
0.1 Response to Reviewer 4 Comments

Dear reviewer:

We appreciate the time and effort that you have dedicated to providing your insightful com-
ments on our paper. We have been able to incorporate changes to reflect most of the suggestions
provided by you. We have highlighted the changes within the manuscript.

Major comments:

1 The main critical point of this manuscript is that the conclusion was based only
on the values of three minutes with (no) rain during one event. However, more
minutes with rain are existing (Figure 16), but only a visual comparison was
provided. It is essential to validate the proposed data processing procedure
by considering more rain minutes (if possible also from other rain events on
different dates with different intensities) to conclude the applicability of the
method in various rain conditions.
Thank you for pointing this out. In this study, we first compared three minutes of
data with different rain intensities in Section 5.1 and then applied the rain-suppressing
normalization method to three-hour data in Section 5.2. We would like to investigate
more data on several days with various rain intensities for this proof-of-concept study.
This point is presented in the Conclusion part as ”The tendency is that the more it rains,
the stronger the bias and the more the rain-suppressing normalization is reducing the bias.
For moderate rain intensity (we do not have a heavy rain period in our data), the range
of the bias is reduced from the interval 0.1 to 0.4 ms−1 to 0.0 to 0.1 ms−1. The suggested
method in this study could also be investigated for rain events (containing heavy rain) on
several days and also for pulsed Doppler lidars even though their measurement volume
is quite larger than that of the continuous-wave lidars. Further investigations could also
attempt to retrieve the falling velocity and the size distribution of raindrops using the
fast Doppler spectra.”.

2 From the text, it is not easy to distinguish between the steps in the standard
procedure of WindScanner data processing and the new proposed procedure.
As this is the key point in this manuscript, a sketch showing the steps with
and without rain-signal exclusion would be really helpful to understand the
differences in the data processing.
Thank you for pointing this out. We agree with this comment. We added a processing
diagram block in the draft to show the spectral process steps of our proposed method.
Now, Sect. 4.1 is restructured according to the suggestion. The first paragraph is about
how Doppler spectra after being averaged to lower frequencies are processed. Then we
show the comparison between normal Doppler spectra with only aerosol-induced Doppler
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signals and the spectra with rain-induced signals. Subsequently, we proposed our rain-
suppressing normalization method.

Figure 1: Processing block diagram of the rain-suppressing normalization method (the solid
lines from 1○ to 3○) to estimate wind velocity based on 3-kHz-sampled Doppler spectra. Doppler
spectra at lower frequencies that do not resolve individual raindrops (like 50 Hz) are processed
according to the purple path including the dashed purple line, 2○, and 3○.

3 The authors provide 0.35 ms as transit time of a raindrop through the lidar
beam. Which assumptions were made to calculate this time? It would be
interesting to have a range of potential transit times, because different rain-
drop sizes exist. Depending on the size and other factors, the fall velocity of
a raindrop varies as shown already in Figure 9 (b).
Thank you for pointing this out. We agree with this comment and explained in the text
like this ”The shortest beam transit time can be determined based on large raindrops’
maximum downfall speed of 9 ms−1 from the disdrometer measurement in Fig. 6b, the
beam width (twice of the beam waist w0), and the elevation angle of a lidar. For lidar #1
with a beam width of 1.12 mm and an elevation angle of 57.9◦, the shortest beam transit
time is 0.234 ms = 1.12/(9 · cos(57.9◦)), while it is 0.362 ms = 3.14/(9 · cos(15.3◦)) for
lidar #3 with a beam width of 3.14 mm and an elevation angle of 15.3◦. Most often,
however, raindrops’ transit time is longer than the aforementioned shortest time if their
paths are away from the lidar focus and if they fall slower. In this study, it is reasonable to
set the spectral sampling frequency to 3 kHz so that the sampling period for a spectrum
(0.333 ms) is shorter than the beam transit of raindrops [see Jin et al., 2022, Fig. 5b].
Therefore, the rare instances where a raindrop resides in the beam could be identified and
suppressed based on the lidar measurements.”.

4 The PDFs of the no-rain minutes were higher in case of the new procedure
compared to the old one. Can the authors elaborate on the reasons for that
and possible consequences? This example shows that a validation with more
data is necessary to see how the data processing procedure behaves in non-
rainy periods as well. This is important, because it raises the question if the
proposed procedure can only be applied for measurements taken during rain
or if it can be applied during dry and wet conditions.
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Thank you for this comment. Due to the fact that this minute was a few minutes before
rain began, it is possible that a raindrop passed through the laser beam of lidar #1 and
was detected by the lidar. After applying the proposed method, the strong rain signal
was suppressed. This results in a higher peak in the blue curve than in the red, but closer
to the green (the sonic data). From the results in Tables 4 and 5 as well as Fig. 10, we
believe that our proposed method also works for dry conditions as the bias between the
sonic anemometer and two lidars’ measurements is almost the same.

