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Abstract. Lightning protection is important for weather
radars to prevent critical damage or outages, but this can
have negative effects on data quality. The existing lightning
protection of the German Meteorological Service (Deutscher
Wetterdienst, DWD) polarimetric C-band weather radar net-
work consists of four vertical poles with a maximum diam-
eter of 10 cm. During radar operation, these rods cause local
scattering in the near field of the antenna, resulting in neg-
ative impacts on radar products. One effect is the removal
of significant transmission power from the main beam axis
and its addition to other areas or the side lobes. This re-
sults in wrongly localised precipitation fields in a radial di-
rection. The second effect is the loss of transmitted and re-
ceived power, appearing as a decrease in system gain, and
subsequently an underestimation of all power-based radar
moments in the vicinity of the rods. The underestimation in
radar reflectivity Z then leads to a negative bias of approxi-
mately 20 % in the actual rain rate if a Z–R relationship is ap-
plied. These detrimental effects on data quality led to the re-
quirement of developing a new lightning protection concept.
The new concept must minimise the effect on data quality
but also provide sufficient protection from lightning strikes
according to the existing regulations and requirements. Three
possible lighting protection concepts are described in this pa-
per: two using vertical rods of different diameters (16 and
40 mm) and one with horizontally placed rods outside the
antenna aperture. Their possible influence on data quality is
quantified through a dedicated measurement campaign by
analysing resulting antenna patterns and precipitation sum
products. Antenna patterns are analysed with respect to the

side-lobe levels compared to antenna patterns without light-
ning protection and the original lightning protection. With
the newly tested lightning rods, the apparent side-lobe levels
are slightly increased compared to an antenna pattern taken
without lightning protection but are within the accepted an-
tenna specifications. Compared to the original lightning pro-
tection, a decrease of up to−15 dB in apparent side-lobe lev-
els is found for all tested lightning protection options. Beam
blockage is substantially reduced compared to the existing
lightning protection, as shown by the evaluation of quantita-
tive precipitation estimation (QPE) sums. These results and
some structural considerations are a solid basis to recom-
mend the installation of four rods with a maximum 40 mm
diameter for all 17 radar systems of the DWD weather radar
network.

1 Introduction

Weather radars are often located on towers in very exposed
locations in order to have an unobstructed view around the
entire azimuth (AZ). This can increase the risk of lightning
striking the devices (Kingfield et al., 2017). To prevent this,
the radar installations are usually secured by an external
lightning protection installation to avoid damage to the radar
or radome and to guarantee the safety of radar technicians.
Lightning protection is commonly realised by having a num-
ber of lightning protection rods (LPRs) around or on top of
the radome that are able to conduct the electric energy of a
lightning strike from the top of the tower to the ground.
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A common concept consists of four or more vertical LPRs
around the radome, sometimes complemented by an LPR on
top of the radome. Such a setup means that the rods reach
into the aperture of the antenna and can therefore interact
with the electromagnetic fields during transmission and re-
ception. Scattering of electromagnetic waves on the LPRs
causes two negative effects on data quality: the first is the
emission of a part of the transmitted pulse outside of the
main lobe of the antenna. In comparison to an antenna with-
out LPRs, this phenomenon manifests in the antenna pattern
by way of increased side-lobe levels. In an actual radar im-
age of a thunderstorm, this appears as an echo that has some
resemblance to a so-called hail spike (see Fig. 3 and Zrnic et
al., 2010) but extends in the azimuthal instead of the radial
direction. For the remainder of this paper, we will be refer-
ring to this phenomenon as reflection. The second effect of
the parasitic scattering is a reduction in the main-lobe en-
ergy, which leads to an underestimation of precipitation in
the affected direction. It appears as shadowing effects in ac-
cumulated weather radar measurements and is therefore of-
ten termed as beam blockage in the literature (e.g. Krajewski
et al., 2006; McRoberts and Nielsen-Gammon, 2017).

The German Meteorological Service (Deutscher Wetterdi-
enst, DWD) is operating 17 operational and 1 research C-
band weather radars (Frech et al., 2017). They have been
in service since 2012. The lighting protection concept con-
sists of four LPRs with a maximum diameter of 10 cm and
a length of 8 m. These LPRs are known to show both of the
negative effects on data quality described above. It was there-
fore decided to introduce a new concept with less influence
on data quality while keeping the required level of lightning
protection to meet all safety concerns. Three new types of
LPRs were evaluated: two vertical rods with a length of 4 m
and diameters of 16 and 40 mm and a horizontal rod with a
length of 4 m and a diameter of 76 mm. All three options re-
quire an additional LPR of about 1 m length in the top panel
of the radome, which is not part of this evaluation. Previous
investigations looking at Doppler spectra recorded at 90° el-
evation found no influence on the radar’s operation.

