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Response to Examiners’ Comments

We would like to thank all the examiners for the time and effort that you have dedicated to
providing your insightful comments on my thesis. We have been able to incorporate changes
to reflect all the suggestions provided by you. Here are our responses to all the comments.

General comments:

1 In chapters 2-4, the introductions to the chapters need improvements, since

the current introductions represent a mix of supplementary material and short
descriptions that require the readers to read the paper first in order to under-
stand the introduction. Instead, the introduction should provide the readers
with a quick overview of the paper with all the relevant information. The
introduction should ideally cover the main motivation of the research (if not
already covered in Chapter 1), the major assumptions behind the method, and
the results of the research need to be interpreted properly in view of these
assumptions and limitations. This applies also to the relevance of the results.
It would be good to highlight what is the contribution of the research result
and how it advances the state-of-the-art as well as potential impacts (the im-
pact and relevance can, however, also be stated more precisely in Chapter 5,
see comments below).
Thank you for pointing this out. It’s a good point. We have reformulated the introduc-
tion part of each chapter by covering the main motivation of each research, the major
assumptions, and the results of each study. It’s too long to list all the introductions of
three chapters, the examiners can check the revised thesis.

2 Since the papers are written at different times, incoherence is rather in-

evitable. Therefore, it is important that the PhD candidate provides in the
respective introductory chapter an up-to-date and critical interpretation of
the results given that new knowledge and research may have been produced
between the time of the submission of the papers to the submission of the
thesis. For example, the study in Chapter 4, contains a recent reference to
a study by Wildmann et al. concerning the shortening of the probe volume.
This reference is not given in Chapter 3, which has the probe volume short-
ening in focus, possibly because it was written earlier.
Thank you for pointing this out. We agree with this comment. We have added this point
in the third paragraph in subsection 1.4.1 ” A recent study introduces a correction for
advection in the retrieval method of turbulence parameters obtained by lidar measurements
derived from velocity-azimuth display (VAD) scans, allowing the volume-averaging effect
to be taken into account |Wildmann et al., [2020]”.

3 The PhD candidate sometimes uses imprecise and qualitative statements and
we wish to see more precise wording (see detailed comments, below).
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Thank you for pointing this out. We responded to this comment in the second part.

4 Some of the notations are inconsistent in the text, for example, sometimes
lidar is used, and other times Lidar is used.
Thank you for pointing this out. We used the same notations in the whole text. The
notation ”Lidar” only appears in section headings or in paper titles.

5 The PhD candidate is strongly encouraged to reconsider the logical order

of the chapters and papers, e.g. starting with the paper that deals with
methodology development and improvement, which are the main focus of the
study, and finishing with the paper that deals with the application of the CW
lidar.
Thank you for pointing this out. We have carefully thought about this comment. We
prefer to stick to the original structure. From the application of CW lidars, we found
that it is necessary to improve the spatial resolution of CW lidars and make lidars less
sensitive to the out-of-focus moving objectives, which leads to the study of Chapter 3.

6 Also, we encourage you to change to a more precise title that accurately
reflects the covered work.
Thank you for pointing this out. We agree with this point and changed the title to
” Applications and improvements of continuous-wave Doppler lidars for wind energy” to
align with the whole thesis.

Specific comments:

1 1.1 First paragraph below Figure 1.1. The figure shows that wind energy is not

currently the backbone (“backbone” meaning the part of the renewable energy
system that provides its main strength) of the renewable energy technologies,
but rather one out of three technology groups with almost equal shares in
today’s and tomorrow’s energy system. Please rephrase to a more correct
description of the graph. Please also state what emissions are reduced and by
which mechanisms this has a positive impact on the environment (just a few
extra words would be needed).
Thank you for pointing this out. We agree with this comment and rephrase this paragraph
in subsection 1.1 ”As an important part of renewable energy, wind energy has grown
rapidly in recent years and is now considered one of the lowest-cost means of supplying
electricity and reducing CO, emissions to mitigate climate change [Luderer et all 2017,
Pietzcker et al., 2017, Bistline et al., 2018, |Lazard}, 2019]”.

2 1.1 First paragraph, page 2. It is correct that it would be expensive to rely on
masts only for the experimental characterization of the atmospheric boundary
layer in the height range relevant to tomorrow’s wind turbines. But the state-
ment “rather, it requires a deep and thorough understanding of the dynamics



of the 3D wind field for wind energy science and wind engineering”, has noth-
ing to do with the first part of the sentence, since mast-based instruments can
provide 3D observations for a deep and thorough understanding of boundary
layer dynamics. Please rephrase the sentence such that it makes sense.

Thank you for pointing this out. We agree with this comment and rephrase this paragraph
in subsection 1.1 "These giant turbines will, undoubtedly, tower up hundreds of meters
into the sky, with their blades sweeping vast areas bigger than several football fields.

