejection of (anomalous propaga-
tion) ground clutter has been developed and implemented at KNMI (Wessels and
Beekhuis, 1992, 1994; Wessels, 2003). This procedure is based on distinguish-
ing between the inherently fluctuating Rayleigh-scattered precipitation signals and
the relatively stable ground clutter signals (Aoyagi, 1983). The first and the sec-
ond step are performed by the radar preprocessor (Sigmet, 1998; Gematronik,
1996a), and the final step is evaluated by the processing software (Gematronik,
2003, 1996Db).

Currently, the ground clutter rejection system has been operational for about
10 years. The system requires hardly any maintenance and can be applied up
to long ranges (320 km). Anomalous propagation clutter over land is removed
almost completely, while the system is partly (40%) effective in removing sea
clutter. All in all, the radar operators and customers of the data are quite satisfied
with its performance.

2.1 Clutter signal processing

The clutter signal processing is based on the raw Analog-to-Digital (AD) counts of
the logarithmic channel of the receiver without (range) correction. The resolution

of the AD samples of the current signal processor (Sigmet, 1998) is approximately
0.5 dBm for echoes well above the background noise and the sample frequency of
the AD converter is 1.2 MHz. In figure 2.1 a schematic overview of the available
range samples in processed range bin of kindegree is presented. The size of
processed range bin is marked by the bold square and the raw range samples are
indicated by the small boxes. Given the sample frequency of the AD converter,
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Figure 2.1: Schematic view of the AD samples in azimuthal and range direction of
the received power in units of dBm that are the input for the clutter signal process-
ing. The radar signal processor can obtain 8 samples per km and 14 samples per
degree given a PRF of 250 Hz and an antenna rotation of 3 rpm. Only 4 samples
per km are currently used in the clutter signal processing. The bold square in the
figure indicates the size of a processed range bin which is & Kndegree.

maximum 8 samples per 1 km range are available for the (clutter) signal process-
ing. Wessels and Beekhuis (1994) have shown that the range samples are (almost)
uncorrelated when 4 samples per km are considered. With a Pulse Repetition Fre-
quency (PRF) of 250 Hz and an azimuth speed of 18 degrees/s (3 rpm), about
14 samples are taken per 1 degree in azimuthal direction. Because of the finite
beam width of the radar antenna (1 degree), the samples in azimuthal direction
will be smoothed and thus will be correlated to a certain extent. So for each range
bin maximum 112 samples of the received logarithmic power can be used for the
clutter signal processing.

During the clutter signal processing the fluctuations of the received power
(echoes) within each processed range bin are analyzed. This analysis requires a
good synchronization of the AD sampling to the pulse transmission time, typically
within 10 ns, and the power stability of the transmitted pulses should be around
0.2 dB or better. Furthermore, correction for the actual gain curve of the logarith-
mic receiver is of crucial importance for an accurate estimation of the intensity
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Figure 2.2: Examples of standard deviation spectra for precipitation and anoma-
lous propagation clutter. The vertical dashed lines mark the thresholds that are
used to make the distinction between precipitation and clutter in the first step of
the algorithm (Figure taken from Wessels and Beekhuis (1994)).

fluctuations. The first step in the clutter signal processing is the calculation of a
5-point running averag®; of the raw samples of the received powefr, a) in
azimuthal direction (Wessels and Beekhuis, 1992):

1
P5(T7 (l) =

(S8

(ig P(r,«) (2.1)
a=a—2

wherer anda are the indices of the raw samples in range and azimuthal direction,
respectively. Using the 5-point running average, the standard deviation of the raw
power samples,, within the processed range bin is calculated:

1 Ny,—1

op(r,A) = \IN Z [P(r,a) — P5(7“,oz)]2 (2.2)
a =0

where A indicates the azimuth of the processed range bin/gng the number
of azimuthal samples within a processed range bip € 14). In figure 2.2 ex-

amples of the standard deviation spectra of the raw power samples for areas with
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precipitation and clutter are shown. The precipitation spectrum peaks around a
standard deviation of 4.2 dB and the clutter spectrum peaks around 2.0 dB. The
echoes from precipitation areas are caused by Rayleigh scattering and for this
scattering process from random targets a standard deviation of 5.5 dB is expected
from theory. The observed standard deviation is somewhat lower which is prob-
ably caused by the (small) correlation of the samples in azimuthal direction. The
vertical dashed lines mark the thresholds that are used to make the distinction be-
tween precipitation and clutter signals. Evidently there is a large overlap between
the standard deviation spectra for precipitation and clutter, and thus the separa-
tion of precipitation and clutter signals based on this criterion will not be good
enough: about 45% of the clutter signals will be detected (Wessels and Beekhuis,
1994). Information from neighboring samples is, therefore, needed to improve the
performance.

The standard deviation thresholds used to discriminate between precipitation
and clutter are indicated by the dashed lines in figure 2.2. Actually the standard
deviation thresholdss,,;, ~ 2.5 dB ando,,., ~ 7.5 dB, depend on the average
power (Wessels and Beekhuis, 1992). The average power is calculated from the
raw samples as follows:

P(r, A) = ]\1[ Nf P(r,a) (2.3)

a a=0

and this value is used to select appropriate values from the tabulated standard de-
viation thresholds. The use of these tabulated thresholds allows for a correction
of the “non-log” behavior of the logarithmic receiver. In operational practice the
logarithmic receiver has to be checked regularly and —if necessary— the tabu-
lated thresholds have to be updated. The clutter flag for a certain range sample
c(r, A) is set according to:

0 If mmg T,A S mazx
C(T,A):{l clse () so (2.4)

wherel indicates that there may be clutter in this range sample. For each pro-
cessed range bin 8 of these flags could be obtained, but in order to be compliant
with the old radar signal processor and to ensure statistical independence of the
flags only 4 values, i.e., every 250 m, are currently used in further processing.
The clutter flag for the processed range bin of 1 knl degreeC'(R, A) is set
according to:

0 if S oc(r+2p,A) <2

1 else (2.5)

C(R,A) = {
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Table 2.1: Default values of the parameters for the current clutter flag process-
ing. The dimensions of the areas are given in number of processed range bins
(1 km x 1 deg).

| Parametet Value | Parametet Value |

AA;, 3| AR, 6
AAyu 9| AR,y 18
AAgq 5| AR 10
dBZ, 1dBZ

where R indicates the range of the processed range bin. These clutter flags and
the corresponding reflectivity data are transferred as polar volume files to the radar
product generator for further processing.

2.2 Clutter flag processing

The quality of the clutter flagé’( R, A) obtained from the processed range bins
with a size of 1 kmx 1 degree is still not good enough: about 61% of the clutter
will be detected (Wessels and Beekhuis, 1994). A further processing of the clutter
flags is needed before they can be applied to enhance the reflectivity data. The
guality of clutter flags is increased by a spatial averaging procedure of the flags
combined with a decision-making model. The first step in the spatial averaging
procedure is a pairwise combination of the processed range bins into “twin bins”
with a size of 2 kmx 1 degree. The twin bins are approaching the size of the polar
stereographic grid that KNMI uses for display of its radar produttsq2.4 km?).
In figure 2.3 a schematic view of the spatial averaging procedure of the twin bins
is presented. The spatial extent of the averaging is determined by size of inner
(AA;, x AR;,) and outer A A,,; x AR,,) squares in the figure. The default
values are listed in table 2.1. Because most precipitation systems and clutter areas
are larger than 10 knx 5 degrees, this spatial averaging has only a minor effect
on the spatial resolution. In this way, about 98% of the clutter will be detected
while less than 1% of rain pixels will be removed (Wessels and Beekhuis, 1994).
The spatial averaging procedure is based on reflectivity fNagsand clutter
flags Ty, for the twin bins. Both reflectivity values within a twin bin are com-
pared to a threshold valu&3 Z; (default 1 dBZ), giving two reflectivity subflags
which are added in the flayz, = 0,1,2. The two clutter subflagé’'(R, A),
which are only considered when the corresponding reflectivity subflag is set, are
added in flagl'r, = 0, 1,2. Note that the value of the clutter flag can never be
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Figure 2.3: Schematic view of the spatial averaging procedure of the reflectivity
and clutter flags is presented. The small rectangular boxes represent the so-called
“twin bins” that are a pairwise combination of processed range bins (indicated by
the dashed lines). The central twin bin is marked in black, and the inner and outer
areas are colored with dark gray and light gray, respectively. The bold square
indicates the area where the horizontal fluctuations of the reflectivity pattern is
analyzed.

higher than that of the corresponding reflectivity flag. If reflectivity data for ob-
structed azimuths have been replaced by data from nearby azimuths (“Occultation
correction”), the clutter flags are replaced as well.

