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ABSTRACT

The Royal Netherlands Meteorological Institute (KNMI) operates two dual-polarization C-band
weather radars in simultaneous transmission and reception (STAR; i.e., horizontally and vertically
polarized pulses are transmitted simultaneously) mode, providing 2D radar rainfall products. Despite
the application of Doppler and speckle filtering, remaining nonmeteorological echoes (especially sea
clutter) mainly due to anomalous propagation still pose a problem. This calls for additional filtering
algorithms, which can be realized by means of polarimetry. Here we explore the effectiveness of the
open-source wradlib fuzzy echo classification and clutter identification based on polarimetric moments.
Based on our study, this has recently been extended with the depolarization ratio and clutter phase
alignment as new decision variables. Optimal values for weights of the different membership functions
and threshold are determined employing a 4-h calibration dataset from one radar. The method is applied
to a full year of volumetric data from the two radars in the Dutch temperate climate. The verification
focuses on the presence of remaining nonmeteorological echoes by mapping the number of exceedances
of radar reflectivity factors for given thresholds. Moreover, accumulated rainfall maps are obtained to
detect unrealistically large rainfall depths. The results are compared to those for which no further fil-
tering has been applied. Verification against rain gauge data reveals that only a little precipitation is
removed. Because the fuzzy logic algorithm removes many nonmeteorological echoes, the practice to
composite data from both radars in logarithmic space to hide these echoes is abandoned and replaced by
linearly averaging reflectivities.

1. Introduction

Quantitative precipitation estimation (QPE) from
ground-based weather radars can suffer from overesti-
mates due to nonmeteorological echoes. This can hinder
reliable nowcasting, can mislead the general public and
weather forecasters, and negatively affect hydrological
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applications. Operational 2D radar rainfall products for
the Netherlands are extensively used for, e.g., nowcasting,
water management, and climatological purposes. For
example, the Royal Netherlands Meteorological Institute
(KNMI) warning system for water authorities uses the
precipitation history, combined with nowcasting of pre-
cipitation from weather radar and a numerical weather
prediction model to forecast rainfall (Kok et al. 2011).

Publisher’s Note: This article was revised on 31 August 2020 to
include an acknowledgment in the Acknowledgments section that
was missing when originally published.

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).

020z 4oquajdas gz uo Jasn YN NIONINIOVM Aq Jpd 6171061 PUIRY/¥9.LS667/E791/6/LE/HPd-Bl0IE/Yd8}/BI0"d0sI8WE S[ewnol//:dRy woly papeojumod


https://doi.org/10.1175/JTECH-D-19-0149.s1
https://doi.org/10.1175/JTECH-D-19-0149.s1
mailto:overeem@knmi.nl
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1644 JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

