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Abstract. Dual-Doppler scanning lidars (DSLs) are increasingly considered a promising technology for offshore turbulence
characterization, yet their performance at long offshore ranges and their sensitivity to spatial separation between reconstructed
measurement volumes remain largely unexplored. Conventional DSL configurations require the two lidar beams to intersect
at a common measurement volume, whereas many other single-lidar-based wind retrieval techniques rely on assumptions of
horizontal flow homogeneity to combine measurements obtained at different locations. This study investigates whether the
requirement for intersecting range gates can be relaxed in offshore environments and whether non-collocated dual-Doppler
reconstructions can provide useful information on spatial variability. A four-month offshore measurement campaign was con-
ducted near Blyth, UK, using three scanning lidars and an offshore meteorological mast. Collocated DSL reconstructions at
ranges of 5-7 km were first validated against cup-anemometer to establish a baseline uncertainty. Subsequently, synchronized
range gates with horizontal separations of 500, 1000, and 1500 m were used to quantify the impact of non-collocation on
reconstructed wind statistics. The observed deviations were further analyzed using a large-eddy simulation case study. The
collocated configuration provided accurate wind speed estimates and TT biases within £0.01. For wind speeds up to 9 ms™?,
non-collocated reconstructions with separations up to 500 m produced uncertainties comparable to the baseline TI measure-
ment uncertainty. Larger separations resulted in increasing deviations, particularly in heterogeneous flow conditions influenced
by coastal transitions and wind turbines. Comparison with LES demonstrated that these deviations reflect physically mean-
ingful spatial variability rather than measurement artifacts. The results indicate that strict range-gate intersection is not always
required for offshore dual-Doppler reconstruction. Under sufficiently homogeneous offshore conditions, moderate beam sep-
arations can be tolerated, while the resulting deviations provide a practical measure of spatial uncertainty relevant for wind

resource assessment and load analysis.

1 Introduction

The financial viability and bankability of offshore wind projects depend on accurate wind resource assessments, including

reliable estimates of mean wind speed, wind direction, and ambient turbulence intensity (TI). Remote-sensing solutions are
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generally preferred over in-situ measurements offshore due to their flexibility and cost-effectiveness. Doppler wind lidars have
become an established tool for offshore wind resource assessment and have demonstrated high accuracy in measuring mean
wind speed and wind direction when compared with conventional meteorological references.

Turbulence is considerably more challenging to characterize with lidar measurements than mean flow statistics (Sathe et al.,
2011). The representation of turbulent fluctuations depends on the beam orientation relative to the mean wind direction (Pefia
and Mann, 2019) and on atmospheric conditions, particularly the turbulence length scale, due to attenuation resulting from
probe-volume averaging (Kaimal and Finnigan, 1994; Frehlich, 1997; Mann et al., 2009). Furthermore, variations in atmo-
spheric aerosol concentration can affect signal quality, introducing measurement noise and data gaps that may distort turbu-
lence statistics. Additional uncertainties arise from the measurement configuration and deployment conditions. For example,
platform motion can contaminate turbulence measurements if not adequately corrected for Floating Lidar Systems (Gottschall
et al., 2017; Watson et al., 2025).

Among currently available offshore remote-sensing technologies, dual-Doppler scanning lidars (DSLs) are considered one
of the most promising approaches for TI characterization. Their capabilities has been demonstrated in several recent studies,
and evidence supporting their application for offshore turbulence characterization continues to grow (Frehlich, 1997; Berg
et al., 2015; Newsom et al., 2015; Pauscher et al., 2016; Carbon Trust, 202; Shimada et al., 2022, 2025).

Traditionally, dual-Doppler scanning lidar systems are operated such that the two lidar beams intersect at a common mea-
surement volume (with a tolerance in the order of tens of meters), enabling the reconstruction of the horizontal wind vector
without assumptions regarding flow direction other than the neglect of the vertical wind component projected onto the line-of-
sight (LOS). Using lidar simulations, Cheynet et al. (2017) quantified the attenuation of wind variance due to probe-volume
averaging and reported an underestimation of approximately 20% for a probe length of 100 m. Pefia and Mann (2019) investi-
gated the same effect using a pair of WindCube 200S scanning lidars observing a sonic anemometer from distances between 1
and 1.6 km and reported a 15% underestimation of the reconstructed variance together with an R? of 0.91. Using three Stream
Line lidars, Fuertes et al. (2014) reconstructed the three-dimensional turbulence field and found good agreement with sonic
measurements once the sonic data were filtered using a Gaussian spatial convolution to account for lidar attenuation. Similar
conclusions were reported by Pauscher et al. (2016), who demonstrated improved agreement of LOS variance estimates after
accounting for probe-volume averaging and showed that the scan configuration influences the accuracy and precision of the
reconstructed variance.

Building upon these single-point turbulence studies, several authors have explored the use of scanning lidar systems for
the retrieval of turbulence information at multiple heights. Newsom et al. (2015) demonstrated a virtual-tower dual-Doppler
configuration and reported an underestimation of approximately 15% compared to sonic measurements at 60 m height over
a one-month campaign. More recently, Shimada et al. (2022) validated first- and second-order statistics from a three-level
offshore dual-Doppler configuration against cup anemometer measurements at 63 m height. Using a probe length of 50 m and
reconstruction ranges of 1.6 and 2.5 km, the system achieved an R? of 0.86 for turbulence intensity.

While these studies demonstrate the capability of dual-Doppler scanning lidars to retrieve turbulence statistics, they were

conducted at ranges of at most 2.6 km. Offshore wind-resource assessments often require higher ranges, for which larger
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probe lengths are necessary to maintain sufficient signal quality. The performance of dual-Doppler systems for turbulence
characterization at these longer ranges therefore remains largely unexplored.

In addition, existing dual-Doppler applications have focused primarily on single-point measurements or virtual meteoro-
logical masts, providing local or vertical information. In contrast, spatial variations of mean wind speed and turbulence are
commonly obtained from numerical models. The question therefore arises whether dual-Doppler scanning lidars can also
provide information on the horizontal variability of turbulence statistics.

Another unexplored side of the DSL concept but well explored for profiling lidars or single lidar configurations is the the
role of horizontal homogeneity assumption. Vertical profiling and volumetric scanning approaches exploit the assumption of
horizontal flow homogeneity to combine measurements obtained at different locations and times for the reconstruction of wind
speed and TI (Gottschall et al., 2012; Kelberlau and Mann, 2020; Pefia and Mann, 2019; Newman et al., 2016). In contrast,
dual-Doppler configurations directly reconstruct the horizontal wind vector without any assumption on the flow homogeneity.
Given the relatively homogeneous flow conditions often encountered offshore, it is therefore worthwhile to investigate whether
the homogeneity assumption can be exploited within a dual-Doppler framework by relaxing the requirement for collocated
measurement volumes.

Accordingly, this study combines a dedicated measurement campaign with large-eddy simulation data to address the follow-

ing research questions:

— How accurately can dual-Doppler scanning lidars measure mean wind speed and turbulence intensity under representa-

tive offshore conditions at extended ranges of 5—7 km and what is the uncertainty?

— To what extent can the requirement for co-located dual-Doppler measurements be relaxed by leveraging the horizontal

homogeneity of offshore flow, and how does the resulting uncertainty depend on atmospheric conditions?

— Can non-collocated dual-Doppler scanning lidar measurements be used to quantify spatial variability in the wind field,

and how do the resulting estimates compare with those obtained from large-eddy simulations?