Before the further spatial averaging is performed, the reflectivity and clutter
flags of the twin bins at different elevations (default 4 elevations: 0.3, 1.1, 2.0,
3.0 degrees) are combined into a low altitude pseudoCAPPI image. The clutter
and reflectivity flags are taken from the elevation with the highest weight in the
pseudoCAPPI image. When the radome is wetted by rain, nearby ground returns
increase because of increased antenna sidelobes. Even observations at 3.0 deg.
elevation, used for short-ranges in the pseudoCAPPIs image, show ground echoes
that are added to the echoes from nearby rain. The resulting echo is more stable
than precipitation and therefore may be classified as clutter. Therefore clutter flags
up to a certain range (25 km) are ignored for those azimuths where the echo at a
predefined range (15 km) exceeds a predefined value (6 dBZ).
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The procedure for the spatial averaging of the reflectivity and clutter flags is
illustrated in figure 2.3. Around each twin bin an outer area measuxiRg,; x
AA,,; and an inner area measurifdgR;, x AA;, are defined. The central twin
bin is part of both the outer and the inner areas. In the following this twin bin
receives additional weight in the decision-making model, and thus the smoothing
weight factors approximate a Bell-shape around the central twin bin. The sum of
the reflectivity flagsV is made over the inner and outer areas around each twin
bin:

0R, 6A, 0R; 0A;
N = Z Z NRQ(p7a)+ Z Z NR?(pva)' (26)
p=—0R, a=—030A, p=—0R; a=—05A4;

The summation limit$ R, , andd 4, ,, in the preceding equation are defined by:

5141',0,5 = (AAin,out,std - 1)/2 (27)
0Rios = (ARinoutsta —2)/4 (2.8)
where an additional factor of two has been introduced in the equationgfoy

account for the size of the “twin bins”. Similarly the sum of the clutter flags
made over the inner and outer areas around each twin bin:

0R, 6A, OR; 0A;
T = Z Z TRQ(pa Oé) + Z Z TR2</07 O‘)' (29)
p=—0R, a=—038A, p=—0R; a=—05A4;

In the above summations fo¥ and7’, a periodic boundary condition in the sum-
mations overy is applied and the last value pis assumed to be valid beyond the
natural limits (zero and maximum range). The maximum possible valdearid
T is given by:

Ny, = AR AA;, + ARt AA o (2.10)

where N, is used for normalizing the summations of the reflectivity and clutter
flags.

Apart from the summed reflectivity and clutter flags, the standard deviation of
the observed reflectivity over a pre-defined area around the central twin bin (bold
square in figure 2.3) is calculated. This standard deviation is corrected for the local
reflectivity gradients in tangential and radial direction by two-dimensional least
squares fitting. For this fitting the following intermediate quantities are calculated:

S = ARStdAAstd (211)
SR A
Sz = Z Z ZRQ(p7 Oé) (212)
p=—0Rs a=—05A;
SR, A
Szr = Z Z pZRQ(p7a) (213)

p=—0Rs a=—05A;
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6Rs 0As

Sea = > Y. aZp(pa) (2.14)
p7—5R5a7—6A
SR,

p=—0Rs a=—0A;
ORs

S = S Z o (2.16)

p=—0Rs a=—0A;

where the twin bin reflectivity gz, (R, A) is the average over the underlying range
bins and the summation limits are obtained from equation 2.7. Note that because
of symmetry the quantitieS,, S,, andsS,, are zero. From the intermediate quanti-
ties the average reflectivityand the reflectivity gradients in radiabnd tangential

b direction can be calculated:

S
= = 2.17
« = 3 217)
S
b = = 2.18
5 (2.18)
S
= = 2.19
c = (2.19)

Using the results from the least squares fitting, the standard deviation of the cor-
rected reflectivity is calculated using:

O ()’
0z = | 5 (2.20)

whereS?) andS? are defined as:

SR
SP = > Z (Zga(p, ) — ap — ba — ¢) (2.22)
p=—0Rs ozf—(SAs
6Rs
s = ¥ Z (Zra(p,a) — ap — ba — ¢)? (2.22)

p=—0Rs a=—0A;

The clutter decision-making model is based on the local valuésofN, o, and
T.

The threshold curves for making the final decision whether a twin bin is con-
taminated by clutter or not are displayed in figure 2.4. The upper frame shows the
threshold curves for short ranges and the lower frame shows them for long ranges.
A smooth transition between the two regimes is made. When the clutter fraction
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Figure 2.4: The threshold curves of the clutter decision making model are dis-
played in this figure. The upper frana shows the threshold curves for short
ranges from the radar, and the lower frameshows them for long ranges. Three
different threshold curves, one for each possible value of the clutter flag of the
central twin binTg,, are presented in both frames.



16 Current operational clutter removal scheme

Table 2.2: Default values of the constants for the current clutter decision-making
model as developed by Wessels and Beekhuis (1994).

| Constant| Value | Constant  Value |

Coo 0.60] C,, 0.40
Cor —0.10| Cyp 1.00
Cao ~0.20| Cyy 2.00
o ~0.10

Cso 0.01| C,(0) ~0.30
Cs1 —0.03| Cy(1) —0.50
Cyo [km] | 1.40| C,(2) —0.70
e 0.5/ o, 3.5dBZ

T /N, (on y-axis) for a certain echo-fill fractioV/N; (on x-axis) is higher than

the threshold curve, the final clutter flag for the corresponding twin bin is set.
Three different threshold curves, one for each possible value of the clutter flag of
the central twin biri z,, are presented in figure. The diagonal dashed ljne )
indicates the maximum value @ffor a givenN, becauséd’ cannot be larger than

N.

The rationale behind these threshold curves for long ranges (Wessels and
Beekhuis, 1994) is that twin bins with both clutter subflags &t (= 2) are
almost automatically classified as cluttered, independent of the properties of the
surrounding twin bins. On the other hand, twin bins with, = 0 can also ac-
quire a final clutter flag, especially when they are embedded in a massive echo
(N/Ny ~ 1) with at least 40% clutter flags accordingfg/N,. An important con-
dition is that isolated echoed/(= 1 or 2) without any clutter subflagd’t, = 0)
should not be considered as clutter in order to avoid removal of the first signature
of a developing storm. This can be achieved by making sure that corresponding
threshold is positive folV/N, ~ 0. During the first few years of operation, areas
with stratiform rain (mostly from warm fronts) were falsely classified as clutter
and thus burning a “hole” in the precipitation pattern. To fix this problem, the
horizontal fluctuations of the reflectivity pattern are analyzed using the gradient-
corrected standard deviation (Wessels, 2003) and for areas with small fluctuations
the clutter thresholds are raised (dashed curves in figure 2.4).