Taking into account the local discharge and storage ca-
pacity, automatic warnings are issued if preselected
thresholds of rainfall depths are exceeded with a certain
probability. The occurrence of residual ground clutter in
radar data has led to several automatic warnings, hence
negatively affecting operational water management.
Nonmeteorological echoes are called clutter. For
weather radars these can be caused by, e.g., chaff, in-
sects, and birds. Clutter is often caused by anomalous
propagation, i.e., a larger-than-normal fraction of the
beam which will reach Earth’s surface due to super-
refraction. This occurs when the temperature decrease
with height is smaller than normal (or even increases).
This can also arise in case of a larger-than-normal de-
crease of moisture with height. These conditions may,
e.g., occur for inversions in high pressure areas. Hence,
Earth’s surface can give rise to a large backscatter. This
may also occur when no superrefraction takes place due
to nearby obstacles including buildings and mountains
(Fabry 2015). Although these artifacts can contain use-
ful finescale weather signatures for assessing the current
weather situation, they also hamper reliable QPE.
Many studies have considered a variety of techniques
to remove nonmeteorological echoes. Doppler filtering
is commonly applied, intended to remove the part of the
power caused by clutter, but it is especially difficult to
remove nonstationary clutter (e.g., waves, ships, wind
farms). Thus, often additional methods are needed to
further reduce nonmeteorological echoes. Many studies
employ fuzzy logic algorithms involving single-polarization
(single-pol) and/or dual-polarization (dual-pol) decision
variables (Berenguer et al. 2006; Gourley et al. 2007;
Vulpiani et al. 2012; Crisologo et al. 2014; Krause 2016),
where a range bin classified as clutter is entirely dis-
carded, although its value may be replaced by an inter-
polated value from neighboring range bins. This is often
accompanied by pre or postprocessing, where for the
latter the original classification made by the fuzzy logic
algorithm can be overruled (Gourley et al. 2007). Also,
statistical postprocessing is applied, e.g., by creating
clutter maps based on unrealistically large accumula-
tions or numbers of exceedances or by removing data
with high values of the spatial variability in the radar
reflectivity factor, called texture. More information is
provided by Fabry (2015), Zhang (2017), and Rauber
and Nesbitt (2018). Numerous other studies use hydro-
meteor classification algorithms, which may also include
clutter detection (e.g., Vivekanandan et al. 1999; Park
et al. 2009; Bechini and Chandrasekar 2015). Michelson
and Sunhede (2004) and Magaldi et al. (2009) remove
clutter by developing (precipitating cloud) masks con-
structed from geostationary satellite data and 2-m air
temperatures from a numerical weather prediction model.
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Dual-pol radars offer additional possibilities to detect
nonmeteorological echoes, because of the often irreg-
ular surface of the scatterers in contrast to most me-
teorological echoes. Hydrometeors are usually near
spherical, except for, e.g., large rain droplets and tiny
ice crystals, and have low shape diversity, which
distinguishes them from nonmeteorological echoes.
Differences in amplitude and phase between hori-
zontally and vertically polarized backscattered signals
are therefore generally larger for nonmeteorological
echoes. A useful echo classification is possible by using
(the texture of) the polarimetric variables differential
reflectivity, two-way differential propagation phase,
and copolar correlation coefficient (Hubbert et al. 2009b;
Fabry 2015).

The goal of this study is to remove as many non-
meteorological echoes as possible while removing as few
precipitation echoes as possible from a full-year dataset
from two C-band radars in a temperate climate. This
study forms the basis for the extension of the wradlib
fuzzy echo classification with clutter phase alignment
(CPA; Hubbert et al. 2009a) and depolarization ratio
(DR; Ryzhkov et al. 2017). Hubbert et al. (2009b) al-
ready successfully use CPA in a fuzzy logic algorithm,
whereas Kilambi et al. (2018), who employ DR to suc-
cessfully classify nonmeteorological echoes, suggest the
inclusion of DR as an input to future identification al-
gorithms. This has, to the best of our knowledge, not
been attempted before. The main contribution of this
study is available through the open-source Python library
for weather radar data processing wradlib (Heistermann
et al. 2013). It is an extension to the original fuzzy logic
algorithm, which was applied to C-band radar data
from Mediterranean and mountainous climates in Italy
(Vulpiani et al. 2012) and from a tropical climate in the
Philippines (Crisologo et al. 2014). This study aims to
test the fuzzy logic algorithm for a temperate climate. A
method for determining optimal weights and threshold
of the fuzzy logic algorithm is presented and applied
to a 4-h calibration dataset. Occasionally, an Integrated
Multisatellite Retrievals for Global Precipitation
Measurement (IMERG) product is employed to assess
whether it is raining or not over ungauged areas.