Therefore, the detailed characterization of the ever-changing wind and turbulence fields

over the entire rotor plane upwind and downwind of a single wind turbine as well as the

whole wind farm will be challenging. For wind data collection, cup or sonic anemometers

mounted on meteorological masts (met masts) are still widely used, but the increasing size

and deployment of modern wind turbines in complex onshore and offshore environments

require the construction of taller masts that become extremely expensive. In addition,

very tall masts are strictly regulated in several countries around the world, like Japan

|Goit et al., 2019]”.

1.2.1 What is meant by “popular” on line 4 of the first paragraph? Popular
typically implies that something was widely used — was this really the case
within the 1970s or was it rather one or two groups that used this technology?
Thank you for pointing this out. We agree with this comment and changed the word
"popular” to "viable”. Now the new sentence is ”In the 1970s, with the maturation of
the CO, laser, pulsed CO, lidars with a wavelength of 10.6um and stable single frequency

output became a viable wind measurement tool [Bilbro and Vaughan) [1978]”.

1.2.1 second paragraph “situations have changed dramatically” should be “the
situation changed dramatically” (if there really was a dramatic change). Was
this development really driven by the wind power generation industry and
not the development in the telecommunications sector?

Thank you for pointing this out. We agree with this comment. Now the new sentence is
7 After 1990, situations changed dramatically.”.

1.2.1 Pag 3, first paragraph: Was the first Qinetic really made for nacelle-
based observations and not wind profiling? Please double-check and add a
precise statement.

Thank you for pointing this out. We checked the reference [Slinger and Harris| [2012].
In the second paragraph of the Introduction part, it is written as ”"The first all-fibre
lidars were demonstrated in the late 1990’s, and a commercial prototype unit (ZephlIR)
was mounted on a turbine to demonstrate wind speed detection in front of the rotor
plane in early 2003.”. In the thesis, we wrote as "In early 2003, the first commercial
all-fiber lidar ”ZephIR™” was launched by UK company QinetiQ, to demonstrate wind

speed measurements in front of the rotor plane from a turbine nacelle [Slinger and Harris,

2012)".



6 1.2.1. page 3, second paragraph: the statement about direct detection is

not precise enough to be understood. Further, “Background detection” —
“background noise detection”??

Thank you for pointing this out. We agree with this comment and reformulate this
paragraph, which is " The incoherent technique, on the other hand, directly measures the
Doppler shift experienced by a pulse of narrow-band laser light as it is scattered by the

particles in the atmosphere [Skinner and Hays|, [1994] [McGill et al., [1997]. The incoherent

detection is accomplished by applying an incoherent interferometric determination to

measure the laser wavelength before and after scattering.”.

1.2.1 Page 3, third paragraph: Do the pulsed lidars really have a constant
weighting function given that they emit a Gaussian pulse? What is meant
by “blind measurements”? Also, the under-representation of smaller scale in
large measurement volumes is not only an issue in the pulsed lidars but also in
CW lidars at large ranges (given that the motivation of the thesis is made by
stating that lidars should be used for heights beyond affordable-mast-heights,
this is important).

Thank you for pointing this out. We agree with this comment and reformulate this
paragraph. ”Constant” here means identical. The ”bind measurements” means the dead
zone of a pulsed lidar. The new paragraph is ”Laser beams can be continuous-wave
(CW) or pulsed in coherent lidar systems [Karlsson et al., 2000, Rodrigo and Pedersen|,

2012]. Pulsed lidars, in the left panel of Figure 1.3, are assumed to have identical weighting
functions across all range gates and they are capable of long-range measurements, e.g., for

distances of more than 10km |Cariou et al) 2011]. Besides, they can obtain independent

wind measurements simultaneously from many distances.

The dead zone of a pulsed lidar, however, should be considered when programming the

length of the pulse sequence, which is used to avoid receiving multiple echoed signals at

the same time from different distances during scanning [Chen et al., 2020]. Depending

on the duration and width of the pulse, this dead zone can range from tens to hundreds

of meters away from the beam source [Liu et al., |2019]. The measurement results from

Boreysho et al.|[2020] demonstrated that the dead zone of the employed pulsed lidar of the
IR range is 100 meters. Additionally, when using a pulsed lidar, it is much more difficult

to extract turbulence information from the width of a Doppler spectrum, compared to a

CW lidar [Sathe and Mann, [2013].”.

1.2.1 Page 3. It is strange that there is such a strong statement about CW
lidars having “good spatial resolution” within several 100 meters. In general,
scientists should avoid qualitative statements, especially when it is easy to
make a quantitative statement. From this paragraph the reader understands
that the measurement volume of a CW lidar has much shorter probe volumes
than pulsed lidars — is this really the case for ranges up to several hundred
meters? An important part of the thesis is about making the CW probe
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volume shorter — why is this important? It would be interesting clearly have
it shown, at what height range the current measurement volume of a pulsed
lidar really exceeds that of the CW lidars. New lidars enter the market,
especially on the pulsed side, and it would be nice with an overview of the
current status of the market.