At short ranges, (weak) clutter from to the sidelobes of the antenna is usually
seen. In the case of nearby rain, a combined clutter and precipitation signal is
received and the resulting echo is more stable than precipitation alone. Using the
long-range threshold curves, this echo would be flagged as clutter and thus a hole
(reflecting the sidelobe pattern) would be created in the observed precipitation at



2.3 Clutter flag application 17

short ranges. Therefore the threshold curves for short ranges are raised to fall
above (near) the = z line, so that the clutter flags will not (hardly ever) be set.

The threshold curves of the clutter decision-making model shown in figure 2.4
are described by second-order polynomials (Wessels and Beekhuis, 1994). The
constants of the polynomials are constructed using the following equations:

Co = Coo+ Co1Tge (2.23)

Cy = min(Cp, Cro/R) - (Cao + CinTr2) (2.24)

Cy = Oy~ CyTgeo (2.25)

C3 = Cs04 C31Tge (2.26)

o, = { _N/lN_isn:?]t -Cy(Try) 1t N/Ng>mNoy <oy (2.27)
0 else

where the central twin bin is at randgin km, 7, is the threshold on the echo fill
fraction, ando; is the threshold on the reflectivity standard deviation. The values
of the constants are listed in table 2.2. Using these five constants the threshold
polynomial is given by:
2

(ﬁf) = Oy + Cs+ (Co+ Ca) - (]]VV> Y- (ﬁ) (2.28)
whereT; is the threshold value for the summed clutter fldgaround the central
twin bin. If T is larger tharil; and the corresponding reflectivity flag is set, the
final clutter flag for the central twin bin is also set.

Finally, the polar pseudoCAPPI reflectivity image and clutter map are trans-
fered to a Cartesian grid and subsequently to a rectangular picture in polar stere-
ographic projection (KNMI standard). This coordinate conversion is done by re-
sampling the value of the nearest pixel of the originating grid and the clutter flags
accompany the reflectivity values during the conversion process.

2.3 Clutter flag application

The Cartesian reflectivity images and corresponding clutter maps are transferred
to the radar compositing and distribution system (so-called VCRIS), where the
clutter map is overlayed on the reflectivity image. Subsequently, the cleaned re-
flectivity images from both radars are combined into the KNMI radar composite.
Because the actual clutter removal is carried out in the compositing and distribu-
tion system, it remains possible to distribute radar products with clutter as well
as cleaned products. In figure 2.5 a flow diagram for the current implementation
of the clutter rejection algorithm is presented. The application of the clutter algo-
rithm is distributed over the signal processor (Sigmet, 1998), the product generator
(Gematronik, 2003), and the compositing and distribution system (VCRIS).
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Figure 2.5: Flow diagram for the current implementation of the clutter rejection
algorithm. On the left the systems where action is taken, i.e., the signal processor,
the product generator, and the compositing system, are indicated



Chapter 3

Proposed update of clutter removal
scheme

Currently KNMI is preparing a technical upgrade of the weather radar systems
which are now running for almost 10 years. The purpose of the upgrade is to
ensure that the weather radars can operate for another 10 years. Apart from a
mechanical overhaul the upgrade will consist of a renewal of the radar (scan)
controller, the signal processor, and the product generator. The radar controller
and the signal processor are 10-year-old computer systems which have become
outdated and difficult to maintain. The technical upgrade is also the reason for
the review of the current operational clutter removal scheme which is running
for more than 10 years and performing rather well. For this review it is impor-
tant to note that the radar products with clutter are not distributed anymore and
that the demand for the 3-dimensional volume data for research and operations
is increasing. Therefore the review of the clutter removal scheme is focused on
a transformation from a method for 2-dimensional Cartesian images to a method
for 3-dimensional polar data.

It will be shown in this chapter that the current clutter removal scheme can
be transformed to a method for 3-dimensional polar data by a few (minor) mod-
ifications. This transformation of the clutter removal scheme has the following
advantages, it:

e enables the production of 3-dimensional volume data without clutter that
can be considered the base data from the weather radar systems in the (near)
future.

e can be implemented completely in the radar signal processor and thus sim-
plifying the radar processing chain. Currently the implementation of the
clutter removal scheme is distributed over three systems (see figure 2.5).
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e becomes feasible to apply different clutter rejection or filtering methods for
different elevations in a scanned volume. Application of e.g. Doppler clutter
filtering at higher elevations allows for faster scanning and combination of
Doppler and reflectivity scans.

o will provide polar reflectivity data at 1 km range resolution instead of 2 km.
An increase of the horizontal resolution of the KNMI reflectivity composite
and derived hydrological products can then be considered.

e probably improves the performance of the clutter removal because concep-
tual problems with the pseudoCAPPI weighting of clutter flags, i.e., “How
to weight a flag?”, are circumvented.

e improves the performance because accuracy problems with the separate pro-
jection to a Cartesian image of the reflectivity data and the corresponding
clutter flags are circumvented.

In the following sections the modifications of the clutter removal scheme will
be described for the three processes highlighted in previous chapter, i.e., clutter
signal processing, clutter flag processing, and clutter flag application.

3.1 Clutter signal processing

The new clutter signal processing will basically be identical to the old clutter
signal processing described in section 2.1. A few simplifications are possible
because the analog (logarithmic) receiver will be replaced by a digital IF (Inter-
mediate Frequency) receiver. The digital IF signal processor employs samples of
the linear In-phase (1) and Quadrature phase (Q) channels for the processing, and
the received power in dBm is calculated from the linear channels. For a digital re-
ceiver, the correction for the “non-log” behavior of the logarithmic receiver based
on the tabulated standard deviation thresholds is not needed anymore and fixed
thresholds will do.

The samples of the received power in dBm (or the reflectivity in dBZ) calcu-
lated from the linear | and Q channels and corrected for the background noise are
the input for the new clutter signal processing (see figure 2.1). From these raw
power samples the 5-point running averdges calculated in azimuthal direction
using equation 2.1. The standard deviation of the power samplisscalculated
from the actual values and the 5-point running average using equation 2.2. With a
PRF of 250 Hz and an azimuth speed of 18 degrees/s, about 14 independent raw
power samples per 1 degree are available for calculation of the standard deviation.
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Table 3.1: Default values of the parameters for the new clutter signal processing.
By default the number of samples per processed range bins and clutter threshold
are 4 and 2 respectively.

| Parameter | Value [Unit] |
PRF 250 Hz
Azimuthal speed 18 deg/s
Range bin size 1 km x 1 deg
Samples per bin 4o0r8
Clutter threshold 2 or 3/4
Minimum std. dev. 2.5dB
Maximum std. dev. 7.5dB

Using fixed minimum threshold,,;,, and maximum thresholdl,,,., i.e., not de-
pending on the received power, the clutter flag for a certain range sample is set
depending on the observed standard deviation (see equation 2.4).

The clutter flag for the processed range bin is based on the flags for the under-
lying range samples. Up to 8 samples per processed range bin can be obtained,
but the current clutter signal processing is based on 4 flags per processed range
bin to ensure statistical independence. Equation 2.5 is used to set the clutter flag
C(R, A) for the processed range bin when 4 samples per range bin are used. When
8 samples per range bin are used, the clutterdlag, A) is set according to:

0 if Y7 gclr+pA) <G

p=0
1 else (3.1)

C(R,A) = {

where the optimum threshold, either 3 or 4 has to be determined. This optimum
threshold is non-trivial because the statistical correlation of the 125 m samples
is most likely stronger than that of the 250 m samples. Note that the length of
the radar pulse volume is 300 m fon@ transmission pulses. The current signal
processor cannot process 8 samples per km to 320 km range, but the new digital
IF signal processor will probably be capable of doing so.