Minor comments and technical corrections:

1 L10: The authors write significant reduction. Was the reduction analyzed
with a statistical test that supports the assumption of a significant reduction?
If yes, please include this result in the manuscript. If not, please consider
removing the word ‘significant’.
Thank you for pointing this out. We agree with this comment and removed the word
”significant” in L11. Now the sentence is ”This reduction of the bias occurs at the
minute with the highest amount of rain when the measurement distance of the lidar is
103.9 m with a corresponding probe length being 9.8 m.”.

2 L11: It is not clear what should be understood by ‘the measurement distance
of the lidar’. Distance to what?
Thank you for this comment. Here the measurement distance is the focus distance of
a lidar. We have changed ”measurement” to ”focus” in L12. Now the new sentence is
”This reduction of the bias occurs at the minute with the highest amount of rain when
the focus distance of the lidar is 103.9 m with a corresponding probe length being 9.8
m.”.

3 L16-22: When starting with meteorology, examples of this application area
should be mentioned first.
Thank you for this comment. We agree and have implemented it in the manuscript.
The new paragraph is ”Precise determination of wind flow plays an important role in
reducing loads on critical turbine components and power variations, correcting commonly
used models for wind energy assessment, improving the performance of wind turbine
controllers, and improving the prediction of the potential wind power extracted from
the wind [Davoust et al., 2014, Jena and Rajendran, 2015, Li et al., 2018, Samadian-
fard et al., 2020, Guo et al., 2022]. Besides, wind velocity estimation is also useful for
understanding important phenomena, i.e., atmospheric boundary layer flows and wind
turbulence [Van Ulden and Holtslag, 1985, Türk and Emeis, 2010, Debnath et al., 2017].
Therefore, accurate measurements of wind velocity are crucial for many applications in
meteorology and wind energy.”.

4 L42: I assume the measurements of Doppler lidars are influenced, not the
instrument itself? Maybe the authors can clarify that.
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Thank you for this comment. We agree and have implemented this in the manuscript
in L42. The new sentence is ”Doppler lidars’ measurements of wind velocity can be
influenced by heavy rainfall because the projected speed of raindrops on the propagation
direction of the lidar beam will be different from the line-of-sight wind velocity.”.

5 L43-L44: Please remove the brackets around the reference of Träumner et al.
Thank you for pointing this out. We agree and removed the brackets around the reference
to Träumner et al. The new sentence is ”A synergy approach was proposed by Träumner
et al. [2010], which combined radar and vertically scanning lidar measurements to estimate
the vertical wind velocity and the raindrop size distribution during rain episodes.”.

6 L46: Please remove the brackets around the reference Wei et al.
Thank you for this comment. We agree and removed the brackets. The new sentence is
”Later, by using a velocity-azimuth display (VAD) scanning technique, wind speed, and
rainfall speed were simultaneously retrieved in Wei et al. [2019], by fitting the two-peak
spectrum with a two-component Gaussian model. The spectral peak close to 0 ms−1

is the Doppler signal of the vertical wind speed, which can be easily recognized in this
scenario.”.

7 L54: The acronym ‘cw’ is not defined. Please add the information.
Thank you for this comment. We agree with this point. The definition of CW is in L54 ”A
field measurement campaign was carried out at Risø where three coherent continuous-wave
(CW) Doppler lidars [Mikkelsen et al., 2017] were deployed to point towards a common
focus point very close to a mast-mounted sonic anemometer at 31 m height.”.

8 L107: What does Risø in the brackets mean? Is this the type/manufacturer
of the cup anemometers? Please clarify.
Thank you for this comment. We have added the type information in L113. The new
sentence is ”There are five sonic anemometers (USA-1, Metek) on booms facing north
and five cup anemometers (P2546A from WindSensor) on booms facing south, placed at
18 m, 31 m, 44 m, 57 m, and 70 m above the terrain (Fig. 3). The sampling frequency
of the sonic anemometers was 50 Hz.”.

9 L108-L109: What is the manufacturer of the wind vane and the air temper-
ature sensor? In this connection, the wording ‘absolute temperature’ sounds
strange. Maybe ‘air temperature’ is more appropriate?
Thank you for this comment. We have added the type information in L116 and deleted
the word ”absolute”. The new sentence is ”Furthermore, the mast is instrumented with
a vector wind vane (W200P from Kintech Engineering) at 41 m, and two air temperature
sensors (Pt 100, developed by DTU) mounted at 18 m and 70 m, respectively.”.

