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Abstract. Wind turbine clutter (WTC) is a serious threat to
radar measurements from polarimetric weather radar. In Ger-
many, wind turbines can now be built within the 5-15km
range of a weather radar in order to support and further in-
crease the production of green energy. In order to protect
the remaining 5 km radius from further wind turbine expan-
sion, WTC is monitored and the consequences on radar data
quality are quantified. There are currently no filter methods
that can reliably separate wind turbine clutter from desired
weather information. It is shown, that a dynamic WTC de-
tection algorithm on the signal processor level performs well
in over 80 % of the time if the rotor speed of the wind tur-
bine is larger than 5rpm (i.e. wind turbine is running). The
dynamic WTC detection algorithm fails in situations where,
presumably, the static clutter contribution from the wind tur-
bine tower is too large. This is assessed for the first time by
using wind turbine operator data from two wind turbines at a
distance of about 10 km from a radar system, which are pro-
vided in real-time to the Deutscher Wetterdienst (DWD). For
the DWD radar system Ummendorf, persistent WTC occu-
pies 5 % of the area in the 5 km radius (approx. 4 km?), and
3% in the 5-15 km radius (approx. 18 km?). WTC is found
up to an antenna elevation of 3.5° within the 5km radius,
and 1.5° with the 5-15 km radius. Using wind measurements
from a synoptic weather station near the radar system Um-
mendorf, a wind turbine (WT) detection probability between
60 % and 80 % can be deduced for the WTs at around the
5 km radius. We show that polarimetric radar measurements
are more sensitive to WTC. Especially the areal coverage of
the disturbance is larger than that observed for radar reflec-
tivity. Also, the vertical extent of WTC on polarimetric mo-
ments, illustrated by the depolarisation ratio (DR), is clearly

present at 3.5° antenna elevation, and less so in radar reflec-
tivity.

A wind park at the 5 km range from the radar system Um-
mendorf is used to quantify the beam blockage by WTs sta-
tistically. Though the data are noisy, a 0.5 dB blockage can be
estimated for this particular wind park. This is significant, as
the overall accuracy of the radar reflectivity has to be within
+1dB, meaning 50 % of the radar reflectivity error budget
is consumed by this particular wind park. Further, the radar
looses sensitivity in measuring precipitation, in particular at
long ranges. Static beam-blockage corrections are not appli-
cable to WTC. We conclude, that the 5km radius must be
kept free from WT expansion.

1 Introduction

Radar measurements are one of the most important data
sources for a wide range of applications (Fabry, 2015). They
are the backbone for nowcasting products, which provide re-
liable warnings to the public in severe weather situations and
they are the only data source to provide quantitative areal in-
formation on the precipitation amount and type, which is an
essential information for hydrological and flood warning ap-
plications. Radar measurements are also assimilated into nu-
merical weather prediction models. The weather radar net-
work operated by the Deutscher Wetterdienst (DWD) con-
sists of 17 state-of-the-art C-band polarimetric (“dualpol”)
weather radar systems. Details about these systems are given
in Frech et al. (2017).

Wind turbine clutter (WTC) poses a significant problem to
the quality of weather radar measurements and radar based
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(warning) products. The World Meteorological Organisa-
tion (WMO) issued a recommendation for the protection of
weather radar measurements from the influence of wind tur-
bines (WMO, 2010). It states, among other things (Annex
VI, p. 59, WMO, 2010): No wind turbines shall be installed
within a 5 km radius of a weather radar system. At less than
5 km range, beam blockage will become significant. In the
5-20km range, which is referred to as the “moderate impact
zone”, a detailed examination is recommended in order to
avoid or minimise a negative effect on the measured radar
data.

Since 2024, the previously restricted 5-15km radius
around radars in Germany is essentially opened for poten-
tial installations of wind turbines as part of the national tran-
sition to renewable energy. Up to 2024, the development of
wind turbines in general was limited as much as possible up
to a range of 15km from the radar. This was in particular
the case, when the radar beam during the operational scan-
ning would have been, even partially, blocked by a proposed
wind turbine installation. This was assessed in often time-
consuming legal procedures for every proposed WT instal-
lation. Generally, it is accepted by courts, that wind turbines
have a negative impact on radar data quality. But it is ques-
tioned whether warning products are affected in such a way,
that warnings become erroneous beyond an acceptable level.
This refers to falsely classified warnings (see e.g. Seltmann
and Bohme, 2017).

The assessment of WTC has to not only consider the ef-
fect of single wind turbines but also that of wind farms (Isom
et al., 2009). The impact on radar data is not only confined to
the main radar beam. Scattering of radar side-lobe emissions
may affect a much larger area than just the geometric dimen-
sions of a wind turbine. While the effect of single wind tur-
bines may be mitigated using undisturbed surrounding radar
measurements that are not affected by a wind turbine, wind
farms that cover larger areas will inevitably cause data sec-
tors without valid radar measurements. The consequence of
this has to be assessed on the performance of warning algo-
rithms. It has to be stressed that such an assessment is only
valid for the particular radar warning product of interest. A
generalisation of the result identified for a particular warning
product to other radar based products is typically not possi-
ble.

In order to monitor and quantify the existing and future
WTC situation in the vicinity of weather radars, a monitoring
framework has been developed for the DWD weather radar
network. An algorithm to dynamically detect WTC based
on the analysis of Doppler spectra has been implemented in
the radar signal processor in 2021 (Gerhards and Tracksdorf,
2021). This algorithm makes use of characteristic signatures
in raw in-phase and quadrature-phase (I&Q) data and corre-
sponding power spectra as was shown in Norin (2015).

