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Abstract. Ship-based profiling Lidar systems experience a strong influence of rotational and
translational motion on beam direction and hence the line-of-sight velocity. This motion error
is inherited by the retrieved 3-dimensional wind vector and is especially visible in the velocity
spectra and cross-spectra of velocities at different measurement heights (coherence). Applying
motion compensation on the line-of-sight velocity observations was found to have a strong
impact on the statistical properties of the retrieved wind vector and successfully improved
the corresponding velocity distributions. The impact of motion correction on the spectra of
the horizontal wind speed components was found to be neglectable. The Lidar measurement
principle, in particular the effect of cross-contamination at higher frequencies, was found to
have a larger impact in shaping the horizontal spectra than motion correction. Vertical velocity
spectra were strongly affected by ship motion and the motion correction was only partly
successful. Precisely, this effect was present at frequencies larger than the resonance frequency
of the ship.

1. Introduction

The rotor diameter of state-of-the-art and future planned offshore wind turbines is increasing
rapidly, now already exceeding 200 m. Nowadays, most wind power production and turbine load
estimates are mainly based on the extrapolation of mean wind characteristics from lower levels,
utilizing either the simple wind shear exponent approach or the more advanced Monin-Obukhov
similarity theory (MOST)[1]. However, these methods are only applicable within the surface
layer, i.e. the lowest part of the atmospheric boundary layer, and in addition only under certain
stability conditions [2]. Yet, at the length scale of these new wind turbines, it is not given
that these assumptions are valid over the whole rotor diameter. It was found, that assimilating
atmospheric observations, such as wind shear, turbulence and atmospheric stability significantly
improves both the quality of power production and risk estimates from physical models as well
as from statistical models, which are based on machine learning [3].

Unfortunately, the availability of the corresponding marine boundary layer observations is still
sparse. Only few platforms featuring meteorological masts (e.g. the FINO platforms in the
North and Baltic Sea [4]) or buoy mounted Lidars [5] are installed today. A novel approach to
gain detailed observations of wind speed profiles over a larger spacial extend was presented by
Gottschall et al. 2018 [6]. They utilized a profiling Lidar on a ferry route over the baltic sea
to sample different wind and boundary layer parameters in order to validate the New European
Wind Atlas (NEWA) [7]. Similar and accessible ferry infrastructures exist in many coastal
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regions interesting for offshore wind exploration. In the future, these might be utilized as a
network of mobile wind profile observatories, when equipped with profiling Lidar.

Platforms at sea, e.g. buoys, are exposed to the transfer of momentum from the underlying
wave field, causing the platform and the installed Lidar system to move. Here, six degrees
of freedom have to be considered, namely the rotational motions around the three main axes,
defined as pitch, roll and yaw, and the translational motion along those axes defined as heave,
sway and surge. Additional translational motion is generated, if the lidar is installed on a ship
for example. Both, wave induced and ship induced motion, influences thus the observation of a
ship mounted Lidar.

The following study evaluates the potential of ship-based Lidar installations, with focus on
the impact of motion and motion compensation on the Lidar observations. The manuscript
is structured as follows. Section 2 describes the measurement campaign, the instrumentation
and its limitations used in this study. Section 3 introduces the measurement and retrieval
principle, the motion correction algorithm and the data analysis methodology. The main results
on statistical, spectral and coherence impact of motion compensation are presented and discussed
in Section 4, followed by some concluding remarks in Section 5.

2. Measurements and Instrumentation

2.1. Campaign

The data evaluated in this study originates from the Wincube V2 Lidar observations (see Section
2.2) during the Iceland Greenland Seas Project [8]. During the 7 weeks of the campaign (Feb-
Mar 2018), the Lidar was installed on deck (stern side) of the NATO Research Vessel Alliance.
For the period of the Lidar deployment, the Alliance travelled the Iceland and Greenland Seas
area, featuring a large range of wind, wave and atmospheric stability conditions. The main part
of the cruise was performed at large distance to shore and is therefore representative for offshore
conditions. A great advantage of this campaign was the extensive availability of an additional
remote sensing and in situ observations. Specifically important boundary layer variables at
different heights, such as temperature, humidity and wind were obtained from Radiosonde
launches (in situ). This enabled the classification of the data, for example by stability conditions
as well as a validation of the remote sensing observations.

