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1 Introduction

Dear Referee,
thank you very much for taking the time to perform a review of this

paper and for the constructive comments. Below you will �nd the answers
to your comments. A revised version of the paper including your comments
has not yet been created while waiting for comments of additional referees.

Sincerely,
Juan José Trujillo and co-authors.

2 Major comments

2.1 Analysis on line-of-sight data

Lines 65 and 80: Eqs. (1) and (2) describe the shape of the wind speed
distribution, even though lidar measurements are later �t to these models
and the lidar is only capable of measuring line-of-sight velocities. More
parameters are needed to account for the azimuth and pitch angles of the
lidar beam. This is not a major concern when the lidar angles are small
(i.e., less than 10 degrees), but it can introduce a signi�cant source of error
for larger angles. I strongly encourage the authors to either (a) update Eqs.
(1) and (2) to account for lidar azimuth and pitch, or (b) provide a rigorous
justi�cation as to why these angles are small enough to be neglected in this
particular experiment.

Answer

You are right in that we should introduce an explanation on why it is valid to
work with line-of-sight data without taking other parameters into account.
For this, two points have to be clari�ed, namely the tracking phylosophy and
the e�ect of misalignment between the line-of-sight and the full wind vector.

� Wake tracking philosophy

There are several ways to estimate a sort of wake centre position. For
instance, one approach could be, as you suggest, based on an expected
shape of the wind speed distribution. In this case, the model used
to �t the measurements really needs to include several parameters to
describe accurately the complexity of the �ow situation of the studied
case. This is for instance the approach followed by Aitken 2014.
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Another approach is the one we use, where the objective is not to
�nd the function describing best the wind speed distribution but, to
�nd any axi-symmetric and smooth function which �ts to the wind
speed distribution. We use the word 'template' to convey the general
sense of the �tting function, which does not have to match perfectly
with the wind speed distribution. In e�ect, we could have used a
function di�erent than the Gaussian to �t our data, however, from a
practical point of view it is more robust to select a template similar
to the expected wind speed distribution if it is known a priori. In
consequence, Aitken's and our approaches look similar from a formal
point of view although in principle they are completely di�erent. In
fact, we can apply equations (1) and (2) directly on the line-of-sight
data while Aitken has to elaborate more the model.

It is to note that the outcome of the template approach is mainly the
centre of the wake, which was the variable needed for this research.
This contrasts with the �rst approach where other characteristics of
the wake such as wake width have a more physical meaning.

� Sensitivity of tracking to misalignment

We have been concerned about the robustness of the tracking method
to follow the wake under dynamic conditions. There are two main is-
sues, the �rst is that in the quasi-instantaneous measurements the re-
sulting wind speed distributions are far from having a Gaussian shape,
which is only a characteristic of steady �elds, i.e. averaged over a time
longer than our sampling rate of one �eld every nine seconds. The
second issue is the one you mention related to the misalignment of the
lidar line-of-sight caused by a combination of changing wind direction,
lidar scanning and wind turbine yawing.

To approach the question of robustness a numerical study has been
performed by means of lidar simulation by Trabucchi et al. 2011. In
that experiment the wake of a model of a 2MW wind turbine has
been obtained from a large eddy simulation and the turbine has been
simulated with the actuator line approach. Due to the computational
e�ort only a test case has been studied. The wake has been scanned
with the same scanning pattern as the one used in this research at
a distance of 2.5D. Furthermore, the tracking procedure as explained
here with a single bi-variate Gaussian function has been applied on line-
of-sight data. Both nacelle and ground based lidar simulation results
showed robustness for large angles of misalignment well above the 10°
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you mention.

Although the turbine in that experiment was smaller, there is no reason
to believe that a larger turbine will show di�erent results. Moreover,
although only one case was studied, the consistency of the results leads
us to assume that the wake tracking with the Gaussian template is
not very sensitive to the misalignments experienced during the period
evaluated in this paper which were almost all below 10°.