3.2 Clutter flag processing

Most modifications of the clutter removal scheme are made in the clutter flag pro-
cessing. Because the range resolution of the 3-dimensional volume data has to be
retained, the construction of the so-called twin bins (see figure 2.3) in the current
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<«— Azimuth [deg]
T,

R R+1
Range [km] —

Figure 3.1: Schematic view of the proposed spatial averaging procedure of the

reflectivity and clutter is presented. The central range bin and the two neighbors

are marked in black and almost black, respectively, and the inner and outer areas
are colored with dark gray and light gray, respectively. The bold square indicates

the area where the horizontal fluctuations of the reflectivity pattern is analyzed.

clutter flag processing has to be abandoned. The wet radome correction is aban-
doned because its functionality largely overlaps with that of the range-dependent
decision-making model. In addition the occultation correction, i.e., replacement
of data for obstructed azimuths by interpolated data from neighboring azimuths,
will be implemented as a separate process after the clutter rejection. This simpli-
fies the processing chain considerably and will only have a minor impact on the
data quality. Furthermore the combination of the reflectivity and clutter flags at
different elevations into a low altitude pseudoCAPPI image is dropped. Finally
the second-order polynomials that describe the threshold curves of the clutter
decision-making model (see figure 2.4) are reformulated to simplify their con-
struction and to make the model more flexible.

In figure 3.1 a schematic view of the proposed spatial averaging procedure of
the reflectivity and clutter flags is presented. The reflectivity flags for the pro-
cessed range biny, are set when the observed reflectivity exceeds a certain
threshold value/lBZ, (default 1 dBZ). The clutter flagéi are copied from equa-
tion 2.5 or 3.1 but are only considered when the corresponding reflectivity flag is
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Table 3.2: Default values of parameters for the proposed clutter flag process-
ing. The dimensions of the areas are given in number of processed range bins
(1 km x 1 deg).

| Parametet  Value | Parametet Value |

AA;, 3| AR, 7
AAou 9| ARy 19
AAgq 5| ARgq 11
dBZ, 1dBZ | n, 0.5
o 3.5dBZ

set. The central range bin and its two neighbors are marked in black and almost
black, respectively, in the figure, and the inner and outer areas are colored with
dark gray and light gray, respectively. The outer area is measiitig; x AA,.:

and the inner area is measuriadgr;,, x AA;,. The default values are listed in ta-

ble 3.2. Similarly to the spatial averaging procedure for twin bins, the reflectivity
and clutter flags for the range bins are summed iNMtand7’, approximating a
Bell-shape. The sum of the reflectivity flagsis made over the inner and outer
areas around each processed range bin:

6R, 0A, OR; 0A;
N = Z Z NR(p7a)+ Z Z NR(,0,0{) (32)
p=—0R, a=—04A, p=—0R; a=—05A4;

where the summation limi&R; , andd A; , are defined by:

5Ai,o,s - (AAin,out,std - 1)/2 (33)
5Ri,o,s - (ARm,out,std - 1)/2 (34)

Note that the equation farR differs by a factor of two from the previous equation
because processed range bins are now accumulated instead of twin bins. In the
same way the sum of the clutter flagsis made over the inner and outer areas
around each processed range bin:

SR, A, OR; 0A;
T= > > Telpa)+ > > Trlpa). (3.5)
p=—0R, a=—058A, p=—0R; a=—05A4;

In the above summations fo¥ andT’, a periodic boundary condition in the sum-
mations overx is applied again and the last value @is assumed to be valid
beyond the natural limits (zero and maximum range). The maximum possible
value of N andT is given by equation 2.10.
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The standard deviation of the observed reflectivity over a pre-defined area
around the range bin (bold square in figure 3.1) is calculated. This standard devi-
ation is corrected for the local reflectivity gradients in tangential and radial direc-
tion by two-dimensional least squares fitting. Equations 2.11 and 2.21 have been
rewritten so that the standard deviation can be calculated in a single summa-
tion. For this fitting the following intermediate quantities are calculated:

S = AR4iAAgqq (3.6)
Sy = Ry (20R%;+ 36Rgq + 1) - AAya/3 (3.7)
Sea = 0Asia- (2(5A2td+3(5Astd+ 1) ARgaq/3 (3.8)
ORs
p—féRsa—féA
0Rs
S.. = 3 Z Zi(p, (3.10)
p=—0Rs a7—5As
ORs
p—fzSRSa—féA
0Rs
Sza - Z Z OCZR P, (312)

p=—0Rs a=—0§A;

whereZg(R, A) represents the observed reflectivity in a range bin and the sum-
mation limits are obtained from equation 3.3. The intermediate quaniities,,
ands,, are zero because of symmetry. For the analytical evaluation of intermedi-
ate quantitiess,,, and.S,, the following expression has been used:

Z n N(2N? +3N +1). (3.13)

From the intermediate quantities the standard deviation of the gradient-corrected
reflectivity is calculated using:

5. 92 52 &2
— _ Par  Pra Pz 14
7z \/ S 5.5 5.5 G2 (3.14)

Based on this standard deviation and the summed reflectivity Natpe standard
deviation flagSy for the central range bin is set:

SR:{l if N/Ng>mNoy <oy (3.15)

0 else

where the threshold on the echo fill fractiomjsand that on the reflectivity stan-
dard deviation isr;. Note that the standard deviation only has to be calculated
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Table 3.3: Default values of the constants for the proposed clutter decision-making
model as a function of the triple clutter fl&g;; and the standard deviation flag

Sg. The default value for the minimum rangg is 7.0 km.

| SpR=0|Trs=0[Trs=1|Trs =2 | Tpy=3|

A —0.20] -0.30] -0.40] -0.50
B 0.60 0.50 0.40 0.30
B’ 0.40 1.20 2.00 2.80
C 0.01| -0.02| -0.05| -0.08
| Sp=1[Trs=0[Trs=1]Tp3 =2 [ Tps =3 |
A —0.20] -0.30] -0.40] -0.50
B 1.20 1.50 1.80 2.10
B’ 0.40 1.20 2.00 2.80
C -0.29| -0.52| -0.75| -—0.98

when the echo fill fraction is above threshold. The local values of the summed
reflectivity flagsN, the summed clutter flags, and the standard deviation flag
Sr are used in the clutter decision-making model.

The threshold curves of the new decision-making model (see figure 3.2) are
almost identical to those of the current clutter removal scheme, but the second-
order polynomials that describe the threshold curves have been reformulated. The
final clutter flag for the corresponding processed range bin is set when the clutter
fractionT' /N, (on y-axis) for a certain echo-fill fractiaN /N, (on x-axis) is higher
than the threshold curve. In the current clutter removal scheme the choice of the
threshold curve depends on the value of the clutter flag of the twinlin €
0,1,2). In the new scheme, the clutter flagg of the two neighboring range
bins (see figure 3.1) are added to obtain a triple clutterflag= 0,1, 2,3 for
the central range bin. Depending on the value of this triple flag and the standard
deviation flagSy the appropriate threshold curve is selected. The reformulated
threshold polynomial of the clutter decision-making model is now given by :

T\ _ N2 B'- Ry N
<Ns> =4 <NS> * <B+ max(R, Ro)> . <NS> e
whereT; is the clutter flag threshold for the summed clutter fldgand R, is
the minimum range. The values for the constafis3, B’ andC' are listed in
table 3.3 for the different values of the triple fldg; and the standard deviation
flag Sg. If T is larger tharl; and the corresponding reflectivity flag is set, the

final clutter flag for the central range bin is also set. In appendix A a part of the C
source code for the processing of the clutter flags is listed.