2.2. Windcube V2 Lidar Wind Profiler

The Windcube V2 system, manufactured by Leosphere, consists of two main parts: a pulsed
doppler Lidar and an Inertial Motion Unit (IMU). The pulsed doppler Lidar performs a four
beam doppler beam swinging (DBS) scanning pattern (0°, 90°, 180°, 270°) that includes
an additional vertical beam (V). A whole cycle of 5 beams corresponds to a duration of
approximately 3.8 s (0.72 s for each DBS and 0.97 s for the vertical beam). Along each beam,
or line-of-sight (LOS), the Lidar measures radial velocities (v;), obtained from doppler shift
of the back-scattered Lidar signal. The three dimensional wind vector U can be retrieved by
combining subsequent measurements of v, (see Section 3.1). The wind vector is obtained at
twelve range gates between 40 m and 290 m, with a gate width of 20 m between the lower levels
and 30 m between the four highest levels.

When installed on a moving platform at sea (e.g. a ship), the IMU integrated within the
Windcube V2 system can be used to obtain motion angles, motion velocities and translational
horizontal velocity of the instrument. These parameters are retrieved from internal processing
with a frequency of 10Hz. Motions cause the Lidar to observe 7y ina moving coordinate system,
that is rotated relative to the earths coordinate system. A basic retrieval (see Section 3.1) in
the earths coordinate system, based on this modified vy will yield incorrect results of three
dimensional wind speed. Angular displacement causes exchange of absolute velocity between
the different wind speed components. Motion velocities modulate the wind speed components
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along the same axis. Finally, translational motions cause a modulation of the horizontal wind
speed, depending on the platform heading relative to the wind direction.

2.8. Instrument Limitations with regard to Turbulence

In this study, we will eventually evaluate the impact of motion compensation on the velocity
spectra of the wind components, retrieved from Lidar observations. However, general limitations
of doppler swinging and profiling Lidar, which are not in motion must be recalled first. In the
past, Sathe et. al 2011 [9] found that these kind of Lidar do not perform well in observing
turbulence by evaluating 2nd order statistics. Comparisons of Lidar and Sonic spectra (e.g. [10],
[11]) found only poor agreement when a certain frequency range was exceeded. Keberlau and
Mann 2019 [12] evaluated the main causes for this erroneous spectral behaviour. They concluded
that cross-contamination of the horizontal velocity components due to large separation distances
of the beams is the dominant source for errors, that is visible in the spectrum. They identified
resonance frequencies for eddies corresponding to 2/n times the size of the spacial separation
distance between the beams (n = 1,2,...). Secondary sources of contamination were identified
from time averaging effects: beams in one complete scanning pattern are used multiple times
during the retrieval (see Section 3.1). Retrieved values are therefore not independent from one
another, causing a "running mean” effect at frequencies larger than the sampling frequency of
the complete scan (~ 3.8s). Additionally, the LOS averaging effect can influence the spectrum
and is mainly present at higher frequencies.

3. Methodology

3.1. Lidar Measurement Principle and Basic Retrieval

In its inertial state (no motion), radial velocities measured by the Lidar can be linked to the 3D
wind speed vector @ following [13] (adjusted for Windcube V2 system):

v (0, ) = u - sin(p)sin() 4+ v - cos(p)sin(f) + w - cos(0) (1)

with ¢ as the azimuth angle and 6 as the cone angle of the DBS pattern (§ = 28°). Setting in
w and 6 corresponding to the five beams of oy yields an equation system, that can be solved
analytically for 7 = (u,v,w):

0,(28°,90°) — v, (28, 270°) 0,(28°,0°) — v,(28°, 180°)
= v =
2 - sin(f = 28°) 2 - sin(f = 28°)

It should be noted, that unlike the conventional meteorological definition, w is negative defined
for upwards directed velocities within the Windcube V2 coordinate system.

3.2. Lidar Motion Compensation

In order to gain motion independent observations of the wind vector, it is possible to apply
motion correction to the observations of the Windcube V2 system. The challenge is to
compensate for the complex interaction between rotation of the platform’s coordinate system
and translational and heave motion.