Reference D. Trabucchi, J.J. Trujillo, G. Steinfeld, J. Schneemann, M.
Kühn, Simulation of measurements of wake dynamics with nacelle and
ground based lidar wind scanners, Wake Conference, Visby, 2011 The
proceedings can be downloaded from: http://space.hgo.se/wake_

conference/?q=system/files/bookabstract2011_update_1.pdf

� Suggestion of correction to the paper

If you �nd this su�cient we will make a clearer explanation of the
tracking approach and the direct applicability of our approach to line-
of-sight measurements in section 2.2.

Additionally, we will make reference to the misalignment e�ects and
the assumptions we are performing in this respect in section 3.1.

2.2 Double Gaussian instead of single Gaussian

Line 159: What is the purpose of Eq. (2) if it isn't used? Here, I do not
agree with the authors' decision to abandon Eq. (2) in their analysis. Eq.
(1) is a function describing the shape of the far wake, while Eq. (2) is a
function describing the shape of the near wake. Since the authors make a
point of focusing their analysis on the near wake, Eq. (2) is the appropriate
�tting function to use in this context. One can easily see from Fig. 5 that
Eq. (1) is inadequate for describing the shape of the near wake. I strongly
recommend that the authors do the analysis using Eq. (2). It might be
harder to employ Eq. (2), but it is the proper equation to use.

Answer

The purpose of presenting Eq. (2) is for completeness to show the self-check
that we have performed and that we did not want to let undocumented. In
fact we had the same concerns as you in regards to which function should be
used as a template. However, due to time constraints we could not perform
a full comparison of both methods. Therefore, we took a pragmatic decision
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to go for the single bi-variate Gaussian after some tests which showed no
signi�cant di�erences with respect to the estimated wake centre.

The tests indicated us that in the case of the two dimensional snapshots
the single Gaussian has a very similar performance as the double Gaussian
for our setup. Our interpretation of this result is that the wind speed "by-
pass" in the wake centre, specially futher than 1D, is not strong enough to
make the single Gaussian invalid. This "bypass" e�ect will depend on the
aerodynamic characteristics of the rotor and therefore will change between
turbines. Therefore, this result can not be generalised and is particular to the
measurements shown in this paper. In fact, our experience with other type
of scanning such as by means of PPI (similar to Aitken's one-dimensional
PPIs) on other turbines shows that the double Gaussian is really needed for
performing an accurate tracking.

Suggestion of correction to the paper

We agree with your statement that "Eq. (1) is inadequate for describing the
shape of the near wake", however as explained before, our purpose is not
to describe the shape but just to track a wake centre. We believe that the
investigation shows consistent results from the selected tracking procedure
and therefore we still consider valid our decision to use a single Gaussian.
We kindly ask you to reconsider your strong recommendation to use Eq. (2)
on the whole dataset.

An improvement that we could do is to emphasise that the interchange-
ability of single and double Gaussian approach is a particular case for this
measurement setup and that it can not be generalised.

3 Minor comments

3.1 Lines 14-17

To support the statements given here, it would be nice if the authors cited
any relevant literature surrounding the use of yaw control for wind farm
optimization.

Answer

Will be done.
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3.2 Lines 27-29

The use of the �rst-person pronoun �I� is inappropriate here since the paper
under review and Trujillo et al. (2011) both have multiple authors, including
the overlap of two authors. I suggest that this sentence begin �Trujillo et al.
(2011) developed a wake tracking technique which. . . �

Answer

This is ambigouos and will be corrected

3.3 Line 31-32

Other studies have in fact studied the near wake. For example, Aitken et
al. (2014) discusses an experimental study that covered both near wake and
far wake measurements. The authors should be more speci�c by noting that
their unique contribution here is their speci�c focus on near wake deviation
due to yaw misalignment.

Answer

You are right we will be more speci�c about this.

3.4 Line 39 (and elsewhere)

I recommend that the authors use the conventional abbreviation �D� for rotor
diameter, to avoid spelling out the word �diameter� every time.

Answer

Will be done.

3.5 Line 60-61

Rather than saying �measured by an additional system� the authors should
be more speci�c and mention that the in�ow pro�le is measured by a met
tower upwind of the turbine. Presumably, the ambient pro�le is not the
same upwind and downwind of the rotor, particularly since the met tower
is located almost 1 km upwind of the turbine. This is a de�ciency that
introduces error into the estimation of the wake properties, which the authors
should acknowledge.
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Answer

At this point in the paper we are explaining the general tracking process
and therefore have not made reference to the speci�c o�shore experiment.
However, we will make some clari�cations in the paper.