WTC can be identified using fuzzy logic classifiers based
on polarimetric moments (Osrédka and Szturc, 2022; Tang
et al.,, 2020). The contaminated range bins are commonly

Atmos. Meas. Tech., 19, 1711-1727, 2026

thresholded. Undisturbed range bins from the surrounding
measurements of a sweep are sometimes used to fill in the re-
sulting gaps (Tang et al., 2020) or measurements from higher
undisturbed antenna elevation are used (Osrédka and Szturc,
2022). This assumes that the precipitation field is homoge-
neous, which is often a fair assumption for stratiform rain
events, but is not that simple for convective events. Further-
more, those approaches may work well for a small number
of wind turbines, but won’t work for large wind farms with
a larger number of wind turbines where the underlying as-
sumptions (homogeneity of the precipitation field) will be
violated.

A reliable filter to separate the weather signal from wind
turbine clutter is not available yet for operational weather
radars. For radar reflectivity a possible approach has been
presented in Norin (2017). There, a so-called natural neigh-
bour interpolation was used to recover the weather signal in
the 1&Q data (Norin, 2017). An operationally usable imple-
mentation for Doppler and especially polarimetric moments
is not available yet. There have been dedicated radar mea-
surement campaigns to study typical signatures in radar mo-
ments (Lainer et al., 2021; Gabella et al., 2023). An analyti-
cal backscatter model for a wind turbine has been introduced
in Angulo et al. (2015) and measurements of a wind tur-
bine radar cross section using an unmanned aerial system are
presented in Bredemeyer et al. (2019). The effect of WTC
on polarimetric moments and the subsequent impact on a
hydrometeor classification scheme has been investigated in
Frech and Seltmann (2017).

In this paper we introduce an operational wind turbine
clutter detection algorithm which is operating on the signal
processor level (Sect. 2.1). We then validate this detection al-
gorithm using wind turbine operator data from two wind tur-
bines in about 10 km distance from a radar system (Sect. 2.2
and 2.3). Using the Ummendorf radar site, which has 225
wind turbines in the 15 km range, we quantify the persistence
of wind turbine clutter in the operational weather radar data
(Sects. 3 and 4). The main findings are summarised in the
conclusion, where we also give an outlook on the next steps.

2 Wind turbine clutter detection
2.1 Algorithm

In this section we introduce the algorithm used to dynami-
cally detect wind turbine clutter (WTC) in the measurements
from the C-band weather radar systems of DWD’s weather
radar network. The algorithm development was initialised
and accompanied by DWD and has been presented and dis-
cussed in Gerhards and Tracksdorf (2021). Beside the main
requirement to achieve a robust WTC detection up to a dis-
tance of 25 km for the operational DWD scan strategy (Selt-
mann et al., 2013), there were further requirements that the
algorithm could run on the hardware currently used for the
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signal processor (ENIGMA, details in Frech et al., 2017)
and that there would be no negative impact on the existing
processing. A “simple” approach, by detecting rotor blade
movement in the measurements, was considered not promis-
ing (with regard to robust operational use with a defined
scan strategy) because the echoes from wind turbines fluc-
tuate extremely (due to varying rotation speed, orientation,
etc.). The approach of a more or less static WTC map was
not pursued, because of the strong fluctuations of the echoes
originating from wind turbines. A somehow “extended spec-
tral clutter filter” will not be successful either, as the mov-
ing rotor-blades of a running wind turbine will, in general,
add a signal on all Doppler-components, being visible as en-
hanced noise floor in the Doppler-spectra (“Doppler noise”).
Also, a simple “polarimetric” approach, by investigating in-
tensity differences between two receive polarisations proved
not usable so far, since no assessable differences were ob-
served (at least for the radar systems and scan strategy used
by DWD). Taking into account the aforementioned require-
ments and “basic findings”, a detailed data analysis led to
an algorithm based on the real-time evaluation of raw in-
phase and quadrature-phase (1&Q) data. A key prerequisite
for the algorithm is, that the spatial resolution of the required
1&Q data is as high as possible, even if this means spatial
oversampling (“range oversampling”). For the DWD C-band
weather radar network, 1&Q data with a high spatial reso-
lution of 25 m is only available in the radar signal processor,
which means that the algorithm had to be implemented in the
radar signal processor at early processing steps (before out-
put moment creation and any “range aggregation”; the length
of the processed range bin available to the user is 250 m). The
algorithm was implemented as follows:

1. First, we use the discovered property that rotating wind
turbines lead to an enhanced noise floor in the Doppler-
spectra (“Doppler noise”). For each (25 m) range gate,
an estimate of the Doppler noise according to Wilfong
et al. (2014) is calculated and output as the derived mo-
ment “Non Coherent Power” (NCPH and NCPV). In
the derived moment NCP, the wind turbines are already
clearly visible. However, “strong fixed targets” such as
towers (including non rotating wind turbines) and power
lines and weather targets with a broad spectral width are
also visible in the derived moment NCP and we need a
robust solution to distinguish these sources.