The remainder of this paper is organized as follows. Firstly Section 2.1 describes the measurement campaign. Then, the
dual-Doppler collocated and non-collocated reconstruction methodology are elaborated in Section 2.2. After presenting the
atmospheric stability calculation and climatology during the campaign in Sections 2.3 and 2.4, the large-eddy simulation setup
and validation is introduced in Section 2.5, followed by the validation concepts and error metrics in Section 2.6. The perfor-
mance of collocated dual-Doppler scanning lidars for turbulence intensity measurements at long offshore ranges is evaluated
in Section 3.1. The impact of increasing spatial separation between synchronized range gates on wind speed and TI is then in-
vestigated as a function of beam separation distance in Section 3.2. The analysis is further extended to different wind direction
sectors and atmospheric conditions. Finally, the variability captured by non-collocated reconstructions are compared with LES
in Section 3.3. The performance of DSL TI is discussed in Section 4.1 while the deviations resulting from range-gate separa-
tion are discussed in Section 4.2 and put in the context of flow homogeneity in Section 4.3. These deviations are subsequently
interpreted as a measure of spatial uncertainty in Section 4.4. The limitations of the study are discussed in Section 4.5 , and the

main conclusions are presented in Section 5.
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2 Methodology

We designed a demonstration campaign to investigate the aforementioned research questions. In this section we present the
measurement campaign and the developed scan strategy as well as the reconstruction methods. A short period of this campaign
was additionally simulated using Large Eddy Simulations, which is introduced in this section. Lastly, the validation exercises

and the metrics and parameters used in this study are presented.
2.1 Measurement campaign

The measurement campaign was part of the "New methods for turbulence measurements and models in offshore wind" or
"NEMO" project and took place between 30-04-2025 and 20-08-2025 at the Center for the Testing of Environmental Science
Technology (C-TEST). The C-TEST site, operated by Oldbaum Services Limited, is located off the North Sea coast near
the city of Blyth, UK, and consists of two major onshore installations: a southern site at East Quay, where instruments are
deployed on top of a container and powered by a generator, and a northern site at the Newbiggin-by-the-Sea Maritime Center
rooftop. These sites are located in a distance of approximately 5.3 km and 6.8 km, respectively, from the National Offshore
Anemometry Hub (NOAH) offshore meteorological mast (see Figure 1a). During the four-month course of the campaign,
three horizontally scanning lidars, along with other atmospheric sensors, were deployed at the northern and southern sites and
operated to measure wind and atmospheric parameters. In addition, a wave buoy was measuring the wave parameters in the

vicinity of the meteorological mast.
2.1.1 NOAH meteorological mast

The offshore meteorological mast is located at 55°08°46.400” N, 1°25°15.000” W in a water depth of approximately 38 m.
The data provision is coordinated by National Offshore Anemometry Hub. The lattice mast was instrumented in 2012 and has
been operational since then. The highest cup anemometer is installed at 103 m above mean sea level, while the highest wind
vane is located at 101 m. Both record 10-min averages based on 1 Hz data. Measurements at approximately 100 m height were

used as a reference for wind speed and TI, and to estimate atmospheric stability.
2.1.2 Wave Buoy

As part of the National Network of Regional Coastal Monitoring Programmes (NNRCMP) of England, a coastal wave monitor-
ing network has been developed and maintained around the English coastline. The buoy used in this study has been deployed in
June 2013 at the position 55° 11.11° N, 001° 28.69° W. According to the maintenance records, the last scheduled maintenance
took place in June 2025,i.e. during the NEMO campaign. The observational data have undergone full quality assurance and
quality control procedures following the standards described in the Waves Quality Control Manual (Channel Coastal Observa-
tory, 2024).

Sea Surface Temperature (SST) data used in this analysis to calculate the bulk Richardson Number were obtained directly

from the buoy dataset provided through the NNRCMP realtime data portal (National Network of Regional Coastal Monitoring



https://doi.org/10.5194/wes-2026-99 -~  WIND
Preprint. Discussion started: 15 July 2026 < ENERGY
(© Author(s) 2026. CC BY 4.0 License. eawe \ ]

L curopean scacmy of wid anery 5 SCIENCE
(@O DISCUSSIONS

A Met. mast

55.150

Lat [°]

55.145

55.140

55.135 55.135
-1.44 -1.43 -1.42 -1.44 -1.43 -1.42

Lon[°] Lon [°]

Figure 1. Panel (a) presents the relative positions of the South site, the North coastal site, and the NOAH meteorological mast. Sectors A-D
indicate wind directions with distinct characteristics, which are analyzed in this study. Panels (b) and (c) depict the scan configurations for Phase 1

and Phase 2, respectively. During Phase 2, DD1-3 are positioned at the same height as DD. Basemap © Esri and its data partners | Powered by Esri.

Programmes, 2026). To ensure data reliability, only measurements that were not assigned quality-control flags 7 or 8 were

retained for further analysis.
125 2.1.3 Scanning lidar systems

Three Vaisala WindCube Scan 400S systems were deployed at the C-TEST site for the purpose of the NEMO experiment and
operated in two experimental phases. Two systems of the same generation (v2.1) were deployed at the northern (SL_N) and
southern (SL_S) sites, while AUDRA which is from an earlier generation (v2.0) was deployed at the northern site. During
the campaign the lidar pitch and roll were monitored daily by Oldbaum Services, and hard-target tests were performed as

130 elaborated in Young et al. (2026), whenever deviations approached a chosen threshold of 0.05°.
Phase 1 was designed to quantify the baseline measurement capability, i.e., the baseline uncertainty of scanning lidars

operated in a multi-point dual-Doppler configuration. For this purpose, all three scanning lidars were calibrated and configured
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such that their beams intersected at the location of a collocated cup anemometer at 103 m height on the NOAH meteorological
mast, using an accumulation time of 1000 ms. The scan configuration for this phase is schematically depicted in Figure 1b and
summarized in Table 1. To ensure consistency with the temporal sampling of the multi-point scanning configuration used in
the second phase, the northern beam was resampled to an effective sampling frequency of 1/12 Hz, corresponding to four dual-
Doppler points. This established the baseline uncertainty (with cup as the reference) of wind speed and turbulence intensity
derived from the multi-point dual-Doppler reconstruction under conditions of negligible horizontal separation (collocated)
between the range gates.

Phase 2 of the experiment was designed to investigate the influence of horizontal separation between the two range gates used
for the dual-Doppler reconstruction. During this phase, AUDRA and SL_S operated in continuous staring mode at 1 Hz, while
SL_N performed a four-position stop-and-stare azimuth scan. One azimuth position intersected the southern staring beam,
providing an internal collocated reference point, while the remaining three azimuth positions introduced increasing horizontal
separations, without vertical separation, between the gates used for reconstruction. The effective sampling frequency of the
multi-point configuration corresponded to a revisit time of 12 s for SL_N. The azimuth angles were selected to yield horizontal
separation distances of approximately 500, 1000, and 1500 m relative to the intersection point, while the elevation angles
were chosen to ensure no vertical separation to the intersection point (at 80 m height), also maintaining its longitude. This
experimental design enabled a controlled assessment of whether increasing spatial separation introduces additional uncertainty

beyond the baseline level identified in Phase 1. Further details on the scan configurations are provided in Table 1 and Figure Ic.

Table 1. Details of the scanning lidars’ scan configurations. The studied range gates for phase 2 are marked in Fig. 1c.