Thank you for pointing this out. We agree with this comment and rephrase this paragraph
as "CW wind lidars, in the right panel of Figure 1.3, are designed to measure wind field
quantities (speed, direction, and turbulence) at heights of tens to a few hundred meters.

Different from pulsed lidars, CW lidars receive observations from one height at a time

and their probe volume is heavily influenced by the focus (measurement) distance. In the

study from [Mikkelsen [2009], a detailed comparison of the probe volume characteristics

with the commercially available pulsed lidar (WindCube from Leosphere) and CW wind

lidar (ZephIR from National Power U.K.) is presented. The two lidars have similar probe

volumes at 148.5m, but the CW lidar has a more compact probe volume at shorter

distances. Aside from this, the CW lidar’s probe volume at a focus distance of 150m is

five times larger than that at 100m.”.

1.2.2 This section focuses on bistatic Doppler lidars, but in section 1.5, it is
stated that the thesis is focused on mono-static lidars. Please clearly introduce
the mono-static lidar.

Thank you for pointing this out. We agree with this comment and add a few lines to
explain the mono-static lidar both in the text and in the figure’s caption. In the text,
the new sentence is ” A monostatic Doppler lidar, on the other hand, combines the laser
and detector in one device, so both transmit and receive paths share common optics

|Gordienko et al 2008, making the system more compact.”. In the caption of Figure
1.4, the added sentence is ”In a monostatic setup, the laser and detector are combined in

one device.”.

1.2.2 first section last sentence “backscattered laser” should be “backscattered
laser light”.

Thank you for pointing this out. We agree with this comment and changed “backscattered
laser” to “backscattered laser light”. Now the new sentence is " The backscattered laser
light is detected and then mixed with a small portion of the emitted laser (local oscillator,
LO), which will be accurately captured by a detector.”.

1.2.2 Third paragraph: Please add a reference for the statement that there
are three methods for determining the velocity from the peak. Please add ref-
erences supporting the statement that the “median method is often employed
in many analyses” (recommend rephrasing the sentence to be more precise —
its current wording is so vague that it has no meaning). Remove the word
“therefore”, since Eq. 1,1 is used for all methods.

Thank you for pointing this out. We agree with this comment and rephrase the sen-
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tence. Now the new paragraph is "There are typically three different methods that
can be used to determine the LOS velocity from the Doppler spectrum, which are the

maximum method, the centroid method, and the median method |[Held and Mann|, [2018].

In terms of measuring average wind speeds, all three methods are equally effective. It

is recommended, however, to use the median method to reduce bias in case of detecting

weak signals |[Angelou et al., 2012], to mitigate the effects of turbulence attenuation, and

to obtain wind speed time series with low noise [Held and Mann| 2018]. According to the

optical Doppler effect, the LOS velocity v;os leading to the Doppler shift is calculated

m?? .

Figure 1.5. If the figure is taken directly from Harris et al. 2006, this should
be stated as “Figure from (Harris et al 2006)”, otherwise the reference can
be moved to the text.

Thank you for pointing this out. We agree with this comment and changed the caption
to ”Stages in typical lidar signal processing from [Harris et al.| [2006]” .

1.3.1 This chapter is about sonic anemometers and unfortunately includes
several incorrect statements:

(1) Eq 1.2 and accompanying text give the impression that sonics will have
a bias in high wind speeds. This is, however, not the case. The equation is
correct, but it is not the one used for determining the velocities along the

paths.
I /1 1
S 1
u 2 <t1 t2> (1)

We have changed the equation to:

where ¢, ~ 340ms™! is the speed of sound. By measuring the two travel times ¢; and t,
to determine the velocity component that is parallel to the acoustic path, therefore, any
flow component perpendicular to the path will not affect the calculation by Equation [I}
(2) in the second paragraph, the spatial averaging of sonic anemometry is
mentioned as an issue, but it is typically 1-2 orders of magnitude smaller
and rather insignificant compared to the spatial filtering by Doppler wind
lidars. The references to Hogstrom et al 2004 and Bowen 2007 are impre-
cise. Hogstrom et al (2004) discusses the flow distortion effect mentioned
in the following paragraph, whereas Bowen (2007) compares the deficiency of
cup anemometers to sonic anemometers at low velocities. Sonics typically can
measure the high-frequency turbulence for all wind speeds in the surface layer.

We have removed this statement in the text. The new paragraph is ” Unlike cup anemometers,

which measure only the length of the horizontal wind vector, sonic anemometers can

retrieve the entire velocity vector by combining three transducer pairs [Wyngaard}, |1981].