2. For a “strong fixed target” a strong peak at “Doppler
zero velocity” can be expected, which may be approxi-
mately 50 dB or more above the noise floor. For a wind
turbine having an enhanced noise floor in the Doppler-
spectra, a less prominent peak at “Doppler zero ve-
locity” is expected. To utilise this for our algorithm,
a “clutter ratio” (CRH and CRV) can be estimated by
determining the ratio of the three central DFT compo-
nents (around Doppler zero velocity) to the estimated
noise for each (25m) range gate. As a consequence,
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weather situations with a large spectral width cannot be
addressed here.

3. With the knowledge that wind turbines are isolated ob-
jects, we now perform a “peak search” on the previ-
ously derived NCPH for each radar ray. For the “peak
search”, again it is most important that the NCPH is
available with the highest possible raw data resolution
(ideally with a range oversampling, for the DWD radar
systems a range (over)sampling of 25m is available).
With a pulse length of 1 us (typical for DWD radar sys-
tems) it is expected that the wind turbine will be “visi-
ble” in approximately five or even more successive 25 m
range gates and thus will be easily detectable.

4. We then separate the detected peaks into “strong fixed
targets” and “WTC” by applying thresholds (see Ta-
ble 1) to the previously estimated CRH. If the estimated
CRH is high (>40dB), and in addition NCPH is high
(> 10dB), then the target is more likely a strong fixed
target. If the measured CRH is lower (<40dB), then
it is more likely WTC. Since the information “strong
fixed target” represents valuable additional insight, we
definitely keep it for possible future filtering.

5. Each local maximum found in this way is further ex-
tended so that all (25 m) range gates up to the previous
and the following minimum are marked. For the weather
situations with a large spectral width, the assumption is
that they cover larger areas with more or less homoge-
neous echo intensity and therefore will not be identified
by the peak search.

6. Finally, the dynamic detections are stored for further
processing and or filtering steps. Nothing is filtered at
this stage.

7. As an optional step the detections may be used to pop-
ulate a so called “confidence map”, which opens up the
possibility to introduce a (configurable) stabilisation.
Since a valid “confidence map” requires continuous up-
dating, the question arises as to how this can and should
be handled in operational settings. Therefore, the confi-
dence map is not currently used for DWD radar systems.

The developed algorithm requires only a few parameters
that must be adapted to the underlying radar system and
the scanning strategy used. For the DWD C-band weather
radar systems the setting are listed in Table 1. The algorithm
has been implemented in the signal processor of all DWD
weather radar systems in 2021.

2.2 Validation

In Germany, new WT projects are now permitted at a dis-
tance of 5—15 km from a weather radar system to further sup-
port the increase the green energy production. If there are
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Table 1. Parameters for the algorithm used to dynamically detect WTC in the measurements from the DWD C-band weather radar systems.

Parameter setting

short description

WTC_MaxRange 75 km
WTC_MaxElevation 5.5°

WTC_MaxClutterRange 25 km
WTC_EstimatorSize 32 samples
WTC_CRClutter 40dB
WTC_CRMax 40dB
WTC_NoiseClutter 10dB

range gates up to this radial range are inspected for WTC
sweeps below this antenna elevation are processed

range gates up to this radial range are inspected for strong clutter
number of samples needed to estimate Doppler-noise

lower limit of clutter ratio for “strong clutter”

upper limit of clutter ratio for wind turbine

lower limit of non coherent power (NCP) for “strong clutter”

Table 2. Radar location and height information for the radars
Tiirkheim (TUR) and Ummendorf (UMD) of the German C-band
weather rader network. We operate dualpol radars with 500 kW
magnetron transmitters. A pulse length of 0.8 us is used for the data
shown here. The half-power beam width is 0.9° and the antenna has
a gain of about 45 dB.

Radar site latitude/ terrain height of
longitude height antenna center

Tiirkheim (TUR) 48.59°/9.78° 73325m  3437m

Ummendorf (UMD)  52.16°/11.18° 149.40m 33.50m

WTs developed within that range, developers are asked to
provide the operational state and basic meteorological mea-
surements (wind speed and wind direction, temperature) at
nacelle level. In this section, we use data from two wind
turbines at a distance of about 9.5 km from the radar sys-
tem Tiirkheim (TUR) to perform an initial validation of the
WTC algorithm (Fig. 1). Coordinates and height information
of the radars Tiirkheim and Ummendorf (see next sections)
are shown in Table 2. The location of the two wind turbines
TUR?2 and TUR3 relative to the radar are summarized in Ta-
ble 3.

The nacelle is seen by the radar at an antenna elevation
of about 1°. The main beam has a width of about 150 m at
this distance (with a 0.9° half power beam width of the an-
tenna). The corresponding geometry is shown in more detail
in Fig. 2. The figure shows the diameter of the radar beam
at the location of the wind turbine for two different radar an-
tenna elevation angles. The plot on the left side represents the
scenario with an antenna elevation of 1.1° (terrain following
precipitation scan). The plot on the right side shows the sce-
nario with an antenna elevation of 1.5° (volume-scan). The
mast of the wind turbine is 166 m high and the rotor blades
have a radius of 68 m resulting in an overall height of 234 m.
We analyse here radar volume data from antenna elevation
1.5°. For those data, antenna speed is 16°s~! and a staggered
PRF with 600/800 Hz is parameterised to achieve a unam-
biguous velocity range of £32ms~! (data from 3.5° antenna
elevation are parameterised the same way). Pulse length is
0.8 us. Results from data from 1.1° are very similar to the
1.5° antenna elevation results.