In this study, two simple motion correction methods, introduced by Wolken-Mohlmann et al.
2014 [14], are tested. The computational cheaper method of the two applies motion correction
to the retrieved wind vector w, (see Section 3.1). Here, u; is rotated corresponding to the
motion angles, utilizing the inverse rotation matrix R~! (for details on R and its limitations
see [15]) and the ship velocity vector U, is simply subtracted. A disadvantage of this method
is, however, that motion correction due to angular displacement and translational and heave
motion are decoupled. Additionally, the retrieved wind vector will always be dependent on the
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radial velocity observations corresponding to different time steps. Hence, the choice of time step
corresponding to the motion data (10Hz resolution) will not sufficiently cover all utilized radial
velocity observations (~ 3.8s).

A possible approach for improvement is to apply the motion correction already on vy or 7 pre-
retrieval” (also see [14]). A shortcoming of this method is, however, a higher computational cost.
For this method, m is projected on to the vector along the LOS of each of the Lidar beams.

This vector is then subtracted from v;. The resulting motion velocity compensated radial

velocity vector Ure can be expressed in terms of the rotated (utilizing R) and LOS projected,
three dimensional wind vector. The resulting equation system is, however, not as trivial to solve,
as the one introduced in Section 3.1. In order to solve this equation system, linear regression,

based on a least squares approach is utilized, following [16].

3.8. Statistic, Spectral and Coherence Analysis

To evaluate the overall quality of the corrected wind speed profile series, it is compared (consis-
tency check) to in situ wind speed measurements that are obtained from 86 Radiosonde ascents,
over the course of the cruise at the different Lidar levels. Here, two common error metrics
between Lidar and Radisonde data are used: the systematic error (BIAS) and the random or
standard deviation error (SDE).

To evaluate the impact of motions on the statistics of Lidar wind observations, a histogram
(distribution) of horizontal wind speed and vertical wind speed are created, both for corrected
and original series. For more insight on the specific impact of motion velocity on the horizontal
wind, an additional histogram of the difference between the corrected and the original horizon-
tal wind speed is estimated, which is conditioned by present and non-present ship translational
movement.

For the spectral analysis, the energy spectra of the three wind components, rotated in wind
direction (along wind u, cross wind v and vertical wind w) at one level are investigated. Addi-
tionally, the cross-correlation spectra between observations of the Lidar at different levels and
vertical motion velocity (heave) are evaluated in terms of corresponding coherent modes at spe-
cific frequencies. The coherence estimates are constructed from the cross spectral density G,
(and its complex conjugate G, ), which is the Fourier transform of the cross-covariance function
between the variables z and y [17] (z and y are for example series of velocity observed at two
different Lidar levels). The coherence estimates are calculated following [17]:

Coherence estimate C" G .
C:z - ey 3
Y G;rz K ny ( )
real part of Co-Coherence estimate Co (coincident spectrum):
Gy
Cozy = Re — (4)
AV G - ny
imaginary part of Co-Coherence estimate iCo (quadrature spectrum):
iCoyy = Im G (5)
AY G - ny
phase p:
p = atan2 (Im(Gyy), Re(Gyy)) (6)

The coincident spectrum determines the contributions to the correlation of x and y at different
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frequencies, that are ”in phase” (phase: 0° or 180°), while the quadrature spectrum determines
those, that are "out of phase” (phase: £ 90°) [17].

For analysis, the spectra corresponding to the three velocity components are each combined as
a composite of discrete fast Fourier transformation of several time series slices of 30 min length.
Each time slice is shifted by 1 min to the proceeding one, over a period of 6 h. Composites of
coherence and corresponding estimates (compare Equations 3-6) are estimated in a similar way.
A time period of maximum data availability, stationary wind and motion signal was chosen for
the spectral analysis of this study. The requirements for stationary were achieved for periods
where the statistical properties, in particular mean p and standard deviation o, of the evaluated
series were independent of absolute time [17], utilizing thresholds for 4 and o of 0.1 m/s and
0.1°, respectively.

4. Results and Discussion

The following Subsections will evaluate and discuss the impact of motion compensation from
three points of view: statistical, spectral and from coherent modes. In the process of analysis
it was found that distributions, spectra and coherence are similar for the two motion correction
approaches introduced in Section 3.2 in almost all evaluated cases. Hence, in order to increase
the readability, results from both approaches are only shown and discussed, in case they differ
significantly. Otherwise, only the method that applies motion correction ” pre”-retrieval is shown.