The effect of the three LPR options on data quality is eval-
uated through antenna pattern measurements and dedicated
data analysis. To this end, a measurement campaign was
conducted using the research radar of the DWD at the Ho-
henpeissenberg Meteorological Observatory (MOHP). The
recorded data are compared to measurements with the old
LPR and without any LPR, taken during the acceptance test
of the research radar in 2010 and 2011 (see, e.g. Frech et al.,
2013, for some of the results). The following section (Sect. 2)
contains an in-depth description of the three new LPR con-
figurations and the old configuration, as well as a descrip-
tion of the conducted measurements. Section 3 describes the
results of the antenna measurements and the precipitation
sums. The paper concludes with a discussion of the results
and a recommendation for a future lightning protection con-
cept in Sect. 4.

2 LPR setups and measurements

2.1 Description of the lightning protection rods

The current lightning protection for the operational German
weather radars is realised by four rods that are positioned on
top of the radar tower surrounding the radome. These rods
have a total length of 8 m. The last metre is made out of
stainless steel and has a diameter of 10 mm. It is connected
to an aluminium cable with a diameter of 8 mm that reaches
down to the mount of the rod and is encased by fibreglass.
The coating narrows down from the mounting to the stain-
less steel rod from 100 to 50 mm. The four rods are separated
by 90° in azimuth, and their exact distance from the antenna
or the centre of the tower depends on the respective tower
itself as they are all unique buildings. During the recent mea-
surements conducted at MOHP and presented here, three of
the original LPRs were removed, keeping only one at an az-
imuth of 357°. When a new radome was installed in 2011,
detailed antenna pattern measurements with the old LPR at
276.5° AZ were carried out (Frech et al., 2013); these are
used as a reference for comparison in the study at hand.

Of the three evaluated new LPRs, two are vertically
mounted with a total length of 4 m. The thinner rod starts
with a diameter of 16 mm up to a height of 3 m and nar-
rows down to a diameter of 10 mm in the uppermost me-
tre. The thicker rod starts with 40 mm and continues with
16 and 10 mm in the third and fourth metres, respectively.
Both are made from stainless steel tubes and have no coat-
ing. For complete lightning protection in accordance with the
regulations, four of these are required, with a spacing of 90°,
together with a single shorter rod on top of the radome. Dur-
ing the measurements, both were placed at 267.5° AZ (same
location as one of the old LPRs) and at 250° AZ. For the pre-
cipitation sums, the 16 mm rod was also placed at 177.5° AZ
for a few weeks.

The third tested LPR also has a total length of 4 m, but the
first 3 m are installed horizontally, reaching outwards radi-
ally from the radar tower. The last metre is angled upwards
by 45°. The diameters are 76 and 10 mm for the first and
second parts, respectively. Depending on the desired level of
lightning protection, up to eight of these rods are required, to-
gether with the shorter top rod. The number of rods can also
be lowered by increasing the length of the horizontal part
while retaining the same level of lightning protection. Due to
it requiring a different mounting than the other rods, the hor-
izontal LPR was only installed at 245° AZ. Schematics for
all four evaluated LPRs are shown in Fig. 1. Here, diameters
of the LPRs are exaggerated by a factor of 10 with respect
to their heights or lengths. Additionally, their properties are
summarised in Table 1.

All tested LPR options are chosen in accordance with the
legal requirements of lightning protection class 3 for the
MOHP radar tower. The classes can be assessed using the
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Table 1. Properties of the LPRs used in the presented study.

Designation Orientation Length Diameter (with respect to length) Position(s)

Old LPR Vertical 8 m 100–50 mm (0–7 m), 10 mm (7–8 m) 267.5°, 357°
16 mm LPR Vertical 4 m 16 mm (0–3 m), 10 mm (3–4 m) 250°, 267.5°
40 mm LPR Vertical 4 m 40 mm (0–2 m), 16 mm (2–3 m), 10 mm (3–4 m) 177.5°, 250°, 267.5°
Horizontal LPR Horizontal, 45° upwards 4 m 76 mm (0–3 m), 10 mm (3–4 m) 245°

Figure 1. Schematics of all four LPRs presented in this study. Di-
ameters are scaled up by a factor of 10 with respect to lengths or
heights.

rolling-sphere method with a maximal sphere diameter of
45 m. Thus, a shorter top-panel lightning rod is a necessity.

2.2 Antenna measurements

Antenna measurements can be used to precisely describe
the properties of the propagation path of an antenna (Chan-
drasekar and Keeler, 1993). For weather radars, the overall
antenna pattern is of particular interest; this can be charac-
terised by the main lobe (half-power beam width) and the
level of resulting side lobes. Furthermore, the influence of the
struts and feed horn on the transmitted electrical field can be
identified in the antenna pattern. For dual-pol weather radars,
a good match in terms of the characteristics between the hor-
izontal and the vertical channels is another factor of interest.

To conduct an antenna measurement, a high-quality, sta-
ble external signal source is set up at a suitable location (in
direct line of sight) in the far field of the radar. It transmits
a continuous wave signal tuned to the radar frequency to-
wards the radar. The weather radar is set into receiving mode,
with the transmitter turned off. A series of high-resolution
scans around the position of the external source is then car-
ried out. During recent years, the use of UAVs as external
signal sources has become more prominent (Umeyama et al.,
2020).