Atmos. Meas. Tech., 19, 1711-1727, 2026

The WTs are in operation since May 2025. In the follow-
ing analysis we consider data from 1 June until 10 September
2025. A data set comprising of at least one year of the typ-
ical meteorological situations would provide a more reliable
validation. However, this shorter time period already shows
valuable insights into the performance and limitations of the
detection algorithm. Through the DWD data quality monitor-
ing, we can already observe a persistent wind turbine clutter
signal from these two wind turbines (Fig. 3; azimuth 224° at
arange of about 9.5 km).

The following wind turbine data is available in near real-
time at a 10 min resolution: wind speed (ms~!) and wind
direction (°) at nacelle height, nacelle direction (°), temper-
ature at nacelle height (K), rotor speed (rpm) and the oper-
ational state of wind turbine (online, offline, brake, startup,
shutdown). At the location of the two wind turbines, respec-
tively, we extract the following information from the sweeps
at 0.5 and 1.5° antenna elevation and store them: the wind
turbine clutter flag (true or false), Clutter Ratio from the hor-
izontal and vertical channel (CRH and CRV), Non Coherent
Power from the horizontal and vertical channel (NCPH and
NCPV), Clutter Correction Value from the horizontal and
vertical channel (CCORH and CCORYV), uncorrected Radar
Reflectivity from the horizontal and vertical channel (TH
and TV), uncorrected Correlation Coefficient (URHOHYV)
and the uncorrected Differential Ratio (UDR). Where “un-
corrected” means that no clutter filtering was applied to the
received signal. This information is also stored as an average
from a 3-by-3 range bin area around each WT, but excluding
the WT range bin. The clutter correction value for each polar-
isation channel CCORH, CCORH are standard output of the
signal processor. They quantify the static clutter power from
the Doppler power spectra. By definition, CCOR values are
negative.

We expect the detection of WTC by the detection algo-
rithm if the wind turbine is in operation and the blades are
rotating. A 2-D frequency distributions of the clutter power
CCOR and the clutter ratio CR for the horizontal polarisation
H is shown in Fig. 4 for the wind turbine TUR3. The clutter
power is estimated by the Doppler spectrum clutter filter of
the radar signal processor as the power at the 0ms~! spectral
line. Large negative numbers define strong clutter power. A
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Figure 1. The location of the two wind turbines (marked with TUR2 and TUR3) approximately 10 km from the radar Tiirkheim. Also shown
are the location of other wind turbines (small dots). The 5-15 km radii are shown in 1 km steps. Map display and presentation graphics: ©

BKG (2020) dl-de/by-2-0 (BKG, 2020).

Table 3. Wind turbine location and height information of TUR2 and TURS3 (see Fig. 1).

wind latitude/ terrain nacelle total distance azimuth elevation
turbine  longitude height heigth  height from radar

TUR2  48.52°/9.69° 788.0m 166m 234m  9.49km 224.09°  1.08°
TUR3 48.52°/9.69° 790.0m 166 m 234m 9.52km 224.27°  1.09°

clutter power of -50 dB is considered to be large and is at the
same time a good indicator for a very good coherency of the
magnetron transmitter.

The 2-D distribution of CCORH shows a peak near
—50dB for a rotation speed smaller than 1rpm. The WT
more or less appears as a classic non-moving clutter target.
Consistent with that are low values of non-coherent power
(peak around 30dB). Starting at about 5 rpm, the coherent
clutter power is predominantly between —25 and 0 dB. This
is associated with the increase of non-coherent power. The
median CCORH is around —15 dB, increasing up to —10dB
(Fig. 5). NCPH increases up to 60dB for a rotation speed
larger 10 rpm. The final decision whether a range bin is clas-
sified as wind turbine clutter is based upon the CRH. The me-
dian CRH is below 40 dB with a rotation speed of 2 rpm. But
the spread is large indicating the wind turbine clutter signal
most likely co-exists with a strong static clutter signal from
the WT tower, which is weakly decreasing with increasing
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rotation speed between 2 to about 6 rpm and then remains
at a fairly constant level (Fig. 6). For the data set we have
analysed so far, 10 % to 40 % of range bins are not classi-
fied as a wind turbine clutter target depending on the rotor
speed. If the rotor speed is above 6 rpm, the WT detection
probability is near 90 % (Fig. 7). Figure 6 shows CCOR and
NCPH as a function of rotor speed if there is no WTC de-
tected by the algorithm. It corroborates the conclusion, that
the static clutter level is too large so that a clear separation
from WTC with this algorithm is not possible even though
the non-coherent power NCPH is large. The median clutter
power is near —30dB for a rotor speed > 1 rpm. This is a
strong clutter signal. The clutter threshold to separate clut-
ter from a meteorological echo is —15dB, so that a range
bin containing WTC and a strong static clutter signal will be
detected most of the time.

We also show the WTC detection probability as a function
of the wind speed measured at the nacelle level in Fig. 7. The
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(BKG, 2025), and the persistent WTC signal from the WTC monitoring at an elevation of 0.5°. Data period shown here extends from 1 to 11

July 2025.