Further advantages are their rapid responses to turbulent fluctuations of higher frequency;,




as well as accurate three-dimensional wind measurements after standard calibration,
making them ideal for studying lower atmospheric turbulence [Kaimal et al.| {1990, Hogstrom
and Smedman), 2004, Bowen, 2007]. Currently, most of our understanding of atmospheric
turbulence still comes from measurements performed with sonic anemometers mounted
on met masts. Additionally, it is possible to run sonic anemometers for a long period
of time without a resident operator, and they do not need to be calibrated frequently
[Cheng et al 2015].”.

(3) No citation is given for the statement that flow distortion is a serious
problem for sonic anemometers, please add. For the sonic anemometer used
in this study, a correction scheme for flow distortion is available. Was this
correction used?

The text has been updated to introduce this issue and mention the fact that we used the
measured sonic data as a reference after applying a correction function, which is "It is
important to note that sonic anemometers are intrusive, so they can significantly disrupt
the flow at the location where they are positioned. Furthermore, their measurements
may be deteriorated by flow distortion caused by the structures where the anemometer is
mounted as well as the anemometer itself [Dyer, |1981, |McCafirey et al., [2017| [Pena et al.
2019, Mauder et al., [2020]. In consequence, sonic anemometers can underestimate wind
velocity and turbulent fluctuation because of the deficit velocity in the wake of transducers
along the streamwise direction, as well as wakes from support structures. Aside from flow
distortion, another measurement error observed in sonic anemometers is caused by the
angle of attack due to the position misalignment of the instruments [Cheng et all [2015].
However, both errors are considered in this project, by applying a correction scheme to
the measured sonic data before being used as references.”.

(4) Why is it hard to measure the path length of a sonic anemometer and
what makes the rotation of the sonic anemometer raw data “cumbersome”
(the same principle is used for lidar)?

We have used an imprecise statement here. Therefore we delete the wrong sentence in
the text.

(5) Sonic anemometers are generally capable of measurement during rain, and
it is a misunderstanding of the measurement data that this is not the case for
the used data set.

Thank you for pointing this out. We did misunderstand the model of a sonic anemometer.
The corresponding paragraph has been removed.

(6) The sonic temperature parameter can also be estimated during non-fair
weather conditions.

Thank you for pointing this out. We have modified the paragraph as 7 Apart from wind
velocity calculation, the virtual temperature can also be estimated by sonic anemometers
in fair weather observations since sound speed c, is a function of temperature
and Albrecht], 2000, Wyngaard, 2010]. Furthermore, buoyant flux can be calculated based
on the temperature measured by sonic anemometers, thereby quantifying atmospheric
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stratification, i.e. neutral, stable, or unstable [Berg et al., [2012].”.

1.3.2 Both pulsed and CW profiling lidars calculate mean wind speed based
on an assumption of homogeneity over the horizontal area defined/encircled
by the beams. The way this part is written, it seems like it only applies to
CW lidars. It would be suitable in this section to state something about the
WindScanners’ accuracy. How good are they when it comes to mean wind
speed and turbulence measurement?

Thank you for pointing this out. We agree that both pulsed and CW profiling lidars cal-
culate mean wind speed based on an assumption of homogeneity. In the text, we wrote,
"In order to retrieve wind velocity from a single pulsed or CW lidar, there is an implicit
assumption presumed that the wind statistics are unchanged from the scanned plane to
the area of interest.”. Both lidars are mentioned in this sentence.

We have added some statements about the WindScanners’ accuracy, which is ” Experimental
verification of LOS velocity calibration has been conducted in a wind tunnel [Pedersen

et al) 2012, which shows a very good agreement between a short-range CW lidar (a
modified ZephlIR 300 lidar) and a reference pitot tube. Based on this, the first wind and

turbulence study with short-range WindScanners was performed to rapidly scan a 2D

vertical plane within the wake of a small building [Sjoholm et al.,|2012].” and ” According

to the recent study by van Dooren et al.|[2022], it was found that the 10-minute wind speed

time series (mean wind speed about 10ms™') measured by two short-range WindScanners

and the hot-wire are in good agreement. The mean average error of wind speed is about

0.1ms~! and 0.2ms™ ! when the turbulence intensity is 3% and 22%, respectively. However,

the turbulence measurements by the WindScanners match the hot-wire spectra very well

only at the lowest frequencies, which corresponds to larger eddy structures. By using the

short-range WindScanner system, it is possible to detect turbulent wind fields remotely

in complex terrain, around wind turbines and buildings without disrupting the flow.”.

1.4.1 Whereas in section 1.2, the CW lidars had good spatial resolutions and
the pulsed lidars suffer from spatial filtering, the opposite is stated here.
Which is correct? Please state at what ranges the statements are valid.