4.1. Lidar Profile Assessment
First, the quality of the Lidar observations

is evaluated in terms of data availability [%] 200

at each level, displayed in Figure la. In @ " of “
the lowest levels (up to 100m), the data 250 . o 4
availability is very close to 100% for the whole | . | . .
campaign (excluding harbour time). However, i
at higher levels, a decreasing trend of U data E 2007 " ‘ *
O s . . = . § «
availability with increasing Lidar level can be = . o B
recognised. With decreasing data availability, & 1501 . . B
T . . = Data Avail.
also reliability decreases and gaps in the series BIAS oxi E: “
reduce the quality of spectral analysis. 100 + BIAS Cor?," i “
Before determining the consistency of the SDE orig. J N
evaluated Lidar dataset with independent 50 SDE corr. : . "
Radiosonde measurements, we need to discuss 0 25 50 75 100 -1 6 1 2 3

the limitations such a comparison implies. data avalability [%]
Previous studies (e.g. [18]) found that
Radiosonde measurements of the horizontal
wind speed do not agree well with Lidar
observations close to the surface, due to
inertia effects during the acceleration and
oscillatory motion of the Radiosonde. This
superimposed motion naturally reduces the
reliability and accuracy of the Radiosonde measurements close to the ground. However, there
is no standardized cut-off height for Radiosonde measurements, as inertia and oscillatory effects
are dependent on the environmental conditions during release. Lidar observations do not
experience such inertial forcing and were in general found to perform well independent of height
in comparison to met masts (see e.g. [19]). Flow distortion around the research vessel, however,
evidently influences wind speed observations [20]. This can potentially enhance the inertia effect
on the Radiosondes, but also modify the wind field observed by the Lidar at the lowest levels

E(ws; — wsg) [m/s]

Figure 1. Lidar data availability with height
over whole series (a) and Error estimates E
(BIAS and SDE) between the horizontal wind
speed of Lidar (wsr) and Radiosonde (wsg)
from original and corrected series (b).
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close to the ship.

Direct comparison of the independent datasets displayed in Figure 1b, indeed confirms the
observations of previous studies. The systematic differences between Lidar and Radiosonde
wind speed are most dominant at the lowest levels. In case of the evaluated campaign, these
differences vanish around 100 m for both, the corrected and the original Lidar dataset. In order
to avoid potential criticism of ” cherry picking” and to make this relevant information available for
further deployments, we choose to display the whole profile assessment, but added a shading at
the height levels that are critical for the Radiosonde measurements. Still, the strong consistency
between Lidar and Radiosonde ws at higher levels, despite the decreased data availability of
Lidar data comparable to lower levels, give strong confidence in the Lidar observations.

Even though the systematic differences are very similar between original and corrected ws, a
clear improvement of the corrected ws compared to the original ws can be observed in terms of
the random differences.

4.2. Statistical Analysis
The original and motion corrected distributions of horizontal and vertical wind speed at the

Lidar level corresponding to 100 m are displayed in Figure 2. This level was chosen, because

) w8 @
S (a) original S (b) -—- resting | @ (c) original
@4 corrected @ 6 a0 moving | % 10 corrected
o b i all 4
=] =] n o
o B 4 i o
7 (R}

g2 E i g 59
= = [ =
Z z 27 0 Z
. . AR p— .
1 1 J AN e b
S0 ‘ ‘ ‘ ‘ : S0 r = e e S 0 ; ‘ :

0 5 10 15 20 25 30 -5 0 5 -2 0 2

ws [m/s] Aws [m/s] w [m/s]

Figure 2. Distribution of original and corrected horizontal wind speed ws (a), distribution of
difference between original and corrected horizontal wind speed Aws, conditioned by resting and
moving ship (b) and distribution of original and corrected vertical wind speed w distribution.

the most robust results in combined data availability and consistency (Section 4.1) were found
at that level.

The distribution of corrected ws (0.25 m/s bin width), shown in Figure 2.a, implies an overall
reduction in the amount of observations at higher ws values (between 15 and 20 m/s) in compar-
ison to the original distribution. The amount of observations at lower ws values (between 0 and
15 m/s), on the other hand is increased for almost every bin in this velocity range. The largest
impact on the horizontal velocity is expected from ship translational movement (see Section 2.2).
If this assumption applies, the adjustment of the ws distribution towards lower ws values after
motion correction suggest that the ship was sailing against the mean wind for a longer part of
the campaign, or at a higher speed than with the wind.