(3.16)



26 Proposed update of clutter removal scheme

o o Iy
o) o0 o

o
~

Clutter fraction (T/Ns)

0.2

0.0 0.2 04 0.6 0.8 1.0
Echo fill fraction (N/N))

b)

o o
(@) o0

o
~

Clutter fraction (T/NS)

0.2

0.0 0.2 04 0.6 0.8 1.0
Echo fill fraction (NfNS)

Figure 3.2: The threshold curves of the updated clutter decision making model
are displayed in this figure. The upper frameshows the threshold curves for
short ranges from the radar, and the lower frashehows them for long ranges.
Four different threshold curves, one for each possible value of the clutter flag of
the central twin birl'z3, are presented in both frames.
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1200 UTC 20040805 - 1200 UTC 20040805, Radar tE0.3L

(Raw dBZ) ('r3)

1200 UTC 20040805 — 1200 UTC 20040805, Radar:E0.3L
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1200 UTC 20040805 - 1200 UTC 20040805, Raciar:E0.3L

1200 UTC 20040805 - 1200 UTC 20040805, Radar :E0.3L

Figure 3.3: Reflectivity and clutter flag data at the lowest elevation (0.3 deg) from
the radar in De Bilt for 5 August 2004 at 1200 UTC. The raw reflectivity (upper-
left), the triple clutter flag (upper-right), the summed reflectivity flagglower-

left), and the deduced standard deviation ftag(lower-right) are shown in the

four panels.
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(1) (T)

1200 UTC 20040805 - 1200 UTC 20040805, Radar :£0.3L 1200 UTC 20040805 - 1200 UTC 20040805, RastarE0.3L

(Final clutter flags) (Clean dB2)

1200 UTC 20040805 - 1200 UTC 20040805, Radar :£0.3L 1200 UTC 20040805 - 1200 UTC 20040805, RadtarE0.3L

Figure 3.4: Idem as figure 3.3. The calculated clutter threshaldpper-left), the
summed clutter flagg™ (upper-right), the final clutter flags (lower-left), and the
clean reflectivity (lower-right) are shown in the four panels.
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The spatial averaging procedure of the new clutter removal scheme is illus-
trated using an example in figures 3.3 and 3.4. Data from the lowest elevation
(0.3 degrees) from the radar in De Bilt are shown for 5 August 2004 at 1200 UTC.
The polar data are shown in radar projection (azimuthal equi-distance) at a hori-
zontal resolution of 1 km and the radar is in the center of the images. The upper-
left and upper-right frames of figure 3.3 show the uncorrected reflectivity data and
the triple clutter flags, respectively. In the reflectivity image, the sidelobe clutter
around the radar and three precipitating systems south-west, west, and north-west
of the radar can easily be distinguished. A closer examination of the image re-
veals strong clutter above the city of Amsterdam and a strong signal from the
third Wadden island (Terschelling). The triple clutter fldgg give a clear signal
around the radar site, above Amsterdam, and for the Terschelling island. So based
on these two images, the areas with precipitation and with clutter can readily be
distinguished by eye.

The lower-left image of figure 3.3 displays the summed reflectivity flags from
the lowest elevation for 5 August 2004 at 1200 UTC. The three precipitating sys-
tems can be recognized by the large areas with high reflectivity flag values. The
purple color in the figure represents a flag value of 192 which is the maximum
value N, according to equation 2.10 and table 3.2. The radar site, the city of
Amsterdam and the Terschelling island are also visible in the reflectivity flag im-
age but the maximum value is not reached. The standard deviation flags obtained
from equation 3.15 are shown in the lower-left image of figure 3.3. Large areas
with active standard deviation flags are observed in the centers of the precipitating
systems.

From the summed reflectivity flags, the triple clutter flags, and the standard
deviation flags, the clutter flag threshdldcan be calculated using equation 3.16.
The result is shown in the upper-left image of figure 3.4. Relatively high clutter
thresholds of roughly 140 are obtained for the precipitating areas while a low
threshold of 20 is found for the Terschelling island. The range dependence of
the decision-making model caused by theterm can clearly be seen from the
high thresholds around the radar site. The summed clutterfldigsn the lowest
elevation for 5 August 2004 at 1200 UTC are shown in the upper-right image
of figure 3.4. High values for the summed clutter flags, i.e., clearly larger than
the threshold values, are only seen above the city of Amsterdam and around the
Terschelling island.

The final clutter flags deduced from the upper images of figure 3.4 are shown
in the lower-left image and the largest areas with flags are above Amsterdam and
Terschelling. Finally, the lower-right image of the figure displays the reflectivity
image cleaned using the final clutter flags in polar coordinates, i.e., as a function
of range and azimuth. This cleaned reflectivity image should be compared to the
raw reflectivity image in figure 3.3. A comparison between the current clutter
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Figure 3.5: Flow diagram for the proposed implementation of the clutter rejection
algorithm. On the left the systems where action is taken, i.e., the signal processor,
the product generator, and the compositing system, are indicated

removal scheme and the proposed scheme is presented in chapter 4.

3.3 Clutter flag application

The application of the current clutter removal scheme is distributed over the sig-
nal processor (Sigmet, 1998), the product generator (Gematronik, 2003), and the
compositing and distribution system (VCRIS). A flow diagram for the proposed
implementation of the new clutter removal scheme is presented in figure 3.5. The
new scheme can be handled completely by the radar signal processor and thus the
implementation of the clutter removal scheme is simplified significantly. Before
products can be generated from the clutter-corrected reflectivity data, an occulta-
tion correction has to be performed by replacing data for obstructed azimuths with
interpolated data from neighboring azimuths. The cleaned reflectivity volume data
can then be processed further using standard product generation software.



Chapter 4

Evaluation of the proposed scheme

In this chapter the results of an evaluation of the proposed clutter removal scheme
is presented. The Cartesian data from the current operational clutter removal
scheme are regarded as the reference data. For this study 3-dimensional volume
data with the raw reflectivity and clutter flags from the signal processor have been
collected. In this way the proposed clutter flag processing and clutter flag applica-
tion were evaluated. The proposed changes in the clutter signal processing were
not evaluated in this study because a digital IF signal processor was not available.
Fortunately the proposed changes in the clutter signal processing are only minor
and not likely to have a major effect on the performance of the removal scheme.
The proposed changes in the clutter flag processing and application have been
evaluated using three cases: a case with mixed precipitation and clutter, a case
where the radome is wet, and a case of severe anomalous propagation. Further-
more a quantitative evaluation of the current and proposed clutter removal scheme
using one month of (hourly) radar data is presented.

4.1 Case |: Mixed precipitation and clutter

The first case has been used already in section 3.2 to illustrate the decision-making
process during the clutter flag processing. On 5 August 2004 the atmospheric
flow above the Netherlands was rather weak and a thermally induced trough was
aligned with the Dutch coast (see figure 4.1). The maximum temperature on this
warm and dry summer day in De Bilt was about@Qthe dewpoint temperature
around 20C, and the strength of the wind was 3 Beaufort. Three precipitating
systems above the North Sea and strong clutter above the city of Amsterdam and
above the Terschelling island are observed in the radar reflectivity data. This case
of mixed precipitation and clutter was recorded by the radar in De Bilt around
1200 UTC. In the left column of figure 4.2 the clean pseudoCAPPI reflectivity
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| Analysis for Thu 5 Aug 2004 12 UTC

@ copyright KMI I",E e ; R

Figure 4.1: Analysis for 5 August 2004 at 1200 UTC based on the Hirlam numer-
ical weather prediction model.

image and the corresponding clutter flag image obtained using the current clutter
removal scheme are depicted. The reflectivity values have been converted to rain
rates using the standard Z-R relatigh £ 200R'°) and the colors correspond to
those of the KNMI radar display. Two colors have been added, however, at the
low end (15 dBR equal to 0.03 mm/h) and high end of the color scale (20 dBR
equal to 100 mm/h). These two images have been generated from the operational
data stream of the radar without any further processing.