Thank you for pointing this out. We agree with this comment and changed the sentence
to "It is advantageous to use CW Doppler lidars for a variety of wind energy applications.
However, in contrast to pulsed lidars, CW lidars are limited in spatial resolution when

the focus distance exceeds a few hundred meters (see Section 1.2), depending on the exact

configuration of the instruments and the effective aperture of the telescope.”

1.4.1 Is the Sonnenchein et al (1971) expression for a theoretical ideal case or
is this averaging really achieved in current lidars?
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Thank you for pointing this out. This expression is for a theoretical ideal case when an infi-
nite wide lens is used. We changed the sentence to ”When an infinite wide lens is used, the
weighting function of CW monostatic lidars can be characterized by a Lorentzian function

[Sonnenschein and Horrigan|, [1971], but not achievable in practice, which is expressed as:”.

1.4.1 Second paragraph, first sentence: This sentence would make sense if the
cross-section of the Lorentzian was stated as a function of range. Since the
cross-sectional diameter is important in Chapter 4, it would be advantageous
to state it already here. The current wording is hard to understand.

Thank you for pointing this out. We have rephrased the sentence to make it clearer to
understand ”With zg (or the probe length) increasing quadratically and the beam waist
wy increasing linearly with the focus distance r, the effective probe volume (2zp - Tw?) of

a CW lidar varies as the 4" power of r |[Pena et al/, 2013].”.

(In general, new paragraphs should not start with the words “Additionally”
or “However”, since these words typically refer to the sentences above. Con-
sider whether new paragraphs are needed).

Thank you for pointing this out. We agree with this comment and have replaced these
words with others or merged two paragraphs into one.

1.4.1 Third paragraph: please give a number instead of “substantial”.

Thank you for pointing this out. We have rephrased the sentence to give a number in-
stead of “substantial”, which is "In the event that a CW lidar is installed on a large wind
turbine to characterize wind velocity in 2D or 3D up and downstream of its rotor (D
refers to the rotor diameter, which can be over 200 meters nowadays), the corresponding
probe volume will be 16 or 81 times the volume at the focus range of 1D.”.

1.4.1 Fourth paragraph, first sentence: “Additionally, this...” — what does
“this” refer to?

Thank you for pointing this out. We have rephrased this paragraph. 7this” refers to
the underlined part in the following sentence ”A substantially larger probe volume at
a longer focus range, along with a longer tail of the Lorentzian weighting function (its

sensitivity decays away from the focus point, but only as r—2 [Mikkelsen), [2009]), will also

make CW Doppler lidars more susceptible to moving objects far away from the intended
measurement point.”.

1.4.1. Fourth paragraph: It is hard to understand this section. We guess it
is about what is later introduced as the imprecisely worded “fat tails” of the
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Lorentzian weighting function and that the combination of high backscatter
from in-homogeneous aerosol concentration (or solid objects) and long tails
of the weighting function can give a significant contribution to the detected
Doppler shift? Please also add a reference for the statement that clouds are
influencing the signals (or show a situation when it does), and a citation for
the claim that cloud detection algorithms are available in commercial lidars
(if this is the case).

Thank you for pointing this out. We agree with this comment. Therefore, we added one
paragraph to explain the influence of cloud returns, which is "It has been assumed that
atmospheric particles positioned close to the laser beam focus move at the same speed

as the wind, which induces the Doppler shift. However, if the laser beam intersects a

solid object (such as a bird) or impacts a strongly scattering low-hanging cloud base in

the probe volume (Figure[1]), and both move at different speeds than the wind, a biased

measurement may result from the spurious Doppler shift caused by these objects.

The removal of cloud signals at high altitudes can be accomplished by identifying their

characteristics (usually higher velocity, typically narrower spectral width, independent

Doppler spectrum of focus range, etc.), which has been implemented in ground-based

ZephIR Doppler lidar to eliminate the cloud return effectively |[Pena et al.,2013]. However,

low-hanging clouds are more difficult to distinguish and remove. In relatively clean air

with slow low-hanging clouds, a conically profiling lidar may measure the speed of the

clouds rather than the speed of the air at the focus point.”

1.4.2 First paragraph: The first sentence lacks some words to make its mean-
ing clear. “Very accurate” is a subjective opinion and should be replaced by
something quantitative that has been documented in the scientific literature.
Thank you for pointing this out. We agree with this comment and have rephrased this
sentence. The new sentence is "If the laser wavelength is stable and signal processing is
correctly performed, CW Doppler lidars are generally good at measuring Doppler shift.”.

1.4.2 Second paragraph: Maybe the paper in Chapter 4 should be cited to
substantiate the sentences about raindrops causing errors in the wind speed
estimation.