The distribution of the difference between original and corrected series (Aws = WScorrected —
WSoriginal) 15 shown in Figure 2.b. From this distribution (0.1 m/s bin width) a more detailed
insight into the cause of adjustment of corrected compared to original ws distribution can be
gained. This distribution is conditioned by cases, where the ship was in translational movement
and cases, where it was resting at a certain point in space. A distribution of absolute ship
speed is shown in Figure 3. As surge and sway are still larger than zero during periods of rest,
translational movement is defined as wgpip > 0.25 m/s.
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The Aws distribution shows a distinct peak
around 0 m/s. For resting conditions (uspip <
0.25 m/s) this peak is almost perfectly
mapped. Here, maximum and minimum ve-
locity differences vary only around £2 m/s.
A comparably small portion (Aws >
|0.25m/s|) of the distribution (resting condi-
tions) can be accounted to the angular mo-
tion, meaning a transfer of horizontal velocity
to the vertical velocity and vice versa (see Sec-
tion 3.2). The influence of angular motion on
the horizontal wind speed is therefore small in
comparison to the overall observed wind speed
values. For translational movement conditions
(uship > 0.25 m/s), the peak is barely recog-
nisable. For this condition the distribution ranges between -8 m/s to 8 m/s, which is approxi-
mately the maximum speed the ship reached within the observation period. This confirms the
above formulated hypothesis: ship translational movement can be identified as the dominant
motion impact on the originally obtained ws. The amount of negative Aws exceeds the amount
of positive Aws. This confirms, that the ship was dominantly sailing against the wind during
the evaluated campaign.

For the vertical velocity distributions, which are displayed in Figure 2c, a distinct shift from
the original (~ 0.5 m/s) to the corrected (~ 0 m/s) peak velocity value can be observed. The
peak additionally narrows after motion compensation. A hypothesis to explain the shift is the
dominant presence of a static angular displacement of the Lidar beams. Such an angular dis-
placement causes parts of the horizontal wind speed to be mis-interpreted as vertical velocity and
vice versa (see Section 2.2). A reason for displacement could for example be due to imperfectly
leveling during installation or a change in ship listing angle over the course of the campaign,
e.g. caused by a change in weight distribution by fuel consumption. The hypothesis behind the
narrowing of the peak is the successful removal of artificial variance due to a combination of
ship angular motion, heave motion and non-linear transfer of velocity from the horizontal wind
speed components.

+ Number of 1min obs.

10°

2 4 6
absolute ship speed |a)5h,p| [m/s]

Figure 3. Distribution of 1 min resolution
absolute ship speed |wgpp|

4.8. Spectral Analysis

The statistical analysis (Section 4.2) was able to give insight to mean features caused by motion
compensation. How and at which frequencies motion compensation is of dominant influence,
can on the other hand, be evaluated from original and corrected energy spectra of the three
wind components. Figure 4 shows the spectra of those three wind speed components (as defined
in Section 3.3) for corrected and original series at the 100 m level. For each spectrum, the
frequency range from 1.3-107'Hz (Nyquist frequency corresponding to one complete scan) and
larger frequencies is shaded in grey. At this range, time averaging (”running mean”) effects in
combination with cross-contamination effects were found to be dominant (see Section 2.3). These
effects are visible in all three wind components, but especially in the v and v spectra (Figure 4a
& b), in form of a drop in spectral energy at frequencies slightly larger than 1.3-10~1Hz.

Only minor differences between original and corrected spectra of u and v (Figure 4a & b)
can be recognised. There is for example slightly less energy in the corrected u and v spectra
at the lowest frequencies. A potential explanation for this is the removal of periodic ship
movement present during the evaluated period (movement in between periods of resting).
Additionally, the corrected v spectrum (Figure 4b) improves slightly in comparison to the original
spectrum with respect to the -5/3 slope, characteristic for the inertial subrange of turbulence.
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(a)

104,

1021 original
corrected
-5/3 slope

10° . 1

Ey(f) [m?s7?]

104_

102_

Ey(f) [m?s~?]

100 . .

10° 1 (¢)

heave

Ey(f) [m2s™?]

102 101
frequency f [Hz]

Figure 4. Original and corrected frequency (f)
dependent energy spectrum E,(f) of the along
wind component u (a), E,(f) of the cross-wind
component v (b), E,(f) of the vertical wind
speed component w (¢). The vertical spectra are
accompanied heave spectrum. The grey shading
indicates the frequency range which exceeds the
Nyquist frequency (~0.13Hz).