The upper-right image of figure 4.2 shows the clean pseudoCAPPI reflectivity
image obtained using the proposed clutter removal scheme described in chapter 3
and processed according to the flow diagram of figure 3.5. The generation of
the pseudoCAPPI has been done according to the operational algorithm at KNMI
which is based on an interpolation linear in dBZ instead of the usual interpolation
linear in Z. To avoid unrealistic cut-offs at the edges of reflectivity patterns a
so-called tophat value of1.5 dBZ, where lower values are set to this tophat
value, is applied. The geographical projection of the data from the azimuthal
equi-distance projection (“radar projection”) to the polar stereographic projection
of the standard radar display of KNMI is done using the “proj.4” library (Evenden,
1990). Details on the geographical projection of the radar images are given in
appendix B. It is evident from the two upper images of figure 4.2 that the clean
reflectivity image obtained using the proposed clutter removal scheme is almost a
photocopy of the current operational radar product. A closer examination of the
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(Current clean dBZ) (New clean dBZ)

1200 UTE 20040505 - 1200 UTC 20040803, Radar:H0.8 1200 UTC 20040805 - 1200 UTC 20040505, Radar:HO.§

-15 -10 -3 0_5 m -15 10 -5 0_5 m
(Current clutter flags) (New clutter flags)

1200 UTC 20040805 - 1200 UTC 20040805, Radar:NA 1200 UTC 20040805 - 1200 UTC 20040805, Radar:Ho.8

Figure 4.2: This figure shows pseudoCAPPI data (target height 800 meters) from
the radar in De Bilt for 5 August 2004 at 1200 UTC. The clean reflectivity image
(upper-left) and the clutter flag image (lower-left) using the currently operational
clutter removal scheme are shown in the left column. The right column shows the
clean reflectivity image (upper-right) and the clutter flag image (lower-right) for

the proposed scheme.
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images reveals, however, subtle differences at short ranges, where the proposed
clutter removal scheme leaves less residual clutter.

For visualization purposes only, a Cartesian pseudoCAPPI clutter map has
been generated using the proposed clutter removal scheme and it is shown in the
lower-right image of figure 4.2. Note that this Cartesian clutter map is not used in
the proposed clutter removal scheme because the clutter flags are applied on the
3-dimensional reflectivity data in polar coordinates (see figure 3.5). The pseudo-
CAPPI clutter map at a target height of 800 meters is calculated by taking for each
range the clutter flag from the elevation nearest to the target height. Comparing the
clutter maps from the current and the proposed clutter removal scheme (two lower
images of the figure), it appears the same features are present but the spatial extent
of the features is larger for the current scheme. This comparison reveals an hidden
feature of the current clutter removal scheme. Because of numerical inaccuracies
in the conversion from polar to Cartesian and in the geographical reprojection,
the spatial match between the cluttered reflectivity value and the corresponding
clutter flag is sometimes lost. To fix this problem the clutter flag patterns in the
Cartesian maps are artificially enlarged in the current scheme.

4.2 Case ll: Wet radome

In the proposed clutter removal scheme the so-called wet radome correction (see
section 2.2 for details) has been dropped. This wet radome correction is aban-
doned because its functionality largely overlaps with that of the range-dependent
decision-making model. Clutter flags up to a certain range (25 km) are ignored
due to the wet-radome correction for those azimuths where the echo at a prede-
fined range (15 km) exceeds a predefined value (6 dBZ). The threshold curves of
the decision-making model at short ranges (upper frame of figure 2.4) fall above
(near) they = =z line, so that the clutter flags will not (hardly ever) be set any-
way. To illustrate that its justified to skip the wet-radome correction a case with
intense rainfall in De Bilt has been selected. In figure 4.3 the observations of the
automatic weather station in De Bilt are shown for 12 June 2005. Note that the
horizontal axes in the graphs refer to local time which is two hours ahead of UTC.
The third graph (from above) shows the rain rate in De Bilt as a function of time
and at 1900 UTC an intense shower (roughly 12 mm/h) is observed.

The pseudoCAPPI data from the radar in De Bilt for 12 June 2005 at
1900 UTC is presented in figure 4.4. The left column of this figure shows the
raw and clean reflectivity images obtained using the current operational clutter
removal scheme. The strong resemblance of these reflectivity images indicates
that there is hardly any clutter in the radar data at this moment. The reflectivity
data shows a squall line just over the radar site (marked with a cross) which is
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Figure 4.3: Observations of the automatic weather station in De Bilt at a 10-

minute resolution for 12 June 2005 are shown. The horizontal axis represents
the local time which is 2 hours ahead of UTC. The figure shows timeseries of

the (dewpoint) temperature, relative humidity, wind direction and speed, rain rate,
cloud cover, visibility, and surface pressure.

associated with a cold front. A few red pixels witt10 mm/h are observed close

to the radar site which is in fair agreement with the 12 mm/h observed by the au-
tomatic weather station. This agreement is remarkable because a wet radome is
known to produce strong attenuation of the radar radiation. The lower-rightimage
of the figure displays the clean reflectivity data obtained using the proposed clut-
ter removal scheme, i.e., without the wet-radome correction. It is evident from
this reflectivity image that skipping the wet-radome correction does not do any
(visible) harm. The clutter flag image (upper-right) obtained with the proposed
scheme confirms that no flags are set around the radar site because of the rain.



36 Evaluation of the proposed scheme

(Current raw dBZ2) (New clutter flags)

1900 UTC 20050612 - 1900 UTC 20050612, Radar:Ho.§ 1900 UTC 20050612 - 1900 UTC 20050812, Radar:H0.8

150 19z

)
Rain Rate [dBRI Count

(Current clean dBZ) (New clean dBZ)

1900 UTC 20050612 - 1900 UTC 20050612, Radar:Ho.3 1900 UTC 20050612 - 1900 UTC 20060612, Radar:Ho.8

o 5
Rain Rate [CER]

Figure 4.4: This figure shows pseudoCAPPI data (target height 800 meters) from
the radar in De Bilt for 12 June 2005 at 1900 UTC. The raw reflectivity image
(upper-left) and the clean reflectivity image (lower-left) using the currently oper-
ational clutter removal scheme are shown in the left column. The right column
shows the clutter flag image (upper-right) and the clean reflectivity image (lower-
right) for the proposed scheme.
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Figure 4.5: Temperature and dewpoint observations from the 213 meter tower in
Cabauw at a 10-minute resolution for 19 June 2005 are shown. The horizontal
axis represents the local time which is 2 hours ahead of UTC. The altitudes of the
observations are 10, 20, 40, 80, 140, and 200 meters above ground level.

4.3 Case lll: Severe anomalous propagation

Not much anomalous propagation clutter (anaprop) was seen in the first two cases
and therefore a case of severe anaprop is discussed here. On 19 June 2005 a high
pressure system resided over Denmark producing a (weak) flow from the south-
east in the Netherlands. Maximum temperatures aroufi@ 3ere observed at

many stations on this day. In figure 4.5 timeseries of the observed temperature
and dewpoint from the meteorological tower in Cabauw (about 25 km south-west

of De Bilt) on 19 June 2005 are shown. On this 213 meter tower observations are
made at 6 altitudes between 10 and 200 meters above ground level. Note that the
horizontal axes in the graphs refer to local time which is two hours ahead of UTC.
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Figure 4.6: This figure shows pseudoCAPPI data (target height 800 meters) from
the radar in De Bilt for 19 June 2005 at 2130 UTC. The raw reflectivity image
(upper-left) and the clean reflectivity image (lower-left) using the currently oper-
ational clutter removal scheme are shown in the left column. The right column
shows the raw reflectivity image (upper-right) and the clean reflectivity image
(lower-right) for the proposed scheme.
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A vertical temperature and dewpoint gradient of 2&/km and—16.8C/km, re-
spectively, are observed between 10 and 200 meters in Cabauw around 2200 UTC.
The refractivity N for radio-frequency radiation is related to the temperaftire

the pressurey, and the partial pressure of water vapgqr (Doviak and Zrng,

1993):

77.6 Puw
N = — 4810— 4.1
T (‘M T) (4.1)

where the pressures are given in mbar and the temperature in Kelvin. From this
equation the refractivity gradient between 10 and 200 meters is determined as
dN/dh = —115 km~!. According to Doviak and Zrigi (1993) the typical refrac-
tivity gradient of the atmosphere in the first kilometer-ig5 km~! and thus the
actual gradient on 19 June 2005 was much stronger than usual (“superrefraction”).