WTC detection probability is always lower if the wind speed
is taken as a reference. Wind speed is a great proxy for the ro-
tor speed of a wind turbine, if we can assure that the wind tur-
bine is in operation. However, even in good wind conditions,
turbines might be shut down due to maintenance, feed-in re-
strictions or site-specific risks to safety and wildlife. Hence,
it is expected that the detection probability is lower when
analysed according to wind speed than rotor speed, since it

Atmos. Meas. Tech., 19, 1711-1727, 2026

also includes the downtime of the wind turbine. This clearly
highlights the benefit of wind turbine operator data for a bet-
ter identification of WTC and the verification of the algo-
rithm. The good performance of the existing WTC detec-
tion algorithm can also be deduced from Fig. 3. There we
show the persistent WTC detections compared to the WT lo-
cations. Most of the WT in line of sight of the radar produce a
persistent WTC signal. There are no WTC detections in areas

https://doi.org/10.5194/amt-19-1711-2026
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Figure 7. WTC detection probability as a function of rotor speed
and wind speed measured at the nacelle level.

without WTs (the WTC at range 12 km and azimuth 60° re-
lates to WT which are not listed in the official site data base).
A satellite based product (see Fig. 8) shows the presence of
WT. Overall, the WTC detection algorithm obviously is not
sensitive to static clutter signals.

2.3 Monitoring

The wind turbine clutter detection is running in the signal
processor at every DWD radar site since 2021. As soon
as a sweep is acquired at the radar site, it is sent to the
DWD headquarters in Offenbach and processed there. This
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is done for all 17 operational radar sites. First, all sweep data
are quality controlled (Werner and Steinert, 2012b). Non-
meteorological echoes are removed and Zh and ZDR are cor-
rected for attenuation before radar products are computed.
During quality control all detected WTC range bins along
with a selection of radar moments (see Sect. 2.2) are stored in
an InfluxDB database. This is done for sweeps of the volume
scan at an antenna elevation of 0.5, 1.5, 2.5., 3.5, 4.5. 5.5°
and the terrain following precipitation scan. Extracting and
storing the WTC detections allows us to monitor and quan-
tify trends of WTC in radar data primarily in a range of 15 km
around a radar site.

Ultimately, this approach may provide DWD with objec-
tive arguments that clearly demonstrate the necessity to mit-
igate negative effects on radar data and products. It has to be
shown whether compensating measurements or a regulation
of WT development in the vicinity of weather radars are the
right way for such mitigation efforts.

There are about 225 WT in up to range of 15km of the
radar Ummendorf. We therefore use this site to quantify the
effect of WT on radar data using our WTC detection algo-
rithm. We define WTC severity the following way: a “WTC
severity” of 1 means that WTC is detected 100 % of the time
in the range bin within the predefined time interval. We con-
sider a WTC severity of > 0.5 as a persistent WTC signal. It
is expected that WTC severity for a given time interval will
always be < 1 due to the wind turbine operation mode and
the wind conditions.

A rigorous validation of the WTC detection algorithm like
in the previous section is not possible since we do not have
information about the operational state of the wind turbines
when the radar scans in the direction of a wind park. In order
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Figure 8. B-plot representation of WTC severity based on WTC detections between 1 and 20 January 2025 observed at an 0.5° antenna
elevation. Shown are results up to range of 15km. Red crosses denote the location of wind turbines (229 in total) from a database of the
federal state. The black circles are WT location (225 in total) based on a satellite product (Wehner et al., 2025). Only radar range bins
with WTC detected in more than 50 % of time are shown in light yellow (WTC severity large, > 0.5). The relative height of the respective
locations of WT with respect to the radar antenna height is shown as background for reference using a digital elevation model (BKG, 2025).

to demonstrate the capability of the WTC detection algorithm
in absence of wind turbine operational data we compare the
detection counts with WT positions that are publicly avail-
able and which are provided by the federal states in Germany
and a satellite data derived WT data set (Fig. 8). In particu-
lar the two wind parks around the 5 km range (100 and 200°
azimuth) are responsible for persistent WTC. The agreement
between the satellite product and the persistent WTC signal
is better than the WT location provided by the federal state
(e.g. the circles matching the WTC pixels at 200° azimuth, at
arange of about 3.5 km). Apparently, the database of the fed-
eral state is not up-to-date for this example. There is a wind
park at about 280° azimuth and in a range between 12 and
14 km, for which we do not observe a persistent WTC signal.
The reason for this is that those WTs are not in line-of-sight
of the radar as indicated by the orography in Fig. 8.

The area occupied by WTC in the radar data within the
5km range is about 4.5 km? or about 5 % of the area. In the
5-15km range, the total area with WTC is 18 km? (3% of
the area).

Those results refer to sweeps at 0.5° antenna elevation.
The WTC signal is decreasing with higher antenna elevation.
Within the 5km range, WTC is seen up to an antenna ele-
vation of 3.5° (see Fig. 9), and between 5-15km up to an
antenna elevation of 1.5°.

https://doi.org/10.5194/amt-19-1711-2026

3 Wind turbine impacts on radar data quality
3.1 Impacts at and around the WT locations

It is known, that the negative impacts on the radar measure-
ments caused by wind turbines is not only confined to the
immediate location of the WT itself. The effective volume
disturbed by the WT is determined by backscatter contribu-
tions from side lobes and multi-path effects. In Figs. 10 and
13, an example of a stratiform precipitation event on 30 May
2024 is shown for the radar Ummendorf. The radar sector is
chosen such that it includes a wind park and an undisturbed
area within the stratiform rain event. Furthermore, we have
chosen an antenna elevation of 1.5 and 3.5°. We show the un-
corrected radar reflectivity (TH, dBZ), the uncorrected depo-
larisation ratio (UDR, dB) and the radar reflectivity (Zh) after
quality control. Here again, “uncorrected” means no clutter
filter is applied. We chose an antenna elevation of 3.5° be-
cause no persistent WTC signal could be found in TH for
this wind park. The depolarisation ratio (DR, dB) (Ryzhkov
et al., 2017) is a standard output from DWD’s radar sig-
nal processor since 2022. The depolarisation ratio is not di-
rectly measured, since we operate our radars in STAR mode,
but is deduced from STAR linear polarisation measurements
(Melnikov and Matrosov, 2013). In applications DR serves
as a good discriminator between clutter and meteorologi-
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Figure 9. A comparison of the WTC severity for the lowest antenna elevation (left panel) and the 2.5° antenna elevation (right panel). Please

note the different color legends for the WTC severity.