Results follow a twin track by systematically investi-
gating 1) the presence of remaining nonmeteorological
echoes by mapping the number of exceedances of
radar reflectivity factors for given thresholds and 2) the
consequences for QPE by means of annual rainfall ac-
cumulations, verification of hourly and daily rainfall
against gauges, and case studies. The latter encompasses
not only the detection of unrealistically large rainfall
depths, but also provides a means to quantify unwanted
precipitation removal. This is one of the few studies
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FIG. 1. (left) Map of the Netherlands with locations of KNMI’s weather radars, and automatic and manual rain gauges. (top right)
Volume coverage pattern showing the employed elevation scans and their height above the radar as a function of distance from the
radar with the radar tower in Herwijnen in the background. The thick black line denotes the pseudo-CAPPI height, and the gray-
shaded areas indicate the 1° beam for the lowest and highest employed elevation scan. (bottom right) Photos of the manual and

automatic rain gauge.

where nonmeteorological echo removal is applied to a
large dataset (i.e., a full year of data from two radars)
instead of merely a few or tens of case studies (or
events), or a few months (e.g., Berenguer et al. 2006;
Crisologo et al. 2014).

Section 2 gives a description of the employed radar,
rain gauge, and satellite data. In section 3 the non-
meteorological echo classification and removal, the deri-
vation of pseudo-constant-altitude plan position indicators
(pseudo-CAPPI) images, the compositing of those images
and the rainfall retrieval are explained. Section 4
evaluates the performance of the fuzzy logic algo-
rithm, and section 5 highlights a number of discussion
points. This paper ends with conclusions and some
recommendations in section 6.

2. Data
a. Radars

KNMI operates two Gematronik METEOR 735CDP10
magnetron based C-band dual-pol Doppler weather ra-
dars, located in the Netherlands in Den Helder (52.953°N,
4.790°E, 51.0m MSL, WMO code 6234) and Herwijnen
(51.837°N, 5.138°E, 27.7m MSL, WMO code 6356).
They work in simultaneous transmission and reception
(STAR;i.e., horizontally and vertically polarized pulses

are transmitted simultaneously) mode, have an antenna
diameter of 4.3m, a wavelength of 5.326 cm (5.6 GHz),
an antenna gain of 45dB, a transmit peak power of
500kW (i.e., 250kW per polarization), and a 3-dB
beamwidth of 0.905°. Solar monitoring is employed to,
e.g., detect deviations in the pointing of the antenna as
small as 0.05° (Beekhuis and Mathijssen 2018), and a
speckle filter is applied to remove isolated range bins
with valid data surrounded by range bins with no data
(Leijnse et al. 2016). Beekhuis and Mathijssen (2018)
provide more information on these radars, such as the
hardware calibration. The starting point for this study is
the 16-bit volumetric data from both radars from the
period 0800 UTC 31 July 2017-0800 UTC 31 July 2018,
with an availability of 98.8% and 99.2% for the radar
in Den Helder and Herwijnen, respectively. Note that
missing radar data are mainly caused by IT problems
and planned maintenance, but rarely by malfunctioning
radars. Every 5Smin, the radars perform 16 azimuthal
scans of 360° around a vertical axis. Data from elevation
scans 5 (2.0°), 6 (0.8°), and 7 (0.3°) were employed, since
these are used for deriving operational radar precipita-
tion products. Figure 1 displays the radar locations, as
well as the volume coverage pattern for these elevation
scans. Table 1 lists characteristics of the utilized eleva-
tion scans.
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TABLE 1. Technical characteristics of the employed radar ele-
vation scans.

Characteristic Scan 5 Scan 6 Scan 7

Elevation angle (°) 2.0 0.8 0.3
Pulse repetition 600 and 800 600 and 800 450
frequency (Hz)

Pulse duration (us) 1.49 1.49 2.66
Antenna rotation speed (°s ') 24 24 12

No. of azimuths 360 360 360
No. of range bins 838 838 802
Range bin width (m) 223.5 223.5 399.0
No. of pulses per azimuth bin ~29 ~29 ~38

b. Rain gauges

KNMI operates two rain gauge networks. Hourly
(each clock hour) and daily (0800-0800 UTC) rainfall
depths were obtained from the automatic network of
32 gauges (density of ~1 gauge per 1000km?) and the
manual network of 322 gauges (density of ~1 gauge per
100km?), respectively (Fig. 1). These are employed for
validation of hourly and daily radar rainfall depths. In
addition, the daily rainfall depths from manual gauges
were accumulated to annual rainfall depths for the val-
idation of annual radar rainfall depths. The automatic
gauges are electronic ones that measure the precipita-
tion depth using the displacement of a float placed in a
reservoir, whereas the manual rain gauges are read by
volunteers (KNMI 2000).