SL_S AUDRA SL_N
Phase 1 &2 1&2 1 2
Start date 2025-05-04 2025-05-02 2025-05-09 | 2025-07-04
End date 2025-08-21 2025-08-21 2025-07-03 | 2025-08-19
Scan mode Fixed Fixed Fixed Stop and stare
Elevation (°) 0.96 0.74 0.74 [0.75, 0.70, 0.65, 0.60]
Azimuth (°) 69.3 129.10 129.09 [129.09, 133.16, 136.71, 139.80]
Acc. Time (ms) 1000 1000 1000 1000
Probe length (m) 100 100 100 100
Studied range gate (m) 5342 (phase 1), | 6808 6807 [5107, 5457, 5857, 6257]
4042 (phase 2)
Hor. separation to the studied range gate | - Collocated Collocated [1495.88, 978.01, 479.57, Collocated]
of SL_S (m)
Revisit time (s) 1 1 1 12
Final # of 10-min reconstructed samples | - 2182 (phase 1) | 2999 [4723, 4552, 4385, 4129]
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2.2 Dual-Doppler Reconstruction

To reconstruct the wind statistics from the line of sight measurements, we follow this procedure: First, the high frequency raw
LOS data from each lidar go through a quality filter, which is described in Section 2.2.1. Then, the reconstruction described
in section 2.2.2 is applied to the desired range gates if the two LOS velocities are within 1 second intervals to ensure syn-
chronization. The 10-min mean wind speed and TI are considered valid if the recovery rate, defined as the ratio between the
number of available samples and the maximum possible number of samples within the averaging period, reaches at least 65%.
This corresponds to a minimum of 390 samples for 1 Hz data and 32 samples for 1/12 Hz data for the calculation of first-
and second-order statistics. A sensitivity study was performed to evaluate the impact of recovery-rate and CNR filtering on the
reconstructed wind statistics. Both criteria were effective in removing low-quality measurements. The recovery-rate threshold
was therefore set to 65% based on the resulting reconstruction performance, while the selected CNR thresholds are described

in the following section.
2.2.1 LOS processing

To reconstruct wind parameters, the two LOS signals must be filtered to ensure adequate signal quality. Formal standards
for scanning lidars are still under development (cf. IEC 61400-50-5). Carrier-to-noise ratio (CNR) thresholds in the range
of approximately —24 dB to —30 dB have commonly been adopted in the literature as a lower cutoff for data acceptance.
Floors et al. (2016) accepted measurements with CNR > —26.5 dB using long-range WindScanner systems. Using the same
type of scanning lidars, Pefia and Mann (2019) compared turbulence reconstructed values against sonic anemometer data by
accepting LOS data with CNR values between —25 dB and -5 dB, and additionally de-spiking the LOS time series prior
to reconstruction. All 10-min values with a recovery rate of less than 83% were rejected. More advanced, dynamic filtering
approaches were proposed by Beck and Kiihn (2017) and applied to data collected by a pair of WindCube Scan 200S systems
at ranges of 1.6 km and 1.5 km during a near-shore offshore campaign in Japan (Shimada et al., 2022, 2025). In Shimada et al.
(2025), an additional recovery-rate filter of 10% was also applied. However, the dynamic filtering methodology is developed
based on mean wind speed in Beck and Kiihn (2017) and is one of the best performing approaches among the studied filters,
but this method did not perform well in terms of standard deviation of wind speed, which is where the focus of this study lies.
In our analysis, both the CNR threshold and recovery-rate filtering are found to be effective in removing low-quality data. After
applying the manufacturer-provided STATUS flag, we adopt a more general approach by using a relatively permissive lower
CNR threshold of —29 dB and a higher threshold of —7 dB.

Following the signal-based quality filtering, the data are resampled to ensure consistent sampling rates between the two
phases. Specifically, the 1 Hz dataset from Phase 1 is resampled to 1/12 Hz on a regular 12 s temporal grid. The line-of-
sight measurements from SL_N are then selected within a +0.5 s window around each 12 s timestamp. A rolling 3¢ filter
is subsequently applied to remove outliers. A recovery-rate criterion of 65% is used to determine which 10-min statistics are
accepted after reconstruction. This corresponds to a minimum number of samples depending on the sampling frequency, i.e.,

at least 390 samples for a 1 Hz dataset and 32 samples for a 1/12 Hz dataset.
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2.2.2 Collocated reconstruction

The projection of a three-dimensional wind vector onto the LOS direction is given by:

vy = usin(0)cos(¢) + veos(0)cos(¢) +wsin(p), e))

where v, is the line of sight velocity, # is the scan azimuth starting from the north in a clockwise direction, ¢ is the scan
elevation, and u, v and w are the zonal, meridional and vertical velocity in a fixed reference coordinate system, respectively.

Assuming wsin(¢) is negligible, we reconstruct the wind components using the two filtered LOS measurements as follows:

V= Mflvr, 2)
where

Uy, u sin(61) cos(¢p1) cos(61)cos(¢q)
Ve = , V= , M=

Uy v sin(fz) cos(¢2)  cos(62) cos(p2)

We calculate the horizontal mean wind speed (U) and TI for a 10-min period, as commonly used in wind resource assessment

applications. The horizontal wind speed (U) and TI are defined as:

U=z, 11=2Y 3)

U
We also calculate the representative TI from the reconstructed and cup TI for each wind speed bin 7. Representative TI

is the 90th percentile, calculated commonly using the mean and standard deviation of TI for the bin ¢, assuming a Gaussian

distribution (IEC 61400-1, 2019; St. Pé et al., 2021):
TIrep,i = TImean,i +1.28 x TIstd,i (4)
2.2.3 Non-collocated reconstruction

The non-collocated reconstruction uses two gates that are not collocated in space (but in time) for the reconstruction, as its
name suggests. The reconstruction itself follows the standard approach described in section 2.2.2.

Three non-collocated pairs are studied in detail to quantify the impact of separation on the uncertainty, listed in Table 1 and
marked in Figure 1c. The only difference between the reconstruction of these three pairs and a collocated pair is the horizontal
separation between the range gates. The time synchronization is also the same, as the southern beam operates in stare mode
and has a maximum tolerance of 1 s with the associated non-collocated LOS.

To further study the spatial variations beyond DD1-3, we use the following algorithm to identify the two non-collocated

range gates for reconstruction: For each range gate of the southern lidar, we search for the closest northern gate in the vertical
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direction, with a maximum allowed vertical separation of 0.5 m, which is justified based on the pointing accuracy. If the
horizontal distance between these two gates is below 1 km, we reconstruct the wind components and visualize them at the
position of the northern beam (see Fig. B2 (a-c) as an example). As the two north-most turbines are in the line of sight direction
of all three lidars, we only apply the reconstruction at the west side of longitude = -1.419 to avoid the turbine effect on the

reconstructions.
2.2.4 Second-Order Statistics

The covariance of the reconstructed wind vector given by equation 2 follows:

>, =M1x, (M HT, (3)

where the covariance matrix of the line-of-sight velocities is defined as

o? (ry) o(vr,,r,)

¥, = . 6
o (vr,,ry) UQ(Urz) ©

The variances and covariance are computed from time series as

o2 (vra) = (00 = (0:))?). ™

U(vrl 7vr2) = <(’Ur1 - <Ur1>) (Ur'z - <Ur2>)> ’ 3

where (-) denotes temporal averaging. The inverse of M is given by

1 1 cos(f2) cos(¢2)  —cos(61)cos(¢r) ©)
cos(¢1) cos(¢2)sin(0r — 02) | —sin(y)cos(pe)  sin(f)cos(pr) |

Defining

D = cos(¢1) cos(¢2) sin(6; — 62),

the variances and covariance of the reconstructed wind components are
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2y _ 1 20, cos? 2 29 2 2
o“(u) = Tz | cos” bz cos p20°(vy, ) + cos® 61 cos® 1 07 (vy,)
— 2086 cosby cos ¢y cos Py o (vy, , vy, )}, (10)
1
o?(v) = s {sin2 03 cos? ¢ 02 (v, ) +sin? 0 cos? ¢y 02 (vy,)
— 2sin 0 sin 65 cos ¢1 cos ¢a J(vrl,vm)}, a1
o(u,v) = 1 — sinfy cos By cos® o 0% (vr, ) — sin by cosby cos? ¢y 02 (vy,)
) - D2 2 2 2 Ty 1 1 1 To
+ (sinfs cos By + sin by cosbz) cos ¢ cos o o (vy, , vy, )} . (12)
Using the identity
sinfs cosfy + sinf; cos Oy = sin(6y + 602),
the covariance simplifies to
1
o(u,v) = Dz sin 6 cos Oy cos® o 0% (vr, ) — sin by cos by cos® ¢y 02 (vy, ) +sin(fy + 02) cos d1 cos po o (vy, , vr, )} . (13)