Thank you for pointing this out. We agree with this comment and have cited the paper in
Chapter 4, which is ” Raindrops moving downwards may lead to some errors in wind speed
measurements because the projected speed of the raindrops in the propagation direction
of the beam will be different from the LOS wind component |Jin et al., [2023].”.

1.4.2 Third paragraph: For the VAD scanning lidars the Doppler peak by the
rain should be further away from zero than the peak belonging to the wind

10
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Figure 1: A spurious return is produced when the laser beam intersects a strongly scattering
cloud layer (left) and the aerosol (red) and cloud (purple) returns at different focus heights
with the ground-based CW Doppler lidar (right). The easily identified cloud signal at the
800m focus will be used to eliminate the cloud return at the intended measurement heights.
Pictures are taken from [Pefia et al. [2013]
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speed, whereas horizontally scanning lidars should have the Doppler peak
close to zero, based on the assumption that the rain falls vertically and the
VAD scanning angle is less than 45 deg. Please rephrase the section to make
it clearer.

Thank you for pointing this out. We agree with this comment and have rephrased this
part. The new paragraph is " These studies found that the spectral peak close to Oms~!
corresponds to the Doppler signal of vertical wind speed, while the raindrop-induced
Doppler signal would be further away from Oms—'. This can be easily recognized from
detected Doppler spectra. However, when CW Doppler lidars are horizontally oriented at
certain cone angles, it can be difficult to differentiate between the aerosol-derived Doppler
signals and those from raindrops, due to the possibility that both signals may occur at
close frequency bins as shown in Figure [21”.

1.0
0.8 Doppler signal
lg— by rain
0.6
X
o
» 04
m -
Doppler signal
02 by aerosols L
0.0 ‘-ANW\,\MNW

200 250 300 350
f [bin]

Figure 2: Example of a 50Hz Doppler spectrum containing both aerosol- and raindrop-induced
Doppler signals, taken on September 27", 2022. The solid black line stands for the zero-Doppler
shift at frequency bin 257.

25 1.4.2 Last paragraph: It is unclear what is shown and discussed. Is it the
results using the methodology in Chapter 4 for the same minute (in this case,
please refer to Chapter 4) or is it three different minutes, where it rained
in one and not the others? In scientific writing, the wording “so obvious” is
generally not appropriate. ”Sieving” — filtering?

Thank you for pointing this out. These three minutes were from the same measurement
campaign as discussed in Appendix A. We have made it clearer for readers to understand.
The new sentence is ” An example of three 1-minute averaged spectra (the raw, the wind,
and the rain spectra) measured at a high sampling frequency during precipitation on

12
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October 5", 2021 is shown in Figure 1.11. A detailed explanation of how the measured

Doppler spectra were processed is given in |Jin et al.| [2022], as shown in Appendix A.”.

We have removed "so obvious” and changed "sieving” to ”filtering”.

Should spectra have units? Fig. 1.9

Thank you for pointing this out. Due to Bartlett’s method of obtaining power spectral
density (PSD) [Press et al |1988, Chap. 13], which is the square of the absolute FFT
value for each spectrum, the unit would be "V?” if the detected signal is voltage. But it
is still not really relevant to keep it in the figure.

1.4.3 First paragraph: The first and second sentences don’t seem to connect.
Thank you for pointing this out. We agree with this comment and have corrected this
sentence. The new sentence is ”The optical signals from coherent Doppler lidars have
to be down-converted into an intermediate frequency (IF) or baseband (also known as

zero-1F) by different mixing methods [Jacobs, [1988], which can only provide the radial

velocity without the direction of the movement. The inability of coherent Doppler lidars

to discriminate the sign of the LOS wind velocity in a symmetric spectrum is a serious

issue in many applications.”.

1.4.3 Second paragraph: Are there several methods or are there two methods?
Do they apply to CW lidars only or do they also apply to pulsed lidars?
Thank you for pointing this out. There are two different methods discussed in the thesis,
so we changed the word "several” to "different”. As this PhD project focuses on CW
Doppler lidars, we didn’t include the comment on pulsed lidars in this section.

1.5 What is meant by “short-range” here? Given that the motivation of the
thesis is the need for accurate measurements for the large turbines of to-
morrow (not short-range?), please add an explanation/remark about why no
measurements were taken at long range.

Thank you for pointing this out. ”short-range” here is just part of the name of CW lidars,
for example, short-range WindScanners or long-range WindScanners. To remove this am-
biguity, we changed the sentence to ”In this work, mono-static and coherent CW Doppler
lidars are employed.”. The reason why no measurements were taken at long range, we

explained as "CW lidars have advantages such as a higher measurement frequency, but
when the range gets long, the measurement volume becomes too large. Therefore, in this

thesis, we investigate whether it is possible to reduce the measurement volume of CW

lidars over a relatively short focus range (up to one hundred meters).”