c. Satellites: IMERG

The IMERG VO05B Final Run precipitationCal product
was obtained from NASA (Hou et al. 2014; Skofronick-
Jackson et al. 2018). This Global Precipitation Measurement
(GPM) level-3 product provides gridded rainfall infor-
mation every 30 min at a spatial resolution of 0.1° X 0.1°
(~7 X 11km? at the latitudes of the Netherlands).
IMERG was only used to verify whether it was raining
or not for regions where no rain gauge data were avail-
able for five time intervals.

3. Methods

The flowchart in Fig. 2 provides an overview of the
radar data processing chain. The starting point is the
volumetric radar data from the two KNMI radars.
First, the fuzzy logic echo classification and clutter
identification based on polarimetric moments from
the open-source Python library for weather radar data
processing wradlib is applied (Heistermann et al. 2013).
Next, 1500-m pseudo-CAPPI images of radar reflectivity
factors are obtained for each radar, which are subse-
quently merged into one composite using either linear or
logarithmic averaging. Finally, 5-min rainfall intensities
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are retrieved from the horizontal reflectivity composites
using the Marshall-Palmer Z,—R relation (Z, = 200R"),
which are accumulated to hourly, daily, and annual
rainfall depths.

a. Nonmeteorological echo classification and removal

1) Fuzzy LOGIC ALGORITHM

The function “clutter.classify_echo_fuzzy” from wradlib,
version 1.4.2 (Miihlbauer and Heistermann 2019), is
employed to classify and remove nonmeteorological
echoes from volumetric radar data by utilizing a number
of decision variables. This fuzzy logic echo classifica-
tion is based on Vulpiani et al. (2012) and Crisologo
et al. (2014), where the latter added pyv as a decision
variable. Wradlib has been extended as of version
1.4.0 with the decision variables CPA and DR (function
‘““dp.depolarization”). The other decision variables are
texture of the differential reflectivity Zpr (TxZdr), tex-
ture of the copolar correlation coefficient pyy (TxRho),
texture of the two-way differential propagation phase
®pp (TxPhi), and the copolar correlation coefficient pgy
(Rho). The static clutter map (CMAP) and the Doppler
velocity (V) were not considered. Clutter maps may vary
depending on weather conditions (Zhang 2017) and a
static clutter map, based on long radar records, only
represents the average influence of clutter. Hence, it will
often be less representative for an individual time inter-
val. Because of this, the classification is entirely based on
the radar data from the considered time interval. Since
Doppler filtering has already been applied at the radar’s
signal processor (Leijnse et al. 2016), the main objective is
to remove nonstationary clutter. Hence, using radial ve-
locity seems unnecessary and could even interfere with
this objective, which is why it was discarded.

CPA is a measure of the pulse-to-pulse phase vari-
ability of the signal for a range bin, and shows less fluc-
tuation in case of ground echoes (Hubbert et al. 2009a,b):

[G). o

where x; is an individual time series member. DR is a
2D combination of Zpg and pyy and a proxy quantity to
the circular depolarization ratio. DR can be computed
as follows (Ryzhkov et al. 2017; Kilambi et al. 2018):

CPA =

N
2,
i=1

z, +1-2(2,)"

DR =10lo
B10 Z, +1+2(2,)"

pHV:| , (2)

Pyuv

where Zg, is in linear scale. High depolarization ratios
point to nonmeteorological echoes, whereas meteoro-
logical echoes generally have Zp values relatively close
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