In the case presented here, the external signal source con-
sists of a signal generator, a power amplifier, and a reflec-
tor antenna with a diameter of 1.3 m and with a centre-fed
single-pol C-band feed horn. During the measurements, the
source unit was located on a hill called Auerberg, another
solitary hill that is north of the Alps and that is very similar
to Hohenpeissenberg. The orography (valley between Auer-
berg and MOHP) ensures an unobstructed propagation path.
The distance to the radar MOHP is 21.6 km, and the angles
relative to the radar are 250° AZ and 0° elevation (EL). Dur-
ing the measurements for the old LPR in 2012, the external
signal source was installed at the same location. This setup
represents a very good antenna test range as the antenna man-
ufacturer’s pattern measurements can easily be reproduced
(Frech et al., 2013).

To ensure that the external signal source is aligned directly
towards the weather radar, the following procedure is per-
formed:

– The radar antenna is pointed towards the approximate
direction of the external source. First-guess coordinates
can be derived from a map and elevation data.

– The radar transmitter is turned off, and a pulse repeti-
tion frequency (PRF) of 3000 Hz is chosen in order to
achieve a high sampling rate.

– The received signal-to-noise ratio (SNR) over range is
displayed live via the radar software.

– The antenna of the external source is tilted carefully
horizontally and vertically until the maximum signal
strength is measured with the weather radar.

– The feed horn at the external site is rotated until ei-
ther the signal is identical in both polarisation chan-
nels (dual-polarisation mode) or until one is at maxi-
mum while the other is at minimum (single-pol mea-
surement). It is usually easier to identify the minimum.

– The external signal source antenna is fixed in place
when the desired signal strength is reached.

– The radar antenna is moved in small steps around the
previously used coordinates, again until a maximum
SNR is reached in either one or both channels.

– The now precisely determined azimuth and elevation
angles of the signal source are recorded for use in the
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evaluation of the data. Here, the precise identified an-
gles are 250.43° AZ and 0.13° EL.

It is recommended to keep contact with the operators of the
external source via phone during this process or, alterna-
tively, to have remote control over either the external signal
source or the weather radar. During the setup and the subse-
quent scanning, the automatic frequency control (AFC) has
to be disabled, and the radar receiving frequency should be
set manually to the transmission frequency of the external
signal source.

The MOHP weather radar is a DWSR-5001C/SDP/CE by
EEC, with radar-operating software and signal processing by
Gamic. Its software and hardware enable it to perform a mul-
titude of different scan types automatically and in sequence.
A schedule of scans was set up prior to the measurements,
and the precise location was inserted into the scan templates
according the orientation described above. This way, several
measurements were conducted in sequence, ensuring compa-
rable results.

All scans record data up to a range of 20 km, while 40 data
bins are averaged in the signal processor to 1 km. This is done
only for having a range of data to perform statistical evalua-
tions; the total recorded range is not important since the ex-
ternal source is providing a constant continuous wave and not
a pulsed signal. It is therefore constant in all recorded ranges.
The PRF of the radar is set to 3000 Hz, which is only possible
with a simultaneous selection of a pulse width of 0.4 µs due to
duty cycle protection limits. This means that the band width
and range resolution of the 0.4 µs pulse width also apply to
these measurements. Recorded radar moments are SNR in
the horizontal and vertical channel, the differential reflectiv-
ity ZDR, differential phase PhiDP, and the cross-correlation
coefficient RhoHV, all from the time series without any clut-
ter correction or thresholding. All scans were performed with
an antenna speed of 6° s−1, resulting in about 25 pulses per
ray and an angular resolution of 0.05°. Some scans utilised
the time sampling mode, where the number of pulses per ray
is defined by the PRF and the recording time. One complete
scan cycle takes a little over 2 h. Several cycles with different
setups in terms of LPRs were performed; the data from the
following LPR configurations will be shown in this paper:

– no lightning protection rod, dual-pol mode;

– 16 mm LPR at 267.5° AZ, dual-pol mode;

– 40 mm LPR at 267.5° AZ, dual-pol mode;

– horizontal LPR at 245° AZ, dual-pol mode.

One cycle consists of several different types of scans, as ex-
plained in the following subsections. They are schematically
displayed in Fig. 2.

2.2.1 Source raster scan

The first scan is a raster scan that scans a rectangular area
around the external signal source. It is used to repeatedly de-
termine the precise signal strength and location of the ex-
ternal signal source during the scanning schedule. Both can
change minimally due to changing beam propagation condi-
tions caused by the temporal variability of pressure, temper-
ature and humidity in the atmosphere (Grabner and Kvicera,
2011) or because of drift in the frequency or the transmitted
power of the external signal source. The source raster scan
covers an area of ±2° in AZ and EL around the previously
precisely determined position of the signal source. The hor-
izontal resolution is set to 0.05°, and the vertical resolution
is limited by the software to 0.1°. To reach identical resolu-
tions in AZ and EL, the scan is performed twice with an off-
set in the starting EL angle of 0.05°. This is well within the
achievable angle resolution of the radar, which is ±0.007°
according to the angle tags in the data. Therefore, the first
part goes from−2 to 2° EL, and the second goes from−1.95
to 2.05° EL. The two scans are combined into one data set in
post-processing. The source raster scans are represented as
the blue rectangle in Fig. 2.