13



30

31

32

1.5 Research questions: Good research questions are not binary, but rather
exploratory and open. Their answers should ideally lead to a quantification,

for example: “How well can rotary-wing etc”, “To what extent is it possible
to improve CW lidars’ spatial resolution... ” and “Under how severe rain
can a novel filter for rain spectra ... etc”. Please, reformulate the research

questions to be more scientific.
Thank you for pointing this out. We wrote a few sentences in the text that 7 At first
glance, the three questions in Figure 1.13 may appear binary, but they are kept compact

with the intention of serving as a guide for further research. However, by defining how

precise one wants to be, the answers open up to scientific quantification.”.

1.5 It is strange to introduce what is in Chapter 1 at the end of Chapter 1.
Thank you for pointing this out. We agree with this comment and have deleted this part.

Chapter 2:

(1) As stated above, we recommend putting this chapter last and also, to
emphasize that the study can indeed be linked to the same context as the rest
of the chapters.

Thank you for pointing this out. We would like to stick to the original structure. This is
because, from the application of CW lidars, we found that it is necessary to improve the
spatial resolution of CW lidars and make lidars less sensitive to the out-of-focus moving
objectives, which leads to the study of Chapter 3. Besides, lidar measurements in the
drone experiment also provided a good clue for the rain measurement in Chapter 4. Using
a CW lidar to sample Doppler spectra quickly in both studies allows the lidar to detect
spurious Doppler signals, which can then be suppressed or filtered away for better data
processing. Hope this can be accepted by the committee.

(2) Overall, Chapter 2 is a well-designed study with very interesting results.
However, we are surprised at how the PhD candidate and co-authors have
expressed their interpretation of the results. The low absolute difference be-
tween the simulation and the observation (0.2m/s) actually represents a large
relative error (about 20%). This discrepancy is explained by shortcomings in
the observations (long probe volumes), but no reflection is made regarding
the obvious limitation of the simulations (uncertainties related to turbulence
closure, no turbulence in the inflow, a simplified representation of the drone
geometry, no grid resolution study that shows that the simulation results
are properly converged etc)? Do the authors really mean that all differences
between the lidar measurements and the simulation results are only due to
shortcomings in the measurements)? If a 20% error is really considered to
show that the simulations are trustworthy, it would be necessary to state why
this is the case and at what error, the simulations would be considered inac-
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curate.

Thank you for pointing this out. For the comparison of nine cases, only one case has a
larger difference of 0.2 ms™! and the others differ by 0.1 ms™!. In fact, we have men-
tioned this in the manuscript from Line 212 to Line 218, which is ”A good agreement
can be observed between the CFD simulations and lidar measurements for horizontal and

vertical wind velocities, with differences of only about 0.1 ms~! at all three heights studied,

except for the vertical velocity W at Ah = —1.6 m, which differs by 0.2 ms~!. Several

factors contribute to these differences. The simulations are conducted with laminar inflow

without turbulent fluctuations, which is not the case in reality. Besides, the propellers are

simplified based on the actuator disc theory, limiting the ability to accurately estimate

the flow, especially when it comes to the turbulence generated by the real propellers.

Lastly, the averaging effect of lidars’ measurement volume also leads to differences with

simulations.”. We have mentioned in Chapter 2 that However, it would be beneficial to

investigate the statistics of the velocity difference in more detail, as well as to conduct

more experiments at higher free wind speed levels.

Chapter 3:

(1) In section 3.1, a new method is introduced that effectively suppresses “fat”
tails of the probe volume related to cloud returns, but it is hard for the reader
to understand this problem since no reference to (or example of) the issue is
presented. We recommend introducing the issue more thoroughly and also to
define “fat tails” into something quantitative already here.

Thank you for pointing this out. We agree with this comment and have explained more
about this issue in Chapter 1 with an illustrated figure, which is ” A substantially larger
probe volume at a longer focus range, along with a longer tail of the Lorentzian weighting

function (its sensitivity decays away from the focus point, but only as r~2 [Mikkelsen,

2009]), will also make CW Doppler lidars more susceptible to moving objects far away
from the intended measurement point. Figure Blillustrates that when the focus range is

r = 150m, the full width at 0.05 of the maximum power spectral density of the weighting

function (the dashed orange line) is 9 times longer than when r is 50m.”

(2) Section 3.2
Thank you for pointing out some comments for Section 3.2. Since this is not a mature
paper, we removed the whole section.

Chapter 4:

(1) Chapter 4 introduces a new method to improve lidar wind speeds in the
case of rainy weather. Another related measurement campaign is described
in a conference paper in Appendix A. In Chapter 4, the relation between the
two papers should be clarified.