To obtain a clearer view of how azimuthal geometry and LOS second-order statistics contribute to the reconstructed wind

moments, we assume small elevation angles and approximate cos ¢; ~ 1. This yields a simplified form:

D%Sil’l(el —(92), (14)

and the components of the covariance matrix become:

o?(u) = sn12(919) [0052 02 0% (v, ) + cos? 0y 02 (vy, ) — 2cos b cosby o (vy, ,vr, )] , (15)
1=

o?(v) = su12(019) {Sin2 0% (vy,) 4 sin? 0 02 (vy, ) — 2sinb; sinfy o (vy, ,vm)} , (16)
1=
1

U(U”U) - sin2(91 — 92)

[ — sinfy cosfy 02 (vy, ) — sinby cos By o2 (vy, ) +sin(0y + 05) o (v, , vy, )} . (17

Note that these second-order statistics can directly be calculated from the highly resolved reconstructed u and v. The derived

formulation of the second-order statistics based on the scan configuration and LOS statistics assist in interpreting the results of

10
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2
w

non-collocated reconstruction. All three second-order turbulence quantities, i.e. o ag, and o, contribute to the variance of
the horizontal wind speed and therefore propagate directly into the TI. This highlights that uncertainties in TI reconstruction
are not only controlled by the variance magnitude itself, but also by the covariance structure between the reconstructed wind
components. A similar dependency of TI reconstruction on the covariance structure and turbulence anisotropy has recently

been discussed in Archer (2025).

oU \? oU \? oU oU

Since

U=+vVu2+1v2,

the partial derivatives are

o _u o _ v
o VaEter v Vo

Substituting into the propagation equation yields

2 2
U 9 v 9 2uv

o o, +
uZ 402 " w2402 w24

of = S Ouu- (19)

The weighting of the individual terms depends on the mean wind direction through the relative magnitudes of u and v.
Consequently, the sensitivity of TI to reconstruction errors in 02, o2, and 7, varies with flow direction and atmospheric

conditions.
2.3 Atmospheric stability
We use the Bulk Richardson Number (R¢7;) to inform about the atmospheric stability conditions during the campaign, defined

as (Stull, 1988):

_ gAf,Az

R’Lb = W . (20)

In this study, we examine the dependence of the reconstructions on bulk Richardson number values, rather than classifying
stability conditions based on fixed thresholds. We calculate the Ri; between sea level and 35 m above mean sea level using

data from the wave buoy and the NOAH met mast.

11
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2.4 Atmospheric conditions

The atmospheric conditions during both Phase 1 and Phase 2 are summarized in Fig. 2 using concurrent measurements from
the wave buoy and the NOAH met mast. Northerly inflow directions (Sector A) are predominantly associated with unstable
to near-neutral stratification and comparatively low TI levels. These conditions correspond to offshore flow with long marine
fetch and limited upstream flow obstruction, resulting in relatively homogeneous atmospheric conditions.

Two pronounced TI peaks are observed in Sector B, which can likely be attributed to the influence of the two neighboring
wind turbines located upstream of the measurement site for these inflow directions. In contrast, winds advected from the
coastline (primarily Sector D) exhibit elevated TI levels and are predominantly associated with stable stratification. These
conditions are consistent with increased flow heterogeneity induced by coastal roughness transitions and developing internal
boundary-layer effects.

The wind rose in Fig. 2(c) further indicates two dominant inflow regimes during the campaign: northerly winds, which
occurred primarily during Phase 1, and westerly to southwesterly winds, which dominated during Phase 2. Both regimes
exhibit comparable wind-speed distributions, while the highest wind-speed occurrences are associated with a storm event

named Floris, which impacted the site on 4 August 2025.
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Figure 2. The atmospheric conditions between 2025-05-02 and 2025-08-21 at the NOAH met mast. Panel (a) and (b) show the Ri; and TI
derived from the cup at 103 m for different wind directions, respectively. The wind direction is provided by the wind vane at 101 m and the
shaded area marks the standard error for each direction bin. Sections A-D are later used in the discussion and also shown in Figure 1. Panel

(c) shows the wind rose for the same period.
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2.5 LES case study
2.5.1 Case study description

To gain further insight into the turbulence structure of the site and to evaluate the proposed non-collocated reconstruction
strategy, a large-eddy simulation (LES) was performed for two specific days of the campaign. This LES is also used to as-
sess whether non-collocated beam configurations can reproduce the spatial variability of wind speed and turbulence intensity
represented in the LES fields.

The case study was selected based on the following criteria: good lidar data availability; a good match between observations
and the mesoscale forcing model; a high level of turbulence; and a relatively constant wind direction that would allow the
study domain to be free from the influence of wind turbine wakes (i.e. avoiding winds from the east and south-east). Based
on these criteria, it was decided to conduct the LES for the two days between 5 and 6th of August 2025. On these days, the
wind steadily blows from the west with a speed of 8 to 16 m.s~! at 80 m a.s.1. off the coast of Blyth (Fig. B1). These two days
are clear summer days with strong diurnal surface warming, which leads to an unstable and turbulent atmospheric boundary
layer (ABL) over land but stable conditions over the sea during the day. The Bulk Richardson Number close to the NOAH
met mast is found between -0.05 and 0.1. The turbulence at approximately 5 km off the coast of Blyth is therefore partly due
to the advection of turbulence generated over land. During the night, the ABL becomes stable and turbulence levels decrease.
These periods are not included in the following analysis due to the model’s insufficient turbulence resolution capabilities, in

such stable contexts as explained below.
2.5.2 LES model and setup

The LES is performed with the Meso-NH v5.7.2 coupled surface—atmosphere model (Lac et al., 2018). Meso-NH is a non-
hydrostatic, limited-area model designed to be used at both the mesoscale and the LES scale. To model real weather situations
at the LES scale using Meso-NH, a dynamical downscaling approach is employed, beginning at the mesoscale. This is achieved
using a grid-nesting approach with three domains. Figure 3 shows the different domains used and the topography of the region.
The largest domain covers northern England and part of the western North Sea. It has a horizontal resolution of 1 km. The
second domain has a horizontal resolution of 200 m. The third and final domain has a horizontal resolution of 40 m, enabling
it to explicitly resolve the largest eddies of turbulence and be categorised as LES. The simulations use a stretched vertical
resolution with 90 levels, with the finest resolution near the ground. The configuration in question features 60 levels below

2000 m, with its lowest level at 2 m, making it specifically adapted to the study of the ABL.
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Figure 3. Nested domains used for dynamical downscaling in Meso-NH. Each domain’s resolution is given in its lower-right corner. The
red subdomain is used for high-frequency outputs and corresponds to Figure 4. The barbs represent the mean horizontal wind at 80 m a.s.l.

during the case study.

The dynamic core employs a grid-point Eulerian approach, utilizing a fourth-order centered advection scheme for wind
variables. This setup offers a high effective model resolution, roughly equivalent to five times the horizontal grid resolution
(Ricard et al., 2013), i.e. approximately 200 m. Consequently, turbulent structures smaller than 200 m are likely to be under-
resolved. These smaller structures must therefore be represented at the subgrid scale with the appropriate parameterization.
This subgrid turbulence is parameterized using the scheme of Cuxart et al. (2000) combined with the mixing length of Honnert
et al. (2021). The surface model incorporated into Meso-NH v5.7.2 is SURFEX v8.1 (Masson et al., 2013). In the present
study the sea surface is modelled using simple parameterizations. The sea-surface temperature is prescribed and taken from
the European Center for Medium-range Weather Forecast (ECMWF) analysis. The roughness length is calculated with the
Charnock formula (Charnock, 1955), and the surface heat fluxes are calculated using COARE3 parameterization (Fairall et al.,
2003; Brossier et al., 2009).