2.2.2 Large raster scan

The large raster scan covers an area of±45° in AZ around the
external signal source and reaches from−2 to 20° in EL. The
recorded data provide a two-dimensional image of the char-
acteristics of the main lobe and multiple side lobes. It can be
used to describe the influence of the lower struts in detail.
To find a compromise between precision and duration of the
measurements, the resolution from −2 to 3.05° EL is set to
0.05° (by using the offset in the starting elevation described
above), to 0.1° from 3 to 9.9° EL and to 0.5° from 10 to
20° EL. The full area is split into 15 unique sweeps over the
whole AZ range, with different EL ranges being chosen such
that they all take approximately the same time. After every
slice, one source raster scan is performed that is later used to
correct for signal strength and location. The slices are again
put together to one large data set in post-processing. The
large raster scans are represented as the black lines in Fig. 2.
Their spacing shows the vertical resolution of the three parts.

2.2.3 Plan position indicator (PPI)

Plan position indicators (PPIs) are radar scans where the an-
tenna performs a complete rotation from 0 to 360° in AZ
at a constant EL. Here, the EL was set to the exact EL that
was determined during the alignment of the external signal
source. Data from the PPIs can be used to describe all side
lobes, including the back lobes of the antenna in the hori-
zontal plane. The data acquired by this scan constitute the
main source for the evaluation in the following section. In to-
tal, five PPIs were recorded during the measurement, equally
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Figure 2. Schematics of the scans conducted during one instance of the antenna measurements. RHIs extend to 90° EL, and PPIs span the
whole azimuth from 0 to 360°.

spaced between the slices of the large raster scan. The PPI
scan is shown as the dashed cyan line in Fig. 2. Other than
what is displayed, it covers not only the area of the raster
scans but also the whole azimuth from 0 to 360°.

2.2.4 Range height indicator (RHI)

Range height indicators (RHIs) are complementary to PPIs:
the AZ is fixed to the position of the external signal source,
and the EL is scanned from−2 to 90°, constituting the limits
of the mechanical system of the radar. The data are used to
describe the main and side lobes in the vertical plane. Again,
five RHIs were performed between the slices of the large
raster scan. RHI scans are represented by the dashed brown
line in Fig. 2. It extends to 90° in elevation.

2.3 Beam blockage estimation

When the antenna is turning in azimuth, the LPR is locally
obstructing parts of the antenna aperture, resulting in a re-
duced system gain in that direction. The reduced gain can
be described as beam blockage, where some of the radi-
ated power is being deflected out of the main lobe on trans-
mission, and incoming radiation is partially deflected from
reaching the antenna. Two approaches for quantifying this
phenomenon are described here.

2.3.1 Precipitation sum products

To quantify the effects of beam blockage on weather radar
data, one simple approach is to calculate precipitation sums.
Over sufficiently long time spans (≥ 1 month), it can be ex-
pected that the accumulated precipitation field becomes more
and more homogeneous around the radar, averaging out local
differences caused by variability in precipitation. However,
orographic effects will appear to be more pronounced. Strong

negative deviations in precipitation sums that appear as radial
spokes in such fields can be attributed to beam blockage.

The MOHP research radar runs the default operational
DWD scanning routine most of the time. One of the per-
formed scans is the so-called “precipitation scan” (PCP),
which is a PPI scan where the elevation is adapted as a func-
tion of azimuth. Hence, the radar beam is guided in such a
way that it is always as close to the ground as possible while
also being above the horizon. For MOHP, this means that the
EL is at 0.8° while scanning towards the lowlands in the north
and reaches up to 3.5° EL over the Alps in the south. One of
these precipitation scans is performed every 5 min. The data
were recorded over two periods of about 1 month, each with
a different setup in terms of LPRs. Details are summarised in
Table 2. The positioning of the LPRs in relation to the radar
and in relation to each other can be seen as the radial purple
lines in Fig. 8.

The recorded reflectivity data were transferred into rain
rates using the standard Z–R-relationship used at DWD (An-
iol et al., 1980):

Z = 256 ·R1.42, (1)

with Z being a reflectivity in linear units (mm6 m−3) and R

being the rain rate (in mmh−1). The calculated sums are eval-
uated up to a maximum radius of 30 km around the radar
(corresponds to a maximum beam height of 470 m at 0.8° EL
and 1880 m at 3.5° EL). This ensures that only liquid pre-
cipitation below the melting layer is measured, for which the
Z–R-relationship is valid.

2.3.2 Time scans

During a time scan, the radar antenna is permanently pointed
towards the same position, and the recorded rays are defined
by time spans. The gathered data can be used to produce
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Table 2. Periods for the precipitation sums and installed LPRs.