In figure 4.6 the raw (upper row) and clean (lower row) reflectivity images
obtained using the current clutter rejection scheme (left column) and the proposed
scheme (right column) are shown for 19 June 2005 at 2130 UTC. There was
no precipitation in the radar domain and thus all observed reflectivity is due to
(anomalous propagation) clutter. The two raw reflectivity images should in prin-
ciple be identical. The upper-right image has been produced from the reflectivity
volume data using the off-line software developed for Research and Development
work and the upper-leftimage is produced using the operational Rainbow software
(Gematronik, 2003). The images are rather similar indeed, but a few remarkable
differences can be seen. The (high) reflectivity cores, e.g. the sea clutter near the
coast of the UK, are sometimes larger and less structured in the operational image.
This difference can be attributed to the pairing of range bins into twin bins before
projection to the Cartesian grid which has been not done in the off-line image.
Another difference between the images is the position of the clutter at the coast of
Norwich (UK) which is scattered around the coast line in the operational image
and is accurately following the coast line in the off-line image. For the geograph-
ical projection of the operational image the Rainbow software uses the equations
from Wessels (1990), and for the off-line image the radar projection is approxi-
mated by an azimuthal equi-distance projection and the proj.4 library (Evenden,
1990) is used for reprojection. In contrast to expectations it appears that latter
procedure gives a (slightly) better result.

The clean reflectivity images obtained using the operational scheme and the
proposed clutter rejection scheme are displayed in the lower row of figure 4.6.
Most of the (sea) clutter is removed in both images. Note that the clutter removal
scheme is only effective above 1 dBZ (-13.8 dBR) and thus the cluttered pink
pixels are not removed completely. Clearly, the proposed clutter removal scheme
produces a cleaner reflectivity image where the residual clutter close to the radar
and especially the sea clutter are removed more effectively. The residual clutter
close to the radar in the operational image is most likely caused by the applica-
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Figure 4.7: Scatter plot with the number of pixels with a reflectivity above 7 dBZ
per image for the proposed clutter removal scheme and the current operational
scheme. To ensure a certain degree of statistical independence the analysis is
performed only once an hour Ab00 UTC. Radar data for May 2005 have been
used for this scatter plot. The inset shows the scatter plot around zero.

tion of the clutter flags in the pseudoCAPPI image instead of per elevation. The

remarkable additional reduction of sea clutter by the proposed scheme is proba-
bly due to the better spatial match between the cluttered reflectivity values and
the corresponding clutter flags. Because of the application of the flags in the 3-
dimensional reflectivity data in polar coordinates, numerical inaccuracies in the

conversion from polar to Cartesian and in the geographical reprojection are cir-

cumvented.
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4.4 Quantitative evaluation

In the previous sections the performance of the proposed clutter rejection scheme
has been qualitatively evaluated using three cases. In this section a quantitative
comparison between the proposed clutter rejection scheme and the current opera-
tional scheme using one month of radar data. From the raw reflectivity and clutter
flag volume data clean pseudoCAPPI images with clean reflectivity data have been
calculated. Volume data from the radar in De Bilt of May 2005 have been used.
To ensure a certain degree of statistical independence only 3-dimensional volume
scans recorded d@th00 UTC are processed. Furthermore the clean reflectivity
images produced operationally 2k00 UTC by the radar in De Bilt have been
collected over the same period. For all radar images the number of pixels con-
taining a reflectivity stronger than 7 dBZ, i.e., the lowest level in the KNMI radar
display, have been counted.

Figure 4.7 shows a scatter plot of the number of pixels above 7 dBZ for the
clean reflectivity images obtained using the proposed clutter rejection scheme
against that obtained using the operational scheme. It is evident that the num-
bers of 7 dBZ pixels from both rejection schemes are strongly correlated and are
almost perfectly following the diagongl = x. The number of 7 dBZ pixels in
the analyzed images are scattered over a wide range from zero to almost 20,000.
Note that the number of pixels in a KNMI radar image is 65,536 of which 51,689
are covered by the radar in De Bilt. In the “worst” cases (weak) precipitation
is observed in almost 40% of the area covered by the radar (maximum range of
320 km). The inset of the figure shows in more detail the cases where hardly
any precipitation is observed. It appears from this inset that the number of (resid-
ual) 7 dBZ pixels for dry cases is consistently larger for the operational rejection
scheme. This observation is in accordance with the findings from the case of
severe anomalous propagation (see section 4.3).

Using linear regression the relation between the number of 7 dBZ pixels ob-
tained using the proposed schegnand that using the current schembas been
fit. The result is not shown in figure 4.7 because it cannot be distinguished from
the dashed diagonal. The resulting line is given by:

y = 0.9984(5) - = — 26(2) (4.2)

where the number between brackets represents the statistical error in the last
digit. The slope is very close to unity indicating that the proposed clutter re-
jection scheme removes hardly any additional precipitation pixels. The offset in-
dicates that, independent of the actual precipitation, the proposed clutter scheme
removes on average 26 additional pixels from each image. These are most likely
the residual pixels that are more efficiently removed by the proposed clutter rejec-
tion scheme.
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Chapter 5

Conclusions and recommendations

This review of the statistical clutter removal scheme, which is now operational at
KNMI for more than 10 years, was initiated by the planned technical upgrade of
the weather radars. The performance of the removal scheme is rather good and
the customers of the radar products have hardly any complaints about residual
clutter. Only residual sea clutter sometimes gives rise to dissatisfaction. The
operational clutter removal scheme is effective on the 2-dimensional Cartesian
radar products and its implementation is distributed over three different systems.
A detailed description of the current operational clutter rejection scheme based on
several reports and specification documents has been given in this report.

Currently the demand for the 3-dimensional volume data for research and op-
erations is increasing. Therefore the review of the clutter removal scheme was
focused on a transformation from a method for 2-dimensional Cartesian images
to a method for 3-dimensional polar data. The most important advantages of such
a transformation are:

¢ the production of clean 3-dimensional volume data that can be considered
the base data from the weather radar systems in the (near) future.

¢ the implementation in the radar signal processor only and thus simplifying
the radar processing chain.

e an improved performance of the clutter removal scheme because the pseu-
doCAPPI weighting and separate projection of clutter flags are circum-
vented.

In this report it has been documented in detail that the current clutter removal
scheme can be transformed to a method for 3-dimensional polar data by a few
minor modifications.

The performance of the proposed clutter rejection scheme has been evaluated
using three cases: a case with mixed precipitation and clutter, a case where the
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radome is wet, and a case of severe anomalous propagation. Furthermore a quan-
titative evaluation of the current and proposed clutter removal scheme using one
month of (hourly) radar data is presented. It is found that the proposed scheme
produces cleaner reflectivity images where the residual clutter close to the radar
and the sea clutter are removed more effectively. Therefore it is highly recom-
mended to implement the proposed clutter rejection scheme during the technical
upgrade of the KNMI weather radars.
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Appendix A

Clutter flag processing

In this appendix a part of the C source code for processing of the clutter flags
is listed. In this code it is assumed that the reflectivity in dBZ and clutter flags
from the signal processing are provided for single elevation in ardgt and
cdata , respectively. The data are stored ray-by-ray in the arrays. The final clutter
flags and the cleaned reflectivity data are returned.