The Meso-NH mesoscale simulation is first initialized with the ECMWF analyses, and is then forced along its lateral bound-
aries by these analyses. Each nested domain is then forced to its boundaries by the larger domain, up to the LES. The LES runs
with a time step of 1 s. It is configured to yield mean turbulent statistics every half an hour over the full LES domain and the
3D wind components every three seconds over the subdomain of interest for this study. This subdomain of interest is shown in
Figure 4. This allows the application of the proposed dual-Doppler lidar reconstruction strategy to be investigated for a greater

number of points in space.
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Figure 4. The sub-domain of interest in this study. The coordinates of the domain are: lon = [-1.4505, -1.4190], lat = [55.1364, 55.1581] at

height 80 m a.s.l. The markers show the lidar range gates found using the non-collocated reconstruction algorithm.

2.5.3 LES validation

Special attention is given to ensuring the turbulence is generated properly in the LES data used in this study. This type of LES
is constrained by the flow modeled in larger simulation domains, so it cannot use periodic conditions to facilitate turbulence
generation. In this context, the resolved turbulence progressively develops in the western part of the LES domains and, on
average, reaches equilibrium by the middle of the domain. A common norm for judging LES quality is to consider that 80%
of the turbulence must be explicitly resolved by the simulation (Ahmadi-Baloutaki and Aliabadi, 2021). If this threshold is not
met by the middle of the domain (i.e. 4 km upwind of the coast), the corresponding LES time periods are excluded from the
analysis. This filter retains only the times between 07:00 and 12:00 UTC on 5 August and between 07:00 and 19:00 UTC on 6
August.

The resulting 10-minute time series are shown in Fig. B1. To further assess the representativeness of the LES flow, the Power
Spectral Density (PSD) of the horizontal wind speed is analyzed. As illustrated in Fig. 5, the LES spectra are in good agreement
with the collocated lidar-based reconstruction, demonstrating a consistent representation of turbulent scales. In particular, both
datasets capture the inertial subrange with comparable spectral characteristics. This agreement indicates that the LES fields

provide a physically consistent reference for spatial extrapolation.
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Figure 5. PSD comparison of 80 concurrent 10-min samples from LES and SL_N-SL_S reconstruction at DD. Each 10-min PSD is imple-

mented using welch method with detrended signal and a window size of 10-min.

2.6 Objectives and validation concepts

To address the three research questions, we define three validation exercises, summarized in Table 2.

First, we determine the measurement capability of collocated DSL reconstruction by comparing two reconstructed datasets
(using three scanning lidars) against cup anemometer measurements. This provides a baseline estimate of the collocated DSL
measurement uncertainty.

Secondly, we compare the collocated (DD point in Figure 1¢) with the non-collocated (DD1-3 in Figure 1c) reconstructions
and quantify the resulting deviation. Given the scan configuration, the deviation arises solely from the horizontal separation
between the range gates. In the absence of an in-situ reference for this phase, we rely on the collocated DSL uncertainty results
from Phase 1 to determine the separation distance at which the (collocated) measurement uncertainty is reached. Deviations
exceeding this level are then interpreted as potential signatures of spatial variability.

Finally, we apply the non-collocated reconstruction beyond the identified separation limit to investigate whether the resulting

spatial variations can be attributed to physically meaningful flow structures, using LES data as a reference for comparison.
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Table 2. Validation/verification exercises and objectives
Phase | Objective Reference dataset Test dataset Reconstructions
1 Baseline uncertainty of multi- | Cup anemometer Collocated reconstruction | AUDRA-SL_S,
point collocated DSL recon- in the vicinity of the cup | SL_N-SL_S
struction anemometer (resampled to
1/12 Hz)
2 Impact of separation distance on | Collocated reconstruction | Non-collocated reconstruc- | SL_N-SL_S
uncertainty at DD tion at DD1-DD3
2 Spatial variability of wind speed | LES in the measurement | Non-collocated reconstruc- | SL_N-SL_S
and TI domain (feasibility analy- | tion over the measurement
Sis) domain

In the absence of IEC standards specifically addressing scanning lidar, and inspired by St. Pé et al. (2021) and Kelberlau
et al. (2023), whose suggested acceptance thresholds are partially adopted in industrial applications for TI performance, we
use the Mean Bias Error (MBE) and Root Mean Squared Error (RMSE) to quantify the uncertainty of the reconstructed values.

In the following, the formulas for MBE and RMSE are shown for TI for bin ¢; the same definitions are applied to wind speed
and representative TI. The choice of reference dataset (denoted as ref) is detailed in Table 2.

An acceptance threshold of 0.01 for TI MBE is used for reference, following the recommendation of Kelberlau et al. (2023).

N.
1 - 2
Tlrsiss = || 3 Zl (TLiecon,i — Tliet,q) 1)
1 O
TIMBE,’L’ = ﬁ (TIrecon,i - TIref,i) (22)
P n=1
3 Results

In this section, we begin by quantifying the measurement uncertainty of the traditional collocated DSL reconstruction against
a cup anemometer. Subsequently, we present the uncertainty quantification of the non-collocated reconstruction in light of the
collocated measurement uncertainty for different separation distances and across different atmospheric conditions. Finally, we

present the results on spatial uncertainty for the non-collocated configuration and compare them with the LES fields.
3.1 Collocated DSL

In the first phase of the campaign, the uncertainty of the traditional DSL reconstruction is evaluated using a cup anemometer

located in the vicinity of the reconstruction point. Figure 6 shows the performance of two scanning lidar generations relative to
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the cup anemometer for each wind speed bin. The SL_N-SL_S reconstruction (both systems v2.1) consistently underestimates
both the TI and the representative TI, with a mean bias of -0.01 that remains roughly consistent across all wind speed bins.

In contrast, the AUDRA-SL_S reconstruction (AUDRA v2.0) exhibits a lower mean bias for wind speeds above 5 m/s, but
with a stronger dependence on wind speed, indicating higher accuracy on average but reduced consistency across wind speeds
(see Figure 6e). Both reconstructions satisfy the TI acceptance threshold of 0.01 for mean bias. However, the SL_N-SL_S

reconstruction shows higher precision, with an RMSE below 0.02 as shown in Fig. 6f.
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Figure 6. Single point dual-Doppler TI, reconstructed at 1 Hz, for two technology generations compared against the cup. Panel (a) shows
the absolute value of TI and the representative TI (P90), reconstructed by AUDRA and SL_S systems for 0.5 m/s wind speed bins. Panel (b)
shows the same as panel (a) for SL_N-SL_S reconstruction. Panel (c) and (d) provide the number of samples for each wind speed bin. Panel
(e) shows the Mean Bias Error of TI and representative TI for the same bins. Panel (d) depicts the RMSE of TI. Panels a, b, e and f show the

parameters and metrics for bins with at least 40 samples.

Due to the higher availability of the SL_N system at higher ranges during Phase 1, this system was a better candidate for

performing the non-collocated experiment in Phase 2.
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3.1.1 Baseline: Mimicking multi-point Dual-Doppler

As the sampling rate in Phase 2 of the experiment is 12 s for the northern lidar, the same sampling interval is imposed here
to determine the baseline uncertainty for Phase 2. After resampling as detailed in section 2.2.1 we observe only a marginal
reduction in reconstructed TI and wind speed performance, as indicated in Figure Al in the Appendix. We use the MBE and

RMSE of the resampled dataset as a baseline for Phase 2.
3.2 Non-collocated DSL

We assess the effect of separation distance on TI performance. Figure 7a shows an increase in both TI and representative TI

for non-collocated reconstructions compared to the collocated case.
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Figure 7. Non-collocated dual-Doppler TI (DD1-3) against collocated dual-Doppler (DD). Panel (a) shows the value of TI and the represen-

tative TT (P90) for 0.5 m/s wind speed bins with more than 50 counts and panel (b) shows the number of samples for each bin.