Time span Installed LPRs

26 July to 5 September 2022 (42 d) Old LPR at 357°
16 mm LPR at 267.5°

27 September to 24 October 2022 (28 d) Old LPR at 357°
16 mm LPR at 267.5°
40 mm LPR at 177.5°
Horizontal LPR at 245° (only until 7 October 2022)

robust statistical evaluations under the assumption that the
environmental conditions change only minimally during the
considered time. In the case presented here, the antenna was
pointed directly towards the external signal source. The radar
transmitter was turned off, and settings regarding range and
pulse width are identical to those of the other scans; the PRF
was set to 1000 Hz. The duration of one time scan was set
to 120 s, producing about 14 000 data points per scan. Three
LPR setups were evaluated this way:

– no LPR between weather radar and signal source

– vertical LPR with 16 mm diameter between radar and
signal source

– vertical LPR with 40 mm diameter between radar and
signal source.

The purpose of these scans is to precisely quantify the effect
of beam blockage on the propagation path by the LPRs on
SNR.

3 Results

This section presents the results of the measurements intro-
duced in Sect. 2. Data from the PPI scans conducted dur-
ing the antenna measurements are used to quantify the ef-
fect of the LPRs on the side-lobe level and the sum prod-
ucts. Time scans provide the data for the evaluation of beam
blockage and the subsequent underestimation of precipita-
tion amounts, which, as discussed in the introduction, stands
as the primary issue with the current LPR setup and prompts
this evaluation. The RHI scans are ignored in the evaluation
because the LPRs cause no apparent effects on the signal
above the external signal source.

3.1 Reflection and side lobes

An LPR scatters the electromagnetic field close to the an-
tenna and partially redirects it off the main beam axis for a
given azimuth and elevation, resulting in increased side lobes
at the position of the LPR. If there is a target with high reflec-
tivity, such as a thunderstorm appearing in the direction of a
strong side lobe, the radiation off the main beam axis can

be sufficient to produce a backscatter signal that the radar
can detect. However, this signal is recorded as originating
from the current pointing angle of the main lobe, resulting
in incorrect positioning. Such a case is presented in Fig. 3.
It shows the reflectivity recorded during a thunderstorm at
the radar Memmingen (MEM) in summer 2022. The centre
of the thunderstorm (shown in purple) is located in the south-
west of the radar and reaches over 50 dBZ. The radar uses the
old LPRs (see Sect. 2.1), and one of them is located at an AZ
of 203°. Exactly at that position, the weather echo is smeared
radially over an AZ span of about 22°, which is highlighted
with the red circle.

For the quantification of this effect, SNR measurements
from the PPI scans are used. Data are averaged over the
recorded range. The maximum recorded SNR is used to nor-
malise the data of each PPI, and the position of this maxi-
mum is used to centre each PPI on the external signal source.
Then, the logarithmic SNR values are spatially interpolated,
using a bilinear interpolation, to an AZ grid of equal spacing
with a resolution of 0.05°. This is to account for small devia-
tions in the angle tags between the consecutive scans that are
within a range of 0.007°. The absolute pointing accuracy of
the radar, which was determined to be better than 0.1° (Frech
et al., 2019), does not play a role because every sweep is
normalised in space by its own maximum SNR value. Sub-
sequently, the data from the five PPIs are averaged into one
data set, resulting in one data point for every 0.05° of AZ,
with the maximum SNR being set to 0 dB, centred at 0° in
AZ.

Results from the measurements for the horizontal channel
are shown in Fig. 4. As the antenna is moving through the
beam of the external signal source, the received SNR will
rise and peak when it hits the exact position (0° AZ in Fig. 4)
and then will decline again. Displayed are SNR values for the
measurements without an LPR around the signal source, with
one of the three vertical LPRs installed at 267.5° AZ and with
the horizontal LPR installed at 245° AZ (relative LPR posi-
tions are indicated by grey lines at the top). The black line
refers to the antenna pattern without any LPR. It serves as the
reference for the antenna pattern results with the investigated
LPR options. The most prominent line in blue is for the old
LPR. It features increased side lobes over almost the entirety
of the shown AZ span. Near the location of the LPR at 17.5°,
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Figure 3. Spurious echo (red circle) produced by a degraded antenna pattern due to the old LPR at 203° AZ on 20 July 2022 at the radar
MEM.

side lobes are increased by, on average, up to 20 dB compared
to all other measurements. These increased side-lobe levels
resemble the earlier-showcased spurious echo (Fig. 3) in the
antenna pattern. The first side lobes, as an important crite-
rion for the assessment of an antenna, are not influenced by
the new LPRs and stay close to the reference value of −34.7
and −28.7 dB to the left and right of the main lobe, respec-
tively. This asymmetry has been known since the installa-
tion of the antenna and has, in earlier studies, been attributed
to a possible lateral feed misalignment (Frech et al., 2013).
The old LPR led to values of −28.8 dB (left) and −23.7 dB
(right). Maximum differences in side-lobe level between the
old LPR and no LPR reach 40 dB due to small variations in
the positioning of the side lobes.