cal echoes (Kilambi et al., 2018; Michelson et al., 2020).
Small (large negative DR) values are expected in stratiform
rain with small spherical rain drops (—20dB or smaller). A
threshold of UDR = —12 dB may be used to separate a non-
meteorological echo from a meteorological echo (Kilambi
et al., 2018; Michelson et al., 2020). In addition, we also
show the corresponding differential reflectivity UZDR and
the cross correlation coefficient URHOHYV (Fig. 11).

At 1.5° antenna elevation, large TH values (TH > 30 dBZ)
are found mainly in range bins with wind turbines. At 3.5°
antenna elevation, the signal power and the variability over
the wind turbine area is comparable to the surrounding pre-
cipitation field. For UDR, high values > —12 dB are found
near wind turbines, but also in other regions. Clearly, at 1.5°
antenna elevation clutter contributions outside the wind park
are present in the data. In radial direction, there is a spread of
wind turbine clutter. This appears due to multi-path scatter-
ing within the wind park. Clutter-free stratiform precipitation
areas (UDR values as low as —25 dB) cover a small area. At
3.5° antenna elevation, there is no apparent influence in TH
from the wind park. A clear signal is found however in UDR
(between —10 and —15dB). Same is true for UZDR and
URHOHYV (Fig. 11). This shows, that polarimetric data are
more affected by WTC than just the power based moments.
More importantly, the resulting volume where dualpol data
are affected is substantially larger. This is in line with the
study of Friedrich et al. (2009). They show for different clut-
ter types that polarimetric moments are much more sensitive
to clutter. The backscatter contribution on phase and power
from the side lobes is responsible for this.

The radial Doppler velocity VRADH and the spectral
width are shown in Fig. 12. Multipath effects are visible in
the Doppler velocity at 1.5° antenna elevation, but the af-
fected areas appear comparable to that of TH (Fig. 10). At
3.5° antenna elevation the impact of the wind farm is signif-
icantly less visible such that only a few range bins show er-
roneous Doppler velocities. For the spectral width (Fig. 12,
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lower panel) the area affected by the wind farm at 1.5° an-
tenna elevation is larger than that of the Doppler velocity. The
area affected is comparable to that of UDR. At 3.5° antenna
elevation, the wind farm is clearly seen in spectral width. The
surrounding range bins have values on the order of 1 ms™!,
whereas in the presence of WTs values of 2ms~! or larger
are present.

Figure 13 shows how the operational DWD radar data
quality control deals with the wind park at 1.5 and 3.5°
antenna elevation. The current quality control (Werner and
Steinert, 2012a), which does not make use of the WTC flag,
nicely identifies WTC and thresholds the wind park area.
Clutter power and the texture of differential phase already
provide a clear enough signal to identify WTC. At 3.5° an-
tenna elevation, the operational quality control does not lead
to thresholded radar range bins. Since dualpol moments are
affected at 3.5°, an impact on products based on dualpol data
has to be expected.

4 Beam blockage due to wind turbines

The WT impact on radar moments at around the 5 km range
from a weather radar has been shown in the previous section.
An important result is that the dualpol data are more sensitive
to the presence of WT than the radar reflectivity. In particu-
lar the vertical extent in which dualpol data are affected is
significantly larger.

In 2010, the World Meteorological Organisation issued a
recommendation for the protection of weather radar mea-
surements from the influence of wind turbines (WMO, 2010)
(Annex VI, p. 59). No wind turbine shall be installed within
a Skm radius. In the 5-20 km range, which is referred to as
the “moderate impact zone”, a detailed examination is rec-
ommended in order to avoid or minimise the negative effect
on the radar data. At the 5 km range, beam blockage will be-
come significant. Assuming a standard WT turbine geometry,
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Figure 10. Uncorrected radar reflectivity (TH) in the area of a wind farm. Left panel shows data from 1.5° antenna elevation, and the right
panel data from 3.5° antenna elevation (top row). The uncorrected depolarisation ratio (UDR) is shown in the bottom row. Data are taken
from a stratiform rain event 30 May 2024. WT locations are denoted by crosses. All uncorrected reflectivity values larger 30 dBZ are colour

coded in red.

the WT scattering crossection to the main beam of a radar can
cause a beam blockage of 1 dB (see e.g. Argemi et al., 2012).

Beam blockage corrections can be applied for stationary
clutter targets to some extent, but provide only a constant
offset correction which accounts for the loss due to beam
blockage. However, any beam blockage will lead to a loss
of sensitivity. This can affect the detection of (weak) precipi-
tation at ranges further away from the radar. There are mete-
orological situations (e.g. freezing rain associated with small
reflectivity values) where this loss of information can affect
the warning process.