The "isolation" of the wake de�cit by means of subtracting the vertical
pro�le supports our tracking procedure. It is not necessary for �nding the
horizontal wake centre position, however it is done to cope with two issues.
First, the vertical wind shear breaks the axi-symmetry of the wind �eld and
consequently the convergence of the �tting process, using our selected axi-
symmetric template function, can be more di�cult. Second, the vertical
wake centre position can be biased.

In conclusion, we expect that the inaccuracy in the subtracted vertical
wind shear won't have a signi�cant e�ect on the estimated horizontal wake
centre position. Your comment is right in that if we were to extract other
wake properties we would have to take more care about the inaccuracies in
the measured pro�le. However, in such case our approach would be unsuit-
able and we would have to use a wake model including the wind shear as for
instance Aitken 2014 did.

3.6 Line 66

It is not just that the Gaussian function can be selected for its �exibility.
The authors should mention that there are theoretical and experimental
justi�cations for using a Gaussian to �t the wake pro�le. See, for example,
Pope's book from 2000 titled �Turbulent Flows� and: Magnusson, M., 1999:
Near-wake behaviour of wind turbines. J. Wind Eng. Ind. Aerodyn., 80,
147�167, 10.1016/S0167-6105(98)00125-1.

Answer

We agree with you however, in the context of our tracking procedure our
claim still holds true. We will add the information of the convenience of
using a Gaussian as we explained in the major comments.

3.7 Line 69-70

Gaussian functions cannot have a �half-width� since they extend to in�nity.
It would be more accurate here to mention the full-width at half-maximum
(FWHM) or just say that σ y and σ z are parameters that determine the
extent of the wake boundary.
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Answer

You are right, naming it as half-width is not accurate and misleading. We
will use a description in the lines of your second suggestion.

3.8 Line 70

Magnitude of correlation coe�cient can be less than or equal to 1.

Answer

We think we get your point, however in Eq. (1) and (2) a value of 1 will lead
to a zero division problem.

3.9 Lines 75-80

Eq. (2) is presented without context as though it is entirely original, when
in fact it is e�ectively a two-dimensional analog to Eq. (8) in Aitken et al.
(2014). It behooves the authors to acknowledge this previous work.

Answer

You are right that we should have given more context to this research. In
fact the data used for this paper were processed at the end of 2013 and
beginning of 2014 in the context of an oral presentation at the European
Wind Energy Conference (EWEA) with the title "Measuring wind turbine
yaw misalignment by wake tracking" and by the same authorship of this
paper which took place on the 12th of March 2014.

There we presented a proof of concept of a technical application of wake
tracking di�erent than the scope of this paper. During our presentation we
mentioned for the �rst time that we have tested the double Gaussian but
selected the single Gaussian for the purposes of wake tracking in the near
wake. However no paper was published due to the preliminary character and
due to unexpected delays in the permission process by the manufacturer of
the wind turbine.

As you can see the date of presentation was prior to the publication date
of Aitken's paper which is April 2014. Although the paper states that its
�nal form was in October 2013, we have got acquainted of that paper in mid
2014. Furthermore, none of the authors of this paper took part in the review
process of that paper, nor know of any previous publication of those ideas
in a conference or early bird version of that paper.
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With this we consider our approach as original as Aitken et al. is. In
order to clarify this we propose to add a short reference to the context of the
processing of the data and the oral contribution at the EWEA conference and
hope that with this answer and its publication we accomplish with proper
acknowledgement of the originality of these ideas by each author.

3.10 Line 85 (and elsewhere)

Why is the name of the wind farm enclosed in brackets and lowercase? Why
is not written as �Alpha Ventus� wind farm?

Answer

Typically the wind farm name has been written in lowercase, therefore we
decided to write it in the way we did.