3.2.1 Impact of separation distance

Non-collocated reconstruction leads to systematically elevated TI values, particularly for wind speeds below 8 m/s. The positive
bias evident in Figure 8a decreases with increasing wind speed and increases with separation distance across all wind speed
bins. The reference TI for the calculation of the error metrics is the collocated TT at DD. The figure also presents the negative
bias associated with collocated DSL (from phase 1), with cup as the reference. Precision of non-collocated reconstruction

degrades with increasing separation distance, as evidenced by the growing RMSE with distance in Figure 8b.
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Figure 8. Non-collocated dual-Doppler TI error verified against collocated dual-Doppler (DD). Panels (a) and (b) show the Mean Bias Error
and RMSE of TI for 0.5 m/s wind speed bins, respectively. The number of samples for the bins can be found in Fig. 7b.

3.2.2 TImpact of atmospheric conditions

The deviations between collocated beams and separated beams as quantified in the last section are sensitive to the atmospheric
conditions. In the following we present how the accuracy and uncertainty of mean wind speed as well as turbulence recon-

structed by non-collocated beams differs for different wind conditions.
Mean wind speed

The MBE and RMSE between the 10-min wind speed retrieved from the collocated (DD) configuration and the non-collocated
configurations (DD1-DD3) are shown in Fig. 9. Panels (a) and (c) present the error metrics for bins containing more than 50
samples, while panels (b) and (d) show the corresponding sample distributions for wind direction and bulk Richardson number,
respectively.

Both the bias (MBE) and uncertainty (RMSE) exhibit a clear dependence on wind direction and atmospheric stability.
Northerly winds (Sector A) correspond to the most horizontally homogeneous flow conditions, yielding near-zero MBE and
low RMSE for all separation distances. Similarly, southerly to west-southwesterly inflow directions remain relatively homoge-
neous up to approximately 250°, with only minor discrepancies between collocated and non-collocated retrievals. In contrast,
two sectors of enhanced sensitivity are identified between approximately 120°-180° and 250°-330°, where both MBE and
RMSE increase substantially. The increase in discrepancy with beam separation distance indicates a stronger sensitivity of the
reconstructed wind speed to horizontal sampling separation in these sectors.

Regarding atmospheric stability, the second phase of the campaign was dominated by near-neutral and stable conditions, as
reflected by the distribution of Ri, in panel (d). Stable (R, > 0) conditions are systematically associated with increased MBE

and RMSE. For unstable conditions (Ri;, < 0) the errors are similar to the near-neutral conditions (R%;, =~ 0) case when the
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non-collocated beams are relatively close (500 and 1000 m apart), but the errors increase when the non-collocated beams are
further apart (1500 m).

Among all investigated configurations, the 500 m separation distance (DD1) consistently exhibits the lowest bias and un-

415 certainty, as well as the weakest sensitivity to changing wind conditions. Overall, the results demonstrate that the discrepancy

between collocated and non-collocated beam geometries increases with horizontal separation distance.
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Figure 9. MBE and RMSE between the 10-min mean wind speed retrieved from the collocated dual-Doppler configuration and the non-
collocated configurations DD1 (500 m), DD2 (1000 m), and DD3 (1500 m). Panels (a) and (c) show the dependence of the error metrics on
wind direction and bulk Richardson number, respectively, considering only bins with more than 50 samples. Panels (b) and (d) present the
corresponding sample distributions. The wind direction is measured at DD and grouped into 22.5° degree bins. Vertical gray lines indicate

the wind direction sectors discussed in the text.

Turbulence

The horizontal homogeneity of turbulence is assessed by quantifying the error introduced by non-collocated beam configura-
tions for the three horizontal turbulence covariance terms, namely o2 (u), o2(v), and o(uv). As derived in Eq. 19, all three
420 quantities contribute to the characterization of TI and can therefore propagate into TT uncertainty estimates.

Figure 10 (a—c) presents the errors of the three turbulence terms calculated from the high-resolution reconstructed wind fields,
while panels (d—f) show the corresponding reference turbulence quantities obtained from the collocated DD configuration. In
general, the results indicate relatively homogeneous turbulence conditions in Sectors A and C, where the errors remain small
and only weakly dependent on beam separation distance. In contrast, pronounced inhomogeneities are observed in Sectors B

425 and D for all three turbulence quantities.
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Among the investigated parameters, the error associated with o?(v) is consistently the largest in magnitude and exhibits
the strongest sensitivity to beam separation distance. The most pronounced discrepancies occur for wind directions between
approximately 220° and 300° (Sector D), where the error increases rapidly with separation distance and exceeds 1.5 m?s~2 for
the 1500 m configuration. Since this flow sector corresponds to winds advected from the coastal land area, the results suggest
that turbulence generated over land remains highly heterogeneous when transported offshore.

The errors in 02 (u) and o (uv) follow similar directional trends but with substantially smaller magnitudes. For o2 (u), the
largest discrepancies are again observed in Sector D, coinciding with high values of the reference variance shown in panel
(d). In contrast, o(uv) remains comparatively small over all wind directions, in terms of the reference covariance magnitude.
However, localized increases are visible in Sectors B and D.

The comparatively low errors observed in Sector A indicate that marine inflow conditions are associated with more hori-
zontally homogeneous turbulence structures. Overall, the results demonstrate that turbulence statistics are substantially more
sensitive to beam non-collocation than mean wind speed retrievals, as the non-collocated reconstruction with 500 m separation

distance shows more sensitivity of error to wind conditions for turbulence reconstruction than wind speed.
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Figure 10. Panels (a—c) show the errors for o%(u), o (v), and o (uv), respectively, for the non-collocated configurations relative to the
collocated configuration as a function of wind direction. Panels (d—f) show the corresponding reference turbulence quantities obtained from
the collocated DD configuration. The wind direction is measured at DD and grouped into 22.5° bins. The same bins as in Fig. 9 are

considered, and only bins with more than 50 samples are included.

To better understand how scan configuration influences the error, we decompose panels (a—c) in Figure 10 into the three
contributing terms given in Equations 15-17.

Figure 11 shows the MBE of each term contributing to o%(u), 0%(v), and o (u,v). The results indicate that, across all three
quantities, the third term (associated with the covariance between the two line-of-sight measurements) dominates the overall
magnitude of the error. Importantly, this term shows little sensitivity to the separation distance and remains consistently the
largest contribution.

In contrast, the first term exhibits a clear dependence on separation distance for both o (u) and o(v), with consistently
higher values observed for o?(v). The second term also shows a similar pattern, with generally larger contributions in o2 (v)

compared to o%(u), whose overall magnitude remains small across all wind directions.
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Figure 11. Decomposition of the reconstruction error contributions for the turbulence statistics o2 (u), o2 (v), and & (uv) according to Eq. 15—
17, where the data from the southern and northern lidar beams are replaced as v;, and v;,, respectively. Rows correspond to the reconstructed

turbulence quantities, while columns represent Terms I, 11, and III of the decomposition.

3.3 Temporal and spatial variability: LES case study

The results from the DD1-DD3 reconstructions presented in Section 3.2 show that the deviations between collocated and
non-collocated reconstructions exceed the measurement uncertainty (derived in Phase 1) for separation distances larger than
approximately 500 m. This raises the question of whether these deviations merely represent reconstruction artifacts or whether
they are associated with physically meaningful spatial variability of the atmospheric flow. In this section, the apparent spatial
variability derived from the non-collocated reconstruction is compared against the intrinsic spatial variability resolved by LES.