To quantify beam blockage from a single case study is
difficult as the natural variability in the precipitation field
adds too much noise to any blockage effect. Hence, we ap-
ply a statistical approach to the data of two warm seasons,
analysing the reflectivity field around the wind park located
south-west of the Ummendorf radar at a range of about 5 km.
The wind park consists of 57 wind turbines, with rather small

https://doi.org/10.5194/amt-19-1711-2026

turbines. The median nacelle height of these turbines is 70 m,
the median rotor diameter is 60 m. We expect a beam block-
age effect at lower antenna elevation for azimuths with wind
turbines close to the radar, but no beam blockage effect at
higher antenna elevation and at WT-free azimuths. To test
this hypothesis, we analyse two sectors, one containing WTs
(180-190°), and an adjacent sector without WTs (170-180°),
and two different antenna elevation angles (1.5 and 3.5°)
(Fig. 14). The wind park sector contains 15 wind turbines. At
1.5° antenna elevation, the main beam covers the entire tur-
bine blade area for 6 of those 15 turbines, and only the upper
part of the blade area without the nacelle for the remaining
9 turbines. At 3.5° antenna elevation, the main beam is well
above the blade area of all turbines.

We identified precipitation cases where the following con-
ditions were met: (1) Both sectors must be fully covered
with precipitation. (2) Only precipitation with mean uncor-
rected reflectivity values between 15dBZ < TH <40dBZ in

Atmos. Meas. Tech., 19, 1711-1727, 2026
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Figure 11. Uncorrected differential reflectivity (UZDR) in the area of a wind farm. Left panel shows data from 1.5° antenna elevation, and
the right panel data from 3.5° antenna elevation (top row). The cross correlation coefficient URHOHYV (uncorrected, no clutter filter applied)

is shown in the bottom row. See also Fig. 10.

the WT-free sector are considered; in doing so, drizzle and
convective precipitation are excluded. No attenuation correc-
tion is applied (since we exclude convection). (3) ppy > 0.95
in the WT-free sector. This eliminates possible clutter pixels.

For each sector and elevation angle, we compute a simple
difference of the mean reflectivity values at the ranges of 6.5
and 3.5 km, i.e. behind and ahead of the radial location of the
wind park. The analysis was carried out for the two warm
seasons 2021 and 2022 (1 April to 30 September). In total
1923 sweeps met the aforementioned criteria. A histogram of
the differences of the respective reflectivities (Fig. 15) shows,
that although the spread is quite large, the distributions ap-
pears to be normal distributions and the corresponding me-
dian reflectivity differences corroborate our expectations. At
3.5° antenna elevation, the reflectivity difference is nearly
identical (—0.32dB). At 1.5° antenna elevation, the differ-
ence in the sector without wind turbines is —0.45 dB, simi-
lar to the difference we find at 3.5°. In the sector with wind
turbines, the difference at 1.5° is —0.95 dB which is 0.5dB

Atmos. Meas. Tech., 19, 1711-1727, 2026

larger than the difference in the sector without wind turbines,
and 0.63 dB larger than at the antenna elevation of 3.5°. This
difference is attributed to beam blockage. We tested the ro-
bustness of the results by computing the reflectivity differ-
ences for various subsets of the data, stratifying it for exam-
ple by year or by radar reflectivity mean values. The absolute
numbers of the results vary based on the selection of the data.
However, in all cases, the reflectivity differences at 3.5° an-
tenna elevation were very similar for both sectors, and there
was always a clear difference of at least 0.3 dB between the
two sectors at 1.5° antenna elevation.

Data from another wind park, with only one line of wind
turbines support these findings from the wind park southwest
of the Ummendorf radar. This second wind park consists of
one line of four wind turbines, located approximately 2.5 km
west of radar Tiirkheim (Fig. 1). The analysis was again car-
ried out for the two warm seasons of 2021 and 2022, resulting
in 1229 sweeps that met the selection criteria. Even though
only one line of turbines blocks the radar beam, the beam

https://doi.org/10.5194/amt-19-1711-2026
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Figure 14. Illustrating graph showing the chosen sectors to quantify beam blockage: a sector with wind turbines and an adjacent wind-turbine
free sector. Left panel shows data from 1.5° antenna elevation, and the right panel data from 3.5° antenna elevation.
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Figure 15. Statistical evaluation of beam blockage for two warm
seasons. Histograms of the differences of the reflectivities behind
and ahead of the radial location of the wind park (6.5 and 3.5 km)
for a sector with wind turbines (WT, blue) and a wind-turbine free
sector (WT free, orange). Top panel shows data from 1.5° antenna
elevation, and the bottom panel data from 3.5° antenna elevation.
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blockage effect is evident in the reflectivity differences. At
an antenna elevation angle of 3.5°, the sector with wind tur-
bines and the adjacent sector without wind turbines show dif-
ferences of —0.24 and —0.30 dB, respectively. Whereas the
reflectivity difference at 1.5° antenna elevation in the sector
with wind turbines is —0.55 dB, which is more than 0.25 dB
higher than at 3.5° antenna elevation, and 0.16 dB higher than
in the sector without wind turbines at 1.5°.

Weather radars are designed and operated to measure the
radar reflectivity with an accuracy of 1dB (Frech et al.,
2017). It is already a challenge to achieve this on a radar
system level. Additional errors due to beam blockage from
WTs can lead to errors larger 1 dB which must be avoided.
Increased errors will introduce additional bias to e.g. quanti-
tative precipitation estimates. Based on the examples showed
here, further installations of WT in the 5 km radius must be
avoided.