3.11 Line 125

Figure 4 is somewhat misleading since it does not seem to be drawn to scale.
The text states that the tower is located 8D or about 900 m from the turbine,
but Figure 4 makes it look like the tower is less than 500 m from the turbine.
I suggest redrawing the �gure to scale.

Answer

This will be checked.

3.12 Line 144

Figure 6 depicts measurements of wind speed and direction. The instruments
used to take these observations have some kind of measurement uncertainty.
The measurement uncertainty should be quanti�ed in the text, and Figure
6 should be modi�ed to include error bars showing this uncertainty.

Answer

A detailed description of the uncertainty of the wind sensors used is explained
in Westerhellweg-2012. We do not have access at the moment to the detailed
data. However, we could add in the text the overall values of uncertainty.

Furthermore, the plots are given as indicative of the global in�ow condi-
tions and we believe that adding error bars will over complicate them without
giving signi�cantly more insight into the operational conditions.
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Therefore we propose to add uncertainties in the text and let plots as
they are.

3.13 Line 156-157

The language here seems vague: �The results looked qualitatively more sim-
ilar. . . � What results are being referred to here? More similar in comparison
to what? Similarly, the phrase �improvement of success� is also vague. Im-
provement over what? And what does �success� mean? That the �tting
algorithm converged to a sensible solution?

Answer

Thank you for pointing this out. We have been here maybe too succinct and
therefore we will extend the explanation with the guidance of your questions.

3.14 Line 160-161

What does it mean for a snapshot to have been tracked �successfully�? Why is
70% chosen as a cuto� point? This number seems completely arbitrary�are
the authors able to justify this cuto� somehow?

Answer

Successfully means here that the �tting process has converged with the given
bounds for all parameters and the convergence criteria. The 70% value is
an ad-hoc value which we have de�ned in order to deal with "unsuccessful"
�ts. We have identi�ed three main sources of failed attempts namely, a
highly complex wind �eld, numerical issues of convergence and inexistence
of wake de�cit. The last one is related to the operational status of the turbine
which at the time of applying the tracking procedure was not available. The
results of sampled tests suggested a rather low e�ect of the �rst two sources,
therefore we assume that any large lost of tracked centres should be revealing
a downtime of the turbine. In conclusion the 70% is expected to guarantee
that in a ten minute period the turbine was under normal operation during
that percentage of time.

3.15 Line 167

Is there any signi�cance to 2.6 degrees? Was this close to the average yaw
error (the di�erence between the wind direction measured by the tower and
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the yaw angle of the turbine) during the experiment? If so, that would be a
neat result to point out.

Answer

It would be tempting to say that such lidar measurement can give a very
accurate value of yaw misalignment bias. In part, this is in the lines of what
we suggested in our proof-of-concept of "measuring wind turbine yaw mis-
alignment by wake tracking" at the EWEA 2014. However, as we explained
in the discussion of this paper, there is lack of some information to claim
that this value represents only the mean misalignment. To do that, a proper
experiment has to be deviced to discard some of the additional errors which
could be contributing to the error of 2.6° found.

3.16 Line 185-187

The wake deviation delay seems analogous to the fact that the maximum ve-
locity de�cit is attained 1-2D behind the turbine, as noted in: J.F. Ainslie.
Calculating the �eld in the wake of wind turbines. Journal of Wind Engi-
neering and Industrial Aerodynamics, 27:213�224, 1988. and in Sanderse's
literature review on the aerodynamics of wind turbine wakes. It would be
interesting to point out the similarity between the deviation delay and the
velocity de�cit since both cases show that, in the real world, the impulse
delivered by the rotor on the �ow cannot occur instantaneously.

Answer

This is an interesting observation. The delay e�ect seems to be showing
a fundamental di�erence between wind tunnel and real scale turbines. We
have been thinking on some hypothesis explaining this di�erence, however
we avoided to perform any speculation in the paper. An important point is
how reproducable is this e�ect on other turbines. Such exercise could be per-
formed by evaluating detailed CFD simulations and/or other measurement
campaigns.

3.17 Typos

� Line 88: Change �minutes� to �minute�.

� Line 108: Change �which� to �whose�.

� Line 195: Change �analog� to �analogous�.
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Answer

These will be corrected. Thank you for taking the time to report this.
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