The non-collocated reconstruction, applied for a maximum separation distance of 1 km as described in Section 2.2.3, pro-
vides spatially distributed flow fields exhibiting finite spatial variability. An example is shown in Fig. B2 for wind speed, wind
direction, and TI at a selected time step, together with the corresponding LES fields. Mean and standard deviation values are
indicated for comparison. The analysis is restricted to the common spatial domain illustrated in Fig. 4. Overall, the spatial
statistics obtained from the non-collocated reconstruction show good agreement with the LES results for the same region. The
spatial variability of wind speed is underestimated by the reconstruction, whereas the variability of wind direction is slightly
overestimated. In contrast, the spatial variability of TI is reproduced comparatively well.

The average spatial variability across all concurrent time steps is summarized in Table 3 for wind speed and TI. The vari-
ability is quantified as the temporal mean of the spatial standard deviation, denoted by pi+(o), and compared between LES and

the non-collocated reconstruction. For wind speed, the reconstructed spatial variability is substantially lower than that resolved
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by LES. In contrast, the spatial variability of TI shows close agreement between the two methods. Despite the differences in
variability magnitude, the spatial mean values remain in good agreement overall.

In addition to LES and the non-collocated reconstruction, Table 3 also reports temporal standard deviations, denoted by o,
derived from two additional datasets: a conventional collocated AUDRA-SL_S reconstruction based on 1 s sampling near the
cup anemometer location, and the cup anemometer measurements themselves. All statistics are computed over a concurrent
period shared by the four methods, resulting in 67 10-min samples. For both wind speed and TI, the temporal variability
exceeds the corresponding spatial variability by approximately one order of magnitude. Furthermore, the spatially averaged
temporal variability derived from the non-collocated reconstruction agrees closely with both the cup measurements and the
collocated reconstruction at the met mast.

Table 3. Temporal and spatial variations of wind speed and TI using LES, non-collocated reconstruction, collocated reconstruction and cup

anemometer for 67 concurrent 10-min periods between all methods.

U [m/s] TI[-]

Method Dataset Spatial var. | Temporal var. | Mean value | Spatial var. | Temporal var. | Mean value

pe(os(U)) | ps(oe(U)) ps(pe(U)) | pa(os(T1)) | pus(oe(TT)) | pus(pe(TT))
LES Spec. domain 0.402 2.649 9.535 0.017 0.022 0.081
Non-coll. SL_N-SL_S 0.244 2.575 9.610 0.014 0.029 0.087
Recon.
Coll. Recon. | AUDRA-SL_S | - 2.542 9.520 - 0.029 0.092
@ CUP
In-situ CUP - 2.534 9.569 - 0.026 0.092

4 Discussion

To understand the impact of horizontal beam alignment in a dual-Doppler scanning lidar configuration, we adopt a stepwise
approach, following Table 2. First, we discuss the measurement uncertainty for the idealized case in which both beams intersect
at the measurement point. Then, we evaluate the homogeneity of the flow using the results from separated beams. Finally, the

spatial variations are discussed under the most inhomogeneous case and these are compared against LES fields.
4.1 Dual-Doppler performance at extended range

The conventional (collocated) dual-Doppler configuration using WindCube Scan 400S provides accurate and precise 10-min
wind speed estimates at distances of 6 — 7 km, using a cup anemometer as reference. The two lidar generations evaluated in this
study demonstrate high precision, with RMSE values between 0.166 and 0.249 ms ™!, and high accuracy, with linear regression
slopes ranging from 0.998 to 1.007 and coefficients of determination (r?) between 0.990 and 0.996 (results not shown before).

Hence the SL_N-SL_S pair passes the acceptance criteria for wind speed required by Carbon Trust (2025). This performance
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is consistent with the the results shown by Shimada et al. (2022), who evaluated the same technology (type WLS200s) and
reported a 0.7% overestimation with an 12 of 0.996 for 10-min wind speed at ranges of up to 2 km, using a cup anemometer as
reference.

Focusing on TI, a different behavior is observed between the two generations. The v2.1 generation (SL_N-SL_S) systemati-
cally underestimates both TI and representative TI. In contrast, the v2.0 generation (AUDRA-SL_S) provides a more accurate
representation of TI, but with lower precision, exhibiting an RMSE between 0.01 and 0.04, reduced performance compared to
an RMSE of 0.01-0.02 for v2.1 generation. For both generations, the TI RMSE decreases with increasing wind speed, which
can be attributed to the lower absolute values of TI in this regime.

AUDRA shows reduced data availability compared to SL_N at the met mast range. Examining the CNR as a function of
range, the v2.1 systems (SL_N and SL_S) exhibit a slower decay than the v2.0 system on average over Phase 1. This behavior
may be partially attributed to differences in hardware such as laser focus settings: in the v2.0 system, these were configured
according to the manufacturer’s recommended practice, whereas in the newer generation the focus settings are pre-defined and

are intentionally non-adjustable by the user.
4.2 Performance of non-collocated dual-Doppler reconstruction

Introducing a horizontal separation between the two dual-Doppler probe volumes degrades the accuracy of the TI reconstruction
across all investigated wind-speed bins. However, the magnitude of this degradation must be assessed relative to the baseline
measurement uncertainty established for the co-located dual-Doppler configuration in Phase 1.

The TI MBE shown in Fig. 8(a) remains positive across nearly all wind-speed bins, indicating a systematic overestimation of
TI by the non-collocated configurations. This trend is consistent with the combined effects of enhanced turbulence variance and
the underestimation of mean wind speed at larger beam separation distances, as shown in Section 3.2.2. Despite this tendency,
the TT bias remains within the acceptance threshold of +0.01 defined by Carbon Trust (2025) for all investigated separation
distances. From an application perspective, this positive bias can be regarded as conservative, as it leads to slightly elevated TI
estimates and therefore partially offsets the negative TI bias observed for the baseline co-located dual-Doppler measurements
relative to the cup anemometer.

The TI RMSE remains comparable to the baseline uncertainty for a beam separation distance of 500 m and wind speeds

below 9 ms™!

, as shown in Fig. 8(b). Beyond this separation distance, the additional error introduced by the non-collocated
reconstruction exceeds the baseline measurement uncertainty across all wind-speed bins. These results suggest that, under the
atmospheric conditions encountered during the campaign, a horizontal separation of approximately 500 m can be tolerated
without a substantial loss in TI reconstruction performance, whereas larger separations lead to progressively greater deviations

from the co-located reference.
4.3 Understanding flow homogeneity for non-collocated DSL

A flow is defined as statistically homogeneous if its statistical properties are invariant under spatial translations (Pope, 2000).

This implies that statistical quantities do not depend on absolute position, although instantaneous flow fields may still exhibit
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spatial variability. For a fully homogeneous flow, this condition applies to all statistical moments, including the mean velocity
field. In contrast, statistically homogeneous turbulence requires only that the statistics of the fluctuating part are spatially
invariant (Pope, 2000). In this case, quantities such as the Reynolds stresses do not exhibit spatial gradients, although the mean
flow itself may still vary in space.

In this study, we assess flow homogeneity and turbulence homogeneity by examining the spatial dependence of measured
statistics, specifically the mean wind and second moments, obtained from reconstructions at different separation distances. If
the deviations of the mean are beyond the bounds of measurement uncertainty, the flow homogeneity assumption is considered
to be violated. The average reconstructed wind speed is expected to be within the measurement uncertainty for a homogeneous
case, and differences beyond the measurement uncertainty can be associated with the flow inhomogeneous or spatial gradients.

For turbulence fields, turbulence homogeneity is required but does not guarantee same statistics for collocated and non-
collocated reconstructions. Turbulence de-correlation can also contribute to the deviations. Hence, turbulent homogeneous
flows with high correlation distances are favorable conditions for non-collocated reconstruction.