Unfortunately, no in situ measurements of
turbulence are available to confirm, that the
inertial subrange really is present at this
frequency range for the evaluated situation. In
contrast to the v spectra (Figure 4b), the slope
of both the original and corrected u spectra
(Figure 4a) deviates from the -5/3 slope. As
this deviation increases with increasing level
height and therefore increasing separation
distance (see Appendix Figure A1), the cross-
contamination effect is most likely responsible
for the deviation in slope from the inertial
subrange.

In case of the wvertical component, the
spectra. were found to differ in between the
retrieval methods introduced in Section 3.2.
Both corrected and original spectra of the
two retrieval methods are displayed in the
Appendix Figure A2. One major difference
to point out between the two methods: the
spectra corresponding to the ”basic” retrieval
were found to fit better with the -5/3 slope of
the inertial subrange than the ”pre”-retrieval
method.

In contrast to the u and v spectra, the impact
of motion compensation can be identified
clearly, when evaluating the w energy spectra,
shown in Figure 4c. Omne advantage in the
analysis of the w spectra is, that we also can
display heave in the same coordinate system
(here plotted in red), as it has the same
unit [m/s] and direction (z) as w. Heave
motion results from the ship oscillations,
which are forced by the underlying wave field.
These oscillations amplify close to the natural
frequency specific to the ship. A peak in
heave spectrum can therefore be related to the
resonance frequency of ship and wave field.
A clear peak at 8 - 1072Hz can be identified in
the original w spectrum, shown in Figure 4c.

This peak is maximal at the same frequency and is of similar magnitude as the peak in heave
spectrum (Figure 4c). However, at frequencies larger than 1.3-10~'Hz, the slope of the original
w spectrum is steeper than the slope of the heave spectrum. The peak is also observed for
the corrected w spectrum, yet it is reduced in comparison to the original w spectrum between
6:10"2Hz and 1.3-10"'Hz. For f > 1.3-10~'Hz, on the other hand, the spectral energy of the
corrected spectrum is increased. At this frequency range it is of similar magnitude and slope
as the heave spectrum. A hypothesis to explain this behaviour is, that the oscillations caused
by motion can not be resolved at this frequency range by the Lidar measurement principle
(Section 3.1). If this hypothesis is true, motion compensation possibly caused a transfer of
energy, which is conserved in the motion measurement, artificially to the spectral energy of
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corrected w. This hypothesis is evaluated utilizing coherence estimates and coherent modes in
the following subsection.

4.4. Coherence Analysis

Original and corrected estimates of spectral coherence, real and imaginary part of the co-
coherence and the phase between series of w at different Lidar levels are, together with heave,
displayed in Figure 5. These estimates are in the following utilized to identify coherent modes

original corrected
1.0 1.0
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Figure 5. Coherence estimates from cross spectral density estimates of vertical velocity w;w;
between different Lidar levels (i = 40m and j = [60m, 100m, 200m]) and heave. Coherence Ciy,w,
and Cy, heave Of original w (a) and corrected w (b), real co-coherence Coy,y,; and Coy, heave Of
original w (c) and corrected w (d), imaginary co-coherence iC0y,; and iC oy, heave Of original
w (e) and corrected w (f) and phase py,;w,; and pu, heave of original w (g) and corrected w (h).

at specific frequencies, with focus on motion impact.
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A turbulent eddy of a specific size sg (~ f) will be recognised at two different points in space
(correlation), if their separation distance is smaller than sp. Hence, in theory, the spectral
coherence of w at two different levels is expected to overall decrease with frequency and vertical
separation distance.

From the original spectral coherence estimate shown in Figure 5a, a coherent mode ( 6-1072 Hz<
f <2-107! Hz) can be identified for all coherence estimates of w;w; at two different levels i and
4. The maximum of the coherent mode can be identified around 10~'Hz. At a frequency around
6-10~2Hz, the spectral coherence of w;w; (j = 100m and j = 200m) decreases to minimal values,
then both coherence estimates increase rapidly (to ~ 0.8) and in the same manner, matching
the spectral coherence between w and heave. This implies that spectral coherence (correlation)
at this frequency range is mainly caused by ship motion (around the resonance frequency). At
higher frequencies (f >2-10"1Hz) the coherent modes can be identified in between w at different
levels, but not with heave. For this frequency range, the increased spectral coherence between
w at different levels is potentially connected to the limitations in the measurement and retrieval
principle in combination with cross-contamination at the resonance frequencies (Section 2.3).
Similar, and even more distinct peaks were

also identified from coherence estimates of

a Lidar, which was installed on a fixed t0 Coveamen

platform. The w coherence estimate from 0.8 Curaomins

a measurement corresponding to this fixed §06_ CaoWonn

period is shown in Figure 6. g .