10 L138-L139: It is not clear how the wake influence of the turbine was deter-
mined and why this was important for the experiment. Please clarify.
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Thank you for this comment. So far, we are uncertain about the influence of turbine wake
on our proposed rain-suppressing normalization method. But, we would like to have clean
data to investigate the performance of the suggested method. Therefore, we avoided the
complication of turbine wakes.

11 L144: Can the authors provide a reference to the Met Office’s definition?
Thank you for this comment. We agree with this point and add a reference to the
definition in L172. The new sentence is ”Moderate rain is defined as a precipitation rate
between 2.6 mm and 7.6 mm per hour [Glossary of Meteorology (June 2000), last access:
21 June 2023.].”.

12 L185: Please remove the brackets around the reference of Angelou et al.
Thank you for this comment. e agree and removed the brackets. The new sentence is
”As concluded in Angelou et al. [2012], the optimum number of standard deviations for
defining the threshold is not the same for different data sets and a number of 2.5 has been
used for the three lidars in this investigation.”.

13 L186: Why was the number 2.5 used for the analysis?
Thank you for this comment. We compared the velocity difference between sonic data
and lidar data with different values ranging from 1.0 to 4.5. We find that 2.5 is a reason-
able number for all three lidars. We added some explanation to the manuscript ”After
calculating velocity difference with sonic data over a short period of time, a number of
2.5 has been chosen for the three lidars in this study.” in L205.
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Figure 2: Mean absolute 1-minute wind velocity difference between the three lidars and the
sonic anemometer as a function of different multiples of the standard deviation.

14 L195-L197: It is not clear what the authors want to express with the sentence
starting with ‘Consequently, the projection of . . . ’. Maybe a sketch could
help?
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Thank you for this comment. The sketch is as follows. Because another reviewer has
pointed out that there are many figures in the manuscript, we explained this point in the
text instead of putting a figure: ”It is worth noting that the wind direction at the minute
with the highest rain intensity (15:48, UTC+1) is from 160◦ by the 10-minute averaged
sonic data, and the two lidars’ geographic beam directions are 42.6◦ and 299.3◦ (Fig. 2).
Therefore, the wind is moving away from both lidars’ laser beams at this minute, causing
negative line-of-sight velocity. Consequently, the projection of the resultant velocity of
raindrops, in the measuring configuration used here, is smaller than that of the horizontal
wind speed in the beam direction.”. Hope this will be accepted by you.

Figure 3: Illustration of velocity projection of aerosol speed V elaero and resultant raindrop
speed V elrain resul on the propagation direction of one lidar.

15 L204: ‘. . . in detail’ instead of ‘in details’.
Thank you for this comment. We agree and have implemented this in the manuscript in
L222. The new sentence is ”In the section below, we compare the radial wind velocity
detected by lidars and the sonic anemometer at 31 m height in detail in light of the
promising results about the effective suppression of rain Doppler signals at one moderate-
rain minute (15:48, UTC+1).”.

16 L208-L210: How much do raindrops influence the sonic measurements? The
authors should provide some information about that in the sensor description
in Chapter 2. Furthermore, what interpolation method was used?
Thank you for this comment. If the sonic measurement is influenced by raindrops, its
status will be ”4”, indicating that this is not a valid number, and it just repeats the
previous number. Therefore, we used linear interpolation to replace the repeated numbers.
We added one paragraph in L127 in Section 2.2 as ”It is evident from the sonic status
information that wind velocity measurements by sonic anemometers can be affected by
raindrops. In those cases, the sonic anemometer would repeat the previous velocity value
and the status would be ”4”. Thus, the linear interpolation method was used in this
study to eliminate repeated velocities, which represented about 60% of the 50 Hz sonic
data recorded at moderate-rain minutes.”.
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17 Figures in general: It would be easier to read the caption if (a), (b), . . . are
written before the actual description.
Thank you for this comment. We agree and have changed all figures’ captions to have
(a), (b), . . . written before the description.

18 Figure 1: Can the authors add the information about the location of the
disdrometer?
Thank you for pointing this out. We have removed Fig. 1 from the manuscript. But we
added the location information in L138 as ”This disdrometer was about 20 m north of
the met mast.”

19 Figure 2: Do the red arrows indicate the location of the common focus point
on the met mast? Please add some explanation about the arrows in the figure
caption.
Thank you for this comment. Yes, they indicated the common focus point. We have
written ”Blue points marked by 1, 2, and 3 are the three CW Doppler lidars, focused at
the common point 4 which is 1 m north of the sonic anemometer at a height of 31 m
above the ground.” in the caption.