The two vertical LPRs (green and red lines) cause a slight
increase of no more than 5 dB in the side lobes in close prox-
imity to the rod’s position, with the 40 mm diameter rod hav-
ing a larger impact than the thinner 16 mm rod. The hori-
zontal LPR has no discernible effect on the side lobes at its
current position other than causing a different shape in the
peaks. It is not clear if these differences are caused by the

LPR or by having a slightly different setup in the measure-
ment, which was conducted a few days after the other ones.

Figure 5 shows the data from the vertical channel of the
radar. Again, the old LPR has the largest effect on side-lobe
level. Generally, the signal strength in the side lobes is higher
in all measurements compared to the horizontal channel,
even with no LPR present. Yet, the relative differences be-
tween measurements are more pronounced: in the area of the
mounting point of the vertical LPRs, side lobes are clearly
increased (for example, 6.5 dB difference between no LPR
and 16 mm LPR), and their shape is changed, disturbing the
typical pattern of minima and maxima that is seen, for ex-
ample, at −40° AZ. Apparently, the interaction between the
microwave and the LPR is different depending on the polari-
sation of the radiation. In this case, it leads to an increase in
the disturbance of the antenna pattern in the vertical polar-
isation plane compared to in the horizontal plane. The hor-
izontal LPR again has no discernible effect on the antenna
pattern. Firstly, side lobes experience a slight increase with
the two new vertical LPRs by 0.2 dB (left side) and 0.5 dB
(right side).
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Figure 4. Antenna pattern measurement without LPR and with four different LPR designs. A radome is present for all measurements. Shown
are normalised SNR measurements from PPI scans for the horizontal channel. Grey lines at the top mark the installation locations of the
LPRs relative to the peak of the external signal source.

Figure 5. As in Fig. 4 but for the vertical channel.

In summary, the antenna patterns show that all three tested
LPRs provide considerable improvement in the overall an-
tenna pattern compared to the old lightning protection solu-
tion, with the horizontal rod having the best properties.

So far, only the main azimuthal plane of the antenna pat-
tern has been considered. The positive effect of the new LPRs
on the resulting antenna pattern can also be shown in the 2D
plane. Results are shown as an example for the old LPR and
the 40 mm LPR for the horizontal channel in Fig. 6 and for
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Figure 6. SNR (horizontal channel) from the raster scans. (a) Data
from the measurement with the old LPR from 2012, (b) data taken
with the 40 mm LPR. Panels (c) and (d) show the difference be-
tween the two measurements with LPRs and the one without. The
vertical black line in the figures marks the position of the LPRs.

the vertical channel in Fig. 7. For this analysis, data from all
slices of the large raster scans (see Sect. 2.2) were centred
and normalised. Each slice was individually normalised and
centred using the nearest small raster scan in time. Subse-
quently, the normalised slices were combined into one com-
prehensive data set and interpolated to a common grid.

The red spot at 0° AZ and 0° EL in panels (a) and (b)
of both figures marks the main beam of the antenna, with a
beam width of about 1°. The two areas of about −40 dB go-

Figure 7. As in Fig. 6 but for the vertical channel.

ing upwards diagonally from there are caused by the antenna
struts. When the antenna points above the signal source,
some of the incoming field is reflected into the antenna aper-
ture by the struts.

The areas of strong signal reaching out from the signal
source to the left and right at 0° EL are the side lobes dis-
cussed above. They are clearly stronger and more persistent
and fill a larger area in the old-LPR case. Compared to the
measurement without an LPR (panels c and d), SNR is in-
creased by up to 15 dB around the LPR location in the 40 mm
case. In contrast, in the case of the old LPR, the signal differ-
ence exceeds 30 dB.
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The evaluation of the polarimetric moments supports the
reported findings. The patterns are disturbed by the LPRs in
the same way as those of SNR are. For RhoHV, the area with
a perfectly correlated signal (value of 1) is extended to the
parts where side lobes are increased to higher SNR values,
but even in the case with no LPR, RhoHV reaches a value
of 0.999. The main lobe is not affected. ZDR shows a dif-
ferent pattern in the area affected by the LPRs, but the total
variability is within the limits apparent in the measurements
with no LPR. The same is the case for PhiDP.

3.2 Beam blockage

Beam blockage describes the effect where a portion of the
transmitted power that is returned from a scatterer is lost on
either the transmitting or the receiving path. The loss is the
same in both directions. It is caused by scattering of the elec-
tromagnetic wave on an obstacle in such a way that it reaches
neither the intended target on the transmission path nor the
antenna on the receiving path. For a weather radar, this means
that weather with a certain reflectivity will be recorded at a
lower dBZ value behind an LPR than without the obstacle in
place. The old LPRs used at the DWD radars are known to
cause a loss in reflectivity and, subsequently, a loss in precip-
itation rates of up to 30 %.