[*Constants for calculation of cluttermap:*/

#define CDBZMN (65+1)
#define SIGDBZ (7)
#define DAINN (3)
#define DAOUT (9)
#define DRINN (7)
#define DROUT (19)
#define DASTD (5)
#define DRSTD (11)
#define ETAMIN (0.5)
#define RNGMIN (7.0)

[*Clutter detection threshold polynomial: y=a*x*x+b*x+c, where x=N/Ns and */
[*y=TrINs. The first index refers to S=0,1 and the second to T=0,1,2,3.*/

static float CLT_A[2][4]={{-0.2,-0.3,-0.4,-0.5} {-0.2,-0.3,-0.4,-0.5}};

static float CLT_B[2][4]={{0.6,0.5,0.4,0.3},{1.2,1.5,1.8,2.1}};

static float CLT BR[2][4]={{0.4,1.2,2.0,2.8},{0.4,1.2,2.0,2.8}};

static float CLT_C[2][4]={{0.01,-0.02,-0.05,-0.08}{-0.29,-0.52,-0.75,-0.98}};

[*Calculation of summation limits.*/

dAinn=(DAINN-1)/2;
dAout=(DAOUT-1)/2;
dAstd=(DASTD-1)/2;
dRinn=(DRINN-1)/2;
dRout=(DROUT-1)/2;
dRstd=(DRSTD-1)/2;

[*Calculation of static sums.*/

Ns=(2*dAinn+1)*(2*dRinn+1)+(2*dAout+1)*(2*dRout+1);
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S=(2*dAstd+1)*(2*dRstd+1);
Sxx=(dRstd*(2*dRstd*dRstd+3*dRstd+1)/6)*2*(2*dAstd+1);
Syy=(dAstd*(2*dAstd*dAstd+3*dAstd+1)/6)*2*(2*dRstd+1);

/*Setting reflectivity and clutter flags.*/

for (ia=0 ; ia<nazim ; ia++) {
for (ir=0 ; ir<nrang ; ir++) {
NRdbz[ir+ia*nrang]=TRclt[ir+ia*nrang]=0;
if (zdata[ir+ia*nrang]>CDBZMN) {
NRdbz[ir+ia*nrang]=1;
if (cdatafirtia*nrang]) TRclt[ir+ia*nrang]=1;

}

/*Loop over all azimuths and ranges.*/

for (ia=0 ; ia<nazim ; ia++) {
for (ir=0 ; ir<nrang ; ir++) {
N=T=T3=Std2=S1=0;

/*Summation of reflectivity and clutter flags over Outer area.*/

for (iila=ia-dAout ; iia<=ia+dAout ; iia++) {

iaa=(iia+nazim)%nazim;

for (iir=ir-dRout ; iir<=irtdRout ; iir++) {
irr=iir;
if (irr<0) irr=0;
if (irr>=nrang) irr=nrang-1;
N+=NRdbz[irr+iaa*nrang];
T+=TRclt[irr+iaa*nrang];

}

/*Summation of reflectivity and clutter flags over Inner area.*/

for (ila=ia-dAinn ; iia<=ia+dAinn ; iia++) {

iaa=(iia+nazim)%nazim;

for (iir=ir-dRinn ; iir<=ir+dRinn ; iir++) {
irr=iir;
if (irr<0) irr=0;
if (irr>=nrang) irr=nrang-1;
N+=NRdbz[irr+iaa*nrang];
T+=TRclt[irr+iaa*nrang];

}

[*Calculation of std dev of reflectivity and setting S=0-1 flag.*/

if (N>NS*ETAMIN) {
Sz=Szz=Szx=Szy=0;
for (iia=ia-dAstd ; iia<=ia+dAstd ; iia++) {
iaa=(iila+nazim)%nazim;
for (iir=ir-dRstd ; iir<=ir+dRstd ; iir++) {
irr=iir;
if (irr<0) irr=0;
if (irr>=nrang) irr=nrang-1;
Sz+=zdata[irr+iaa*nrang];
Szz+=zdata[irr+iaa*nrang]*zdata[irr+iaa*nrang];
Szx+=(jir-ir)*zdata[irr+iaa*nrang];
Szy+=(iia-ia)*zdata[irr+iaa*nrang];
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}
}
Std2=(int)(Szz/S-Szx*Szx/(Sxx*S)-Szy*Szy/(Syy*S)-Sz*Sz/(S*S));
if (Std2<SIGDBZ*SIGDBZ) S1=1;
}

[*Calculation of the TR3=0-3 index.*/

if (TRcltfir+ia*nrang]) T3++;
if (ir>0&&TRclt[(ir-1)+ia*nrang]) T3++;
if (irtl<nrang&&TRclt[(ir+1)+ia*nrang]) T3++;

/*Calculation of the threshold value.*/

range=(ir+0.5);

if (range<RNGMIN) range=RNGMIN;
clt_b_sum=CLT_B[S1][T3]+CLT_BR[S1][T3]*RNGMIN/range;
Tr=(CLT_A[S1][T3]*SQUARE((float)N/Ns)+clt_b_sum*(float)N/Ns+CLT_C[S1][T3])*Ns;
if (Tr<0) Tr=0;

if (Tr>Ns) Tr=Ns;

[*Setting the final clutter flag and cleaning of reflectivity data.*/

if (T>Tr&&NRdbz[ir+ia*nrang]) flag=1;
else flag=0;

cdata[ir+ia*nrang]=flag;

if (flag) zdata[ir+ia*nrang]=0;
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Appendix B

Geographical projection of KNMI
radar images

In this appendix the details of the geographical projection of the KNMI radar
images, both single site data and the national composite, are listed. The radar
images are projected according to a stereographic projection with the northpole in
the projection origin. A stereographic projection also uses a so-called alignment
meridian (Greenwich) which is equal to the longitude of the projection origin and

a latitude of true scale (60N). The stereographic projection is a conformal pro-
jection which implies that the angles are conserved during the projection. The
meridians are projected into straight lines starting from the north pole and lati-
tude circles are projected as circles centered at the north pole. It is important to
stress that the KNMI radar images are projected using an ellipsoide earth model
(Hayford). This makes the projection equations substantially more complex, but
it enables a more accurate overlay of the radar echoes with the topographical data.
The parameters of the geographical projection of the KNMI radar images are listed
in the table below:

Parameter Value
Projection Stereographic
Projection origin (lon,lat) | OE, 90N

True scale (lat) 60N

>

Earth radius (equator,polar)6378.388 km, 6356.912 kn
Pixel size at true scale (x,Y)2.500 km,—2.500 km
Offset of image corner (i,j)| 0.0, 1490.9

Number of rows 256

Number of columns 256

The geographical projection of the radar data from the azimuthal equi-distance
projection (“radar projection”) to the polar stereographic projection can be done
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using the “proj.4” library (Evenden, 1990). This library has been developed at
the USGS and is used world-wide in numerous applications. The geographical
projection of the KNMI radar images is described by the following “proj.4 string”:

"+proj=stere +x_0=0 +y 0=0 +lat_0=90 +lon_0=0 +lat_ts=60 +a=6378.388 +b=6356.906"

After the geographical (re)projection the resulting image only has to be scaled
and shifted linearly using the given pixel sizes and offsets of the image corner.
The pixel size iny-direction is negative because the images lines are plotted from
north-to-south and thg-axis is pointing in the opposite direction. The projec-
tion parameters define the geographical corners of the KNMI radar images. The
corners of the KNMI radar image are:

| Corner | Lon [deg] | Lat [deq]) |

north-west| 0.000E 55.296N
north-east | 9.743E 54.818N
south-east| 8.337E 49.373N
south-west 0.000E 49.769N