20 Figure 6: The disdrometer shown on this photo is not a Thies LPM, but a
Ott Parsivel2. Please check the manufacturer of the disdrometer which was
used in this experiment.
You have raised an important point here. Yes, we put the wrong picture before. It is
corrected in the manuscript now.

Figure 4: Thies Laser Precipitation Monitor(LPM) at DTU Risø campus.
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21 Figure 9: Is the plotted rain intensity taken from the automatic output of the
disdrometer or calculated based on a quality-controlled rain-drop-size distri-
bution?
Thank you for this comment. The plotted rain intensity in Fig. 9 (now Fig. 6) is taken
from the automatic output of the disdrometer.

22 Figure 10: It is a bit confusing using the same colours in (a), (b) and (c),
although the colours in (c) describe not the same as in (a) and (b). The authors
should consider using other colours or adding a legend to (c). Furthermore,
the acronym ‘PSD’ is not described. This information should be added.
Thank you for this comment. We agree and have changed the color in panel (c). The
acronym ‘PSD’ is defined in L99 as Additionally, Bartlett’s method is used to obtain the
power spectral density (PSD) of each spectrum [Press et al., 1988, Chap. 13], which is
the square of the absolute value of the FFT of the detector’s time series..
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Figure 5: Examples of representative Doppler spectra measured at the moderate-rain minute
(15:48, UTC+1) with the highest rain intensity. (a) A 3-kHz-sampled spectrum containing only
wind signal (blue) and the mean background spectrum (red). (b) A 3-kHz-sampled spectrum
containing rain signal (blue) and the mean background spectrum (red). (c) A noise-flattened
50-Hz-sampled spectrum and its spectral threshold. (d) Histogram of the maximum spectral
energy Smax of 180000 raw spectra over the duration of the same minute with a red circle
marking the strongest rain signals. The solid black line stands for the zero-Doppler shift at
frequency bin 257.

23 Figure 11: Strictly speaking, the Doppler signal is caused by aerosols not by
wind.
Thank you for pointing this out. We agree and have changed to ”Doppler signals by
aerosols” in Fig. 8 (the above figure).

24 Figure 12 and Figure 13: To the last sentence the information ‘in the scatter
plot’ should be added to make the description clearer.
Thank you for this comment. We agree. However, we have removed the scatter plots in
Fig. 12 and 13.
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25 Figure 15: The figure could be simplified by plotting the bars in the same
direction and the two different methods (SonicToRaw and SonicToNorm) are
visualised by different colours (e.g. bright and dark). This would allow an
easier comparison of the values.
Thank you for this comment. We agree and the new figure is as follows.

Figure 6: Comparison of the integral value of the PDF’s absolute difference between the sonic
and the lidar data with (SonicToNorm) and without (SonicToRaw) rain-suppressing normal-
ization at no-rain, light-rain (Irain = 1 mmh−1), and moderate-rain (Irain = 4 mmh−1) minutes.
(a) Lidar #1. (b) Lidar #3.

26 Table 4: For ‘Light-rain minute 16:36’ in two cases three digits are given.
Depending on the possible accuracy, please provide two or three digits for all
numbers.
Thank you for pointing this out. We agree and have implemented this in Table 4.

27 Table 4 & 5: Are the values calculated for the same time period plotted in
Figure 12 and Figure 13? The figures represent the values for a bit more than
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exact one minute. The authors are asked to state exactly which time period
(including seconds) was used for the values provided in the tables.
Thank you for this comment. We agree with this point. Both figures and tables are
compared with the same one-minute period, for example, 15:13:20+1min for the no-rain
minute. Now the tables are corrected to be consistent with the figures.

28 The authors are not consistent by using ‘rain drops’ and ‘rain droplets’. Please
harmonize the description to ‘rain drops’.
Thank you for this comment. We agree and have implemented this in the manuscript.
Now we use ”raindrop” throughout.

29 The authors should check whether ‘filter out’ is more appropriate than ‘filter
away’.
Thank you for this comment. We agree. Now we use the word ”suppress” instead of
”filter away” since the rain Doppler signals are still in the spectrum after normalization.

30 Sometimes the description of the lidars is ‘lidar #1/#2/#3’, sometimes ‘Wind-
Scanner #1/#2/#3’ and sometimes ‘WindScanner lidar #1/#2/#3’. To im-
prove the reading, I suggest using the same description throughout the manuscript.
Thank you for this comment. We agree and now use lidar #1/#2/#3 both in the text
and the figures.
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