For all frequencies of the coherent mode, §0_4. 2

the real part of the original spectral co- = . £ &

coherence (Figure 5c¢), is positive (correlated). 0.2 o q»m,%j 3-,*&;“\;‘
For frequencies around maximum correlation 0.0 | RSt SR
(~ 107'Hz), the imaginary part of the co- 1072 1071

coherence (Fig. 5e) is very close to zero. This frequency f [Hzl

implies, that the w series in not only strongly
correlated with heave and in between the
levels for the frequency range of the coherent
mode, but also also in phase (phase mode), as
shown in Figure 5g.

The spectral coherence corresponding to the corrected w series at different levels and with
heave is shown Figure 5b. In comparison to the original coherent mode with heave (Fig. 5a),
the corrected coherent mode with heave is present over a larger frequency range and at higher
frequencies. Within the frequency range of the original coherent mode, the corrected coherent
mode is reduced in magnitude. Yet, real corrected spectral co-coherence (Figure 5d) is negative
(anti-correlated) and the imaginary corrected spectral co-coherence (Figure 5f) is strongly
increased and therefore out of phase (anti-phase mode) at this frequency range (Figure 5h).
This implies that the motion correction potentially overcompensates and introduces opposing
and out of phase oscillations to the w series. At frequencies larger than the Nyquist frequency
(grey shaded), cross-correlation with heave and corrected spectral coherence in between the
levels increases (Figure 5b). From the real part of the corrected spectral co-coherence (Figure
5d) it can be observed, that the motion correction causes w and heave to be anti-correlated as
well. Especially for frequencies > 1.3-10~'Hz the anti-correlation corresponding to the corrected
coherent mode (Figure 5d) is strongly increased in comparison to the original coherent mode
(Figure 5¢). This supports the hypothesis formulated in Section 4.3: At this frequency range
the Lidar observations are not able to resolve oscillations connected to ship motion and motion
correction introduces artificial oscillation on the corrected w series.

Figure 6. Spectral coherence between different
levels of observations from a Lidar installed on
a fixed platform (no motion)
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5. Conclusions and Outlook

Motion correction has a strong impact on mean horizontal and vertical wind speed and was
found to be able to adjust the analysed series towards more realistic distributions. The
impact of motion on spectra of horizontal wind speed components, is found to be small in
comparison to limitations caused by the measurement principle, in particular due to cross-
contamination. In contrast, the vertical velocity spectrum was found to be strongly impacted
by motion contamination. Motion correction is only partly successful. It even causes the series
(and spectrum) to be more complicated to separate in a realistic and an erroneous part. On
basis of these findings, it is not recommended to utilize a time resolution finer than the time
the Lidar system requires for one complete scanning cycle (~3.8 s), even though it can be
provided. Specifically for the vertical component, an even smaller part of the spectrum should
be considered, depending on the natural frequency of the ship, the Lidar is installed on. In this
case, it is recommended to utilize the w component, which is only retrieved from the vertical
beam (”basic”), as it is less contaminated by cross-contamination, inherited from the horizontal
components.

In order to gain information on turbulence, there exists the possibility to replace the un-
resolvable part of the velocity spectra by a theoretical formulation (e.g. the Kaimal spectrum
[21]), if it is possible to identify the inertial subrange!. Here additional information on stability
can for example be used to achieve more realistic spectra. Improved turbulence estimates such
as turbulent kinetic energy (TKE) and turbulence intensity can be acquired from integrating
the adjusted spectra.

There are also other approaches to correct for motion in turbulence estimates. In order to
remove motion impact on momentum flux estimates, Rieder and Smith 1998 [23] suggested a
method which utilizes the cross-correlation spectra between velocity components and motion
estimates to directly correct cross-correlation spectra between two of the velocity components
(momentum flux).
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A. Appendix: Figures
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Figure A2. Vertical velocity (w) spectra,
corresponding to different retrieval and mo-
tion correction appoaches

Figure Al. Along wind (u) energy spectra
corresponding to different Lidar level
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