5 Conclusions

With the effort to increase Germany’s production of the re-
newable energy, more and more wind turbines will be built
within the 5-15 km radius of all weather radar of the DWD
weather radar network. Wind turbine clutter poses a serious
threat to the radar data quality because Doppler clutter filters
do not work. This is due to the backscatter signal from the
moving rotor blades of wind turbines, which spreads power
across the entire velocity spectrum. As a first step to iden-
tify wind turbine disturbances in radar data, DWD has imple-
mented a dynamic wind turbine clutter detection algorithm in
the radar signal processor. The algorithm runs operationally
on every signal processor of the radar network. This detec-
tion algorithm is validated using wind turbine operator data
of two wind turbines at a distance of about 10km from the
radar Tiirkheim. This constitutes the first operational wind
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turbine operator data provided to DWD. The data has been
available since May 2025. A detection probability near 90 %
is found for wind turbine clutter if the rotation speed of the
rotor blades is larger than 5 rpm. If the algorithm fails to de-
tect WTC even though the blades are rotating, it may be at-
tributed to a strong static clutter signal from the wind turbine
tower. The median clutter power is close to —30 dB, which is
larger than the clutter threshold of —15 dB that is used to sep-
arate a weather echo from a non-meteorological echo. Since
we just recently obtained the wind turbine operator data, this
result will be verified in the future for a longer period of time.

We systematically monitor the wind turbine clutter situa-
tion for every radar. We showed results from radar Ummen-
dorf where we have numerous wind parks in the 15 km range
and wind turbines as close as 3 km to the radar. Those wind
parks produce a persistent wind turbine clutter signal. For
some wind turbines the clutter signal is present close to a
100 % of the time. For a wind park around the 5km range,
the clutter signal is present even at 2.5° antenna elevation.

We investigate the magnitude and area of the impact of
WTC on radar reflectivity and the depolarisation ratio for a
case study with stratiform precipitation for a specific wind
park at the 5 km radius of radar Ummendorf. The WTC ef-
fect on radar reflectivity is mainly confined to the range bins
containing the WTs. In contrast, the WT disturbance on DR
covers a significantly larger area. This is shown in data taken
ata 1.5° antenna elevation. Furthermore, we find a significant
WT signal in DR at 3.5° antenna elevation. With a DR be-
tween —20 and —30 dB in the stratiform rain, an increase in
DR to values between —20 and —10dB is found. This effect
is not visible in radar reflectivity. However, there might be an
effect on the order of &1 dB which cannot be separated from
the meteorological signal, considering the overall variability
of Z for this case. The results suggest, that the volume im-
pacted by WTC for dualpol moments is significantly larger
than that for radar reflectivity. The effect of the wind farm
on Doppler velocity for this example is comparable to that of
the radar reflectivity. Spectral width however appears much
more sensitive to the presence of WT. The area of impact is
comparable to that of DR.

To conclude, our current, dynamic WTC detection algo-
rithm works well for radar reflectivity, but is missing the
larger impact volume for dualpol and Doppler moments. This
needs to be addressed in the further development of that al-
gorithm.

A statistical analysis was carried out to quantify the beam
blockage effect caused by a wind park by using data from
close to 2000 sweeps with wide-spread precipitation, exclud-
ing convective situations. The beam blockage was quantified
using a reference volume close to the wind park for the same
precipitation events. By analysing this large data set, a clear
beam blockage signal could be found even with the under-
lying natural spatial variability of precipitation. We found
0.5dB beam blockage for this specific wind park of rela-
tively small wind turbines, which is considered to be signif-
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icant considering the overall requirement to measure radar
reflectivity with an accuracy of +1 dB. Because of the dy-
namic nature of WTC, static beam blockage corrections are
not applicable. Beam blockage leads to reduced sensitivity of
weather radars when it comes to measuring weak precipita-
tion signals at far ranges (beyond 120 km). Beam blockage
due to a wind park at a range of 5 km will increase with the
expected repowering of WTs in the future (WT with tower
heights of 300 m and “tower base diameters” of approx. 20 m
are already being built).

The main conclusions and recommendations of this study
are:

— The WTC detection algorithm performs well given the
variable clutter characteristics of a wind turbine

— The WTC detection algorithm needs to be adapted for
polarimetric moments, because those are much more
sensitive to WTC, and, in particular, a much larger at-
mospheric volume is impacted by WTC.

— The beam blockage results suggest, that wind turbine
development in the 5 km radius must be avoided.

— Wind turbine operator data are extremely helpful to im-
prove and validate WTC detection algorithms and radar
data quality control in the presence of wind turbines.

In this work we primarily focused on the detection of
WTC. Correcting radar data using a filter on the IQ data
level or by using compensating measurements to (partially)
fill WTC contaminated radar range bins will be further inves-
tigated in the Wivaldi Wind Turbine Clutter Experiment and
Analysis (WICLEAN) project, that started in 2025. There,
dedicated measurements with a X-band radar using the two
wind turbines in the Wivaldi research wind park (Wild-
mann et al., 2022) of the German Aerospace Center (DLR,
Deutsches Zentrum fiir Luft- und Raumfahrt e.V.) will be
used to further develop mitigation approaches for polarimet-
ric weather radars. This includes an improved detection al-
gorithm, a filter to separate the weather signal from the WT
clutter signal, and to employ additional meteorological mea-
surements (like, among others, rain gauge measurements and
wind measurements) to add possible compensation in areas
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