Figure 8 shows the precipitation sum products as they are
described in Sect. 2.3.1 for the time spans and LPR setups
listed in Table 2. The black sector between 99 and 111° AZ
is caused by safety sector blanking. Despite the summation
over 42 d, the August period does not show a homogeneous
precipitation field. During this month, rain mostly originates
from localised convection, and the region in the southeast
of the radar is a known hotspot for thunderstorms. Still, a
cone-shaped area of low precipitation sums is visible in the
north, where the old LPR is located. Another distinct beam
blockage is apparent at 125° AZ, caused by an old measure-
ment tower with a maximum diameter of about 1 m at 50 m
distance from the radar. The comparison between both ob-
structed areas shows that the beam blockage has approxi-
mately the same strength, but the width of the two resulting
cones is distinctly different.

During the October period (Fig. 8b), the three features
described above (sector blanking, beam blockage by old
LPR and measurement tower) are visible again. Additionally,
there are several step-like features in 220 to 275° AZ. These
are caused by the changes in elevation during the terrain-
following precipitation scan. With different EL angles, the
most reflective part of the weather (oftentimes the bright
band; Klaassen, 1988) appears at different distances. These
steps were performed during the August period as well but
are not that clearly visible due to the intrinsic variability in
the precipitation field, caused by a greater variability in the
melting-layer height and the generally more convective na-
ture of precipitation in summer.

Figure 8. Precipitation sums (mm) for the inner 30 km during Au-
gust (a) and October (b). Positions of the installed LPRs are indi-
cated by purple lines. Data originate from terrain following scans
with azimuth-dependent elevation changes.

In contrast to the August period, in October, the three new
LPRs were installed at 177.5, 245 and 167.5° AZ (details
in Table 1). At these AZ angles, no sign of any decrease in
the precipitation sum is visible. This is confirmed by Fig. 9,
where precipitation sums for selected AZ angles are shown
for both evaluated periods. The sums shown in Fig. 8 were
averaged over a range of 30 km, providing one value per AZ
and further smoothing the local variability. At 360° AZ, the
strong beam blockage caused by the old LPR is clearly vis-
ible: compared to the unobstructed AZ areas at ±40° AZ,
the measured precipitation sum behind the LPR drops by
up to 25 % in the August period and by ≈ 15 % in October,
which again highlights the exact reason for this study. At the
angles of the other three LPRs, no such drop in precipita-
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Figure 9. Azimuthal averages of precipitation sums shown in Fig. 8
for August (orange) and October (blue). Dotted lines show the po-
sitions of the LPRs.

tion sum for October is visible, neither as an unique feature
for this measurement nor in comparison to the August mea-
surement without the LPRs installed. Inhomogeneities can be
explained by either local precipitation variability (150°, Au-
gust) or the change in the elevation angle of the precipitation
scan (275°, both periods).

To quantify the beam blockage on the receiving path, the
time scan measurements (Sect. 2.3.2) are used. They pro-
vide an estimate of how much of the signal from the external
source is blocked by the 16 and 40 mm LPRs. Figure 10a
shows the absolute SNR for the horizontal (red) and vertical
(blue) channels for the measurements with, from left to right,
no LPR, 16 mm LPR and 40 mm LPR. The small widths of
the boxes, including the outliers (≈ 0.5 dB), prove the robust-
ness of the measurements. Since all three setups were tested
within 1 h and without any changes in the setup of the ex-
ternal signal source, no change in signal strength due to ex-
ternal factors is expected, and all observed differences can
be attributed to the LPRs. The difference in signal strength
between the horizontal and vertical channels is due to the

Figure 10. SNR from the time scans described in Sect. 2.3.2.
(a) Absolute measured values, (b) values relative to those of the
“no LPR” measurement.

fact that a higher precision is hardly achievable in the man-
ual setup of the external signal source. For both channels, a
drop in the median SNR from no LPR to that with LPR is
visible. To further illustrate, Fig. 10b shows the relative dif-
ferences, where the respective median of the data with no
LPR has been subtracted from both channels. Now the ef-
fect of beam blockage becomes more clear: in the horizontal
channel, the SNR drops by 0.057 and 0.076 dB for the 16
and 40 mm LPRs, respectively. The slightly higher drop at
the 40 mm rod can be attributed to its larger diameter, pro-
viding a larger obstacle for the electromagnetic field. In the
vertical channel, the beam blockage is slightly higher. The
16 mm rod lowers the signal by a median of 0.11 dB, and the
40 mm rod lowers the signal by a median of 0.124 dB. This
is in accordance with the findings from the antenna patterns,
where a stronger influence of the LPRs on the vertical chan-
nel is visible as well.
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The recorded SNR values can be transformed into re-
flectivities (in dBZ) using a range correction, a correction
for gas attenuation and a calibration constant. Then, relative
changes (in dBZ) can be calculated: the 16 mm LPR low-
ers the recorded reflectivity by 0.11 % and 0.21 % for the
horizontal and vertical channels, respectively, and the val-
ues for the 40 mm LPR are 0.14 % and 0.24 %. The results
are doubled to represent the loss on both the transmitting
and receiving paths and are applied to a range of possible
reflectivities. Using the Z–R-relationship in Eq. (1), percent-
age reductions in the expected rain rates become available:
at very high reflectivities over 50 dBZ, losses in rain rate ex-
ceed 1.8 % and 2.2 % in the horizontal channels of the 16
and 40 mm LPRs, respectively, and reach 3.3 % and 3.8 %
in the vertical channels. Usually, such high reflectivities oc-
cur only very rarely, and most precipitation originates from
events with much lower reflectivity. At a much more frequent
value of 25 dBZ, losses in rain rate are only 0.9 % (16 mm
LPR) and 1.1 % (40 mm LPR) for the horizontal channels and
1.7 % and 1.9 % for the vertical channels. In fact, the mean
of all the reflectivity data points that were used for the rain
sums shown for the month of August in Fig. 8 is 4.8 dBZ. The
loss in rain amount there is 0.39 % in the worst case (40 mm
LPR, vertical channel). This indicates why no reductions are
visible at the locations of the new LPRs in Figs. 8 and 9.