Thank you for pointing this out. We agree with this comment and have clarified the rela-

15



1.0

o
=)

o
o

o
'S

Normalized weight [-]

o
(¥

0.0 Meaabiesed
0

Focus distance along the lidar beam [m]

Figure 3: Normalized weighting functions for a CW Doppler lidar with focus distances r of 50m,
100m, and 150m, based on an ay = 18mm and the laser wavelength A of 1.565um. A dashed
red line indicates FWHM, while an orange dashed line indicates 0.05 of maximum power.

tion between the two papers in the introduction part of Chapter 4, which is "By setting
the spectral sampling frequency faster than most raindrops’ beam transit time (the time it
takes for the raindrop to enter and exit the laser beam), which is 3kHz, the rare instances
where a raindrop resides in the beam could be identified by lidars. Two different methods
were investigated to mitigate the adverse influence of raindrops on accurate wind speed
estimation by CW wind lidars.

The first method is to filter away the Doppler spectra where the maximum value of a
Doppler spectrum is larger than a given threshold. In comparison with a sonic anemometer
measurement acquired at the same location, wind measurements by lidars are more
accurate after removing rain signals, as described in Appendix A. However, for this
method to be useful, a reference sonic anemometer measurement is required in order
to determine the optimal threshold. Moreover, this method is tedious and unsuitable
for big data sets, since the difference in wind velocities between lidar and sonic data is
calculated first to obtain a reasonable threshold, and then the Doppler spectra are filtered
accordingly.

By normalizing the noise-flattened 3-kHz-sampled spectra with their peak values before
they are averaged down to 50Hz to retrieve wind velocities, the second method aims to
suppress Doppler signals caused by raindrops.”

(2) Also, we suggest that the concept of minimum beam-transit time is prop-
erly defined in the Introduction to paper 4.

Thank you for pointing this out. We have defined the concept of minimum beam-transit
time both in the introduction part of Chapter 4 and in the paper, which is ” By setting the
spectral sampling frequency faster than most raindrops’ beam transit time (the time it
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takes for the raindrop to enter and exit the laser beam), which is 3kHz, the rare instances

where a raindrop resides in the beam could be identified by lidars.”

(3) Further, it is unclear if it really is the time that should be stated in the
legend of Figure 4.1. Isn’t the idea to show that the choice of data processing
(how many standard deviations that is needed for the threshold of the signal)
is independent of the rain intensity?

Thank you for pointing this out. We agree and have linked the time and the rain inten-
sity in the text as well as in the figure’s caption, which is "In these minutes, different
precipitation conditions are covered, including no rain (15:13), light rain (after 16:15),

and moderate rain (15:48).”.

(4) We further lack an assessment of the potential impact for commercial li-
dars (for example, nacelle lidars). Under what conditions can the proposed
methodology be used?

Thank you for pointing this out. We agree with this comment and added one sentence in
the introduction part of Chapter 4, which is ”In summary, this proposed method would
provide accurate wind speed estimations by commercial CW wind lidars for wind resource

assessments, especially in rainy weather, as well as protecting blades from erosion.”.

Chapter 5: Please use more nuanced wording of the conclusions and please
also return to the overall problem statement of the thesis concerning the need
for replacement of the met masts. The current wording also tends to high-
light only the positive results of the thesis, but the limitations and a critical
view of the presented results and research are missing. We are also surprised
that in Chapter 2 the number 0.2m/s was given to characterize the difference
between lidar and simulations, but here the number 0.1m/s is used. There
is likely a good reason for this, but it adds to the impression that all results
presented are overly positively interpreted.

If the candidate wishes to stick with the wording concerning Chapter 3, that
the new probe volume shortening is “promising”, in light of the challenges
ahead, we wish that the statement is more thoroughly evaluated. A reader
needs to be able to understand why this technique (which lost 90% if the signal
strength) is superior to the other approaches presented in the thesis. Obvi-
ously, it was not promising enough for the candidate to pursue the methods
further.

By rephrasing the research questions stated at the end of Chapter 1, as sug-
gested above, we believe that it will be relatively straightforward to present a
more nuanced and critical set of conclusions. The more nuanced conclusions
will improve the thesis and give full justice to all the good work contained in
the individual papers.

Thank you for pointing this out. We agree with this comment and have rephrased Chap-
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ter 5 with both positive and negative conclusions. The reason why we used 0.1m/s is
that there are nine comparison cases and only one case has a larger difference of 0.2
ms !, while the others differ by 0.1 ms™'. Therefore, it is acceptable to use 0.1m/s in the
conclusion part.

Since the study results indicate that quarter-wave plates can compact the measurement
volume under specific conditions without changing any part of the lidar system, we use
the word ”potentially” instead of ”promising”. Despite significant losses in laser power,
further investigations should help to maintain the power. Due to the time limit for com-
pleting a PhD, we did not continue our studies.
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