4 Discussion and conclusion

The results from Sect. 3 show that the evaluated LPRs do
have an effect on data quality when compared to the condi-
tions without any rods, but this is minimal compared to the
old LPR. Therefore, all three setups can be recommended for
future lightning protection at DWD radar sites.

Antenna diagrams show that the horizontal LPR has the
smallest effect on the measurements due to the fact that very
little of it covers the aperture of the antenna during scans. In
fact, this setup seems to have the lowest minima in between
the side lobes and in some areas of the diagram.

There are many factors that might introduce slight changes
into the measurements that are not caused by the LPRs.
These include the repeated manual setup of the external sig-
nal source, slight differences in the positioning of both anten-
nas, differences in the absolute signal power between mea-
surements, and the atmospheric effects on beam propagation
and attenuation. Despite the short time required for one mea-
surement (2 h), the campaign had to take place over the span
of 2 weeks, including changes in weather and the repeated
setup of the external signal source.

The summation of rain rates is a simple method consist-
ing of quantifying the effects of beam blockage. The pos-
sible severity of this effect was shown with the old LPR,
behind which the amount of rain was substantially underes-
timated. Still, the method has its shortcomings. Even over
a month-long period, precipitation fields can be so variable

that no homogeneous sums are produced. Ideally, the evalu-
ation is made over at least 1 year in order to eliminate sea-
sonal differences. As shown, the percentage underestimation
of precipitation behind the rod is not always the same. Dur-
ing August, most of the rain comes from convective events
with large drops, while in October, stratiform rain increases
in frequency. According to the radar equation, the measured
reflectivity is a function of the sixth power of drop size (e.g.
Doviak and Zrnic, 1993). Therefore, if the same percentage
amount of power is blocked from a strong signal, this results
in a larger loss of reflectivity than if the blocking happens to
a weak signal. The nonlinear behaviour of the Z–R relation-
ship that results in exponentially higher rain rates for high
reflectivities intensifies this effect.

The three tested new LPRs did not show any decrease in
precipitation sum at their location during the recorded month.
As noted above, it cannot be ruled out that an effect might
become visible over substantially longer evaluation periods
of 1 or several years. As discussed, the loss in recorded rain
amounts caused by the two evaluated vertical LPRs can reach
up to 3.8 % during very high intensity precipitation events but
do not exceed 1 % loss most of the time.

From a data-centred point of view, the horizontal LPRs
have the smallest effect on data quality and should therefore
be recommended as a lightning protection concept if one has
the freedom to design it and the tower it is placed on from
scratch. By varying the number of rods and their length, dif-
ferent lightning protection levels can be realised in accor-
dance with the regulations in Germany. In the case of the
DWD radar network, the new concept has to be adapted to
the existing infrastructure of towers and their surroundings
and radars. All evaluated LPRs are expected to be subject to
ice formation under the right meteorological conditions. In
the case of the horizontal rods, the ice might break and fall
down around the tower, causing a potential hazard to peo-
ple and infrastructure on the surrounding ground. Addition-
ally, accumulation of ice might lead to a structural failure
of the rods and make them break. This concept is therefore
not readily applicable to existing sites with their individual
requirements and available infrastructure.

For the 16 mm LPR, calculations of potential ice forma-
tion showed that the diameter is too small for structural in-
tegrity at MOHP (a mountain site), meaning that the rods
might break if a lot of ice accumulates around them and if
they are hit by strong winds. This leaves the LPRs with a
40 mm diameter as the only structurally serviceable light-
ning protection concept and is therefore recommended for
retrofitting the weather radar network of the German Mete-
orological Service. The key findings of this study, together
with the structural constraints, are summarised in Table 3.
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Table 3. Summary of the results.

LPR Influenced Increase in Percentage of Structural constraints
AZ span side-lobe power level weather signal blocked

Old LPR > 50° +20 dB SNR 26 % None
16 mm LPR < 10° <+5 dB SNR < 4 % Risk of breakage due to ice accumulation
40 mm LPR < 10° <+5 dB SNR < 4 % None
Horizontal LPR None None No measurement available Risk of falling ice
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