Given the relatively close proximity of the measurement probes to the shore, in order to minimize the influence of large-scale
inhomogeneity associated with the coastal transition, the analysis is restricted to a direction parallel to the coastline (here we
refer to DD and DD1-3). Please note that no assumption of isotropy — statistical invariance to direction — is imposed in this

analysis.
4.3.1 Mean wind homogeneity

Having established an RMSE of approximately 0.17 ms~! for the collocated reconstruction against the cup in Phase 1 (not
shown before), Fig. 9 indicates that the mean wind field can be considered horizontally homogeneous in Sector A with good
confidence over separation distances of up to 1.5 km. In contrast, the performance of the non-collocated reconstruction degrades
in Sector B and partially in Sector D, as reflected by the elevated RMSE values. These sectors are likely influenced by enhanced
flow heterogeneity associated with offshore wind turbines and coastal effects, respectively.

The impact of atmospheric stability on the reconstruction error was assessed by comparing the non-collocated dual-Doppler
retrievals to the collocated reference in Fig. 9. First, it should be acknowledged that the estimation of the bulk Richardson
number (Rip) is subject to several limitations. Firstly, the height interval used to determine Ri; (0—35 m) differs from the
reconstruction height (80 m). Secondly, the stability measured at the met mast may not fully represent the boundary-layer
conditions of flow advected from the coast, particularly under developing internal boundary-layer conditions. Nevertheless,
Riyp, provides a useful first-order metric for assessing the sensitivity of the non-collocated reconstruction to atmospheric strati-
fication.

Near-neutral stratification (R, ~ 0 in Fig. 9) provides the most favorable conditions for non-collocated reconstruction.
Under neutral conditions, turbulence production is dominated primarily by shear, without strong buoyancy-driven suppression
or enhancement. As a result, the flow exhibits relatively large horizontal coherence scales and weak vertical stratification,

leading to improved similarity between the spatially separated probe volumes.
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For unstable conditions (R4, < 0), only a limited number of samples are available. Under convective conditions, buoyancy
enhances turbulence generation and vertical mixing through energetic three-dimensional eddies. Despite the increased turbu-
lence intensity, the mean wind speed remains comparatively well reproduced, with relatively small systematic bias, as for the
neutral cases. The error for a separation distance of 1500 m is larger for unstable conditions than for neutral conditions, while
the errors at 500 and 1000 m are of the same order. This suggests that the dominant turbulent structures in unstable conditions
do not remain coherent over distances exceeding 1000 m, whereas coherence is maintained over longer distances under neutral
conditions.

Moving towards stable conditions (Ri, > 0), the reconstruction uncertainty increases substantially. In stable stratification,
buoyancy suppresses vertical motions and limits turbulent mixing, thereby reducing the spatial coherence of the flow. In ad-
dition, stable conditions are typically associated with enhanced vertical wind shear. Consequently, even small differences in
probe position or effective sampling height between the collocated and non-collocated configurations can produce appreciable
deviations in the retrieved wind speed. These effects likely contribute to both the increased bias and RMSE observed under sta-
ble conditions. It is notable that the stable conditions are mostly represented by the wind coming from land or passing through
the turbines (see Fig. 2(a)).

The performance of the non-collocated configurations degrades progressively with increasing separation distance and con-
sistently exhibits a tendency toward wind-speed underestimation. This behavior may be associated with horizontal gradients in
the mean flow along the DD-DD3 transect. Such gradients are plausible because the transect is not perpendicular to the coast-
line, and DD3 is located closer to the coast than DD due to the curvature of the shoreline. Consequently, the spatially separated
beams may sample systematically different flow regimes, violating the homogeneity assumption underlying the dual-Doppler
reconstruction. Furthermore, it is expected that the discrepancies between collocated and non-collocated retrievals would de-

crease for averaging periods longer than 10 min, as temporal averaging would smooth smaller-scale flow variability.
4.3.2 Turbulence homogeneity

We decomposed 02 (u), 02 (v) and o (uv) into the three terms given by Equations 15, 16 and 17. Terms I and II represent the
single-beam variance contributions, while Term III represents the cross-beam covariance contribution. This decomposition is
motivated by the need to distinguish the effects of scan geometry from those associated with spatial inhomogeneity. Evaluating
the turbulence statistics in a fixed Earth-referenced coordinate system also avoids introducing a dependence on the alignment
between the beam geometry and the wind direction.

In Terms I and II, the intrinsic LOS variance is weighted by the geometric sensitivity of the dual-Doppler reconstruction.
Since the southern lidar samples the same location and retains an unchanged LOS variance (o2 (vy, )) across all configurations
(collocated and non-collocating), the separation-dependent changes in Term I primarily reflect the changing reconstruction
geometry associated with the northern beam angle (65). Increasing the separation distance (moving from DD to DD3) decreases
cos? () from 0.58 to 0.40 while increasing sin®(,) from 0.42 to 0.60, corresponding to the weighting coefficients of Term I
in 0%(u) and 02 (v), respectively. Consequently, the reconstruction exhibits a negative bias contribution in o2 (u) (Fig. 11(a))

and a positive contribution in o2 (v) (Fig. 11(d)).
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This indicates that increasing beam separation in the present configuration progressively rotates the reconstruction sensitivity
away from the eastward velocity fluctuations and toward the northward fluctuations in the present scan configurations. The
opposite signs observed in the reconstructed o (u) and % (v) errors therefore originate primarily from the geometric projection
of the LOS measurements rather than from a monotonic increase in turbulence inhomogeneity.

The decomposition further demonstrates that the LOS variance itself is not independent of the scan geometry. Since the LOS
velocity represents a projection of the horizontal wind vector onto the beam direction, changes in azimuth angle modify not
only the geometric weighting coefficients outside the variance terms, but also the turbulence content sampled along each beam.
The reconstruction error therefore results from a coupled interaction between atmospheric turbulence statistics and directional
projection effects in Term II.

Term II combines the changing projection of the northern lidar with variations in the northern LOS variance (0% (v,))
caused by sampling a different spatial location, while keeping the southern beam geometry unchanged (6;). Consequently, the
observed deviations in Term II cannot be uniquely attributed to spatial inhomogeneity, but instead contain both geometric and
physical contributions.

Term III represents the projected LOS covariance contribution and therefore reflects the coherence between the two sampled
air volumes. In contrast to Terms I and II, no systematic increase with beam separation distance is observed. This suggests
that the dominant separation-dependent deviations in the present experiment are not primarily governed by a monotonic loss
of cross-beam covariance. Instead, the wind-direction dependence of Term III appears to be controlled mainly by the angular
weighting coefficients together with sector-dependent covariance structures associated with the atmospheric flow.

The largest deviations for all three covariance terms occur in Sector D. This behavior suggests that the atmospheric flow
in this sector contains stronger directional variability and anisotropic turbulence structures, which are amplified by the recon-
struction geometry. In contrast, the comparatively small deviations observed in Sectors A and C indicate more homogeneous
turbulence conditions and a reduced sensitivity of the reconstruction to beam separation distance.

Interestingly, the flow may appear approximately homogeneous with respect to the first-order statistics (mean wind speed),
while simultaneously exhibiting significant inhomogeneity in the second-order turbulence statistics. This behavior is evident
for wind directions between approximately 200°-250°, where the mean wind speed reconstruction errors remain compara-
tively small (Fig. 9(a)), whereas the turbulence quantities show substantially enhanced sensitivity to beam separation distance
(Fig. 10). This suggests that the large-scale mean flow remains spatially coherent over the investigated separation distances,

while the smaller-scale turbulent structures de-correlate more rapidly in space in this sector.
4.4 Spatial uncertainty

We acknowledge the limited sample size of the LES comparison dataset. Nevertheless, the dataset remains highly valuable
given the computational expense associated with real-world LES simulations. In particular, the investigated period immediately
follows Storm Floris and therefore captures both high wind-speed conditions of up to approximately 15 ms~! as well as more

representative operating conditions around 9 ms~!.
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Table 3 shows that the mean wind speed and TI values agree well across all investigated methods. The LES slightly un-
derestimates the mean TI compared to the measurements, which is expected because the LES-derived TI is based only on the
resolved turbulence scales. Approximately 20% of the total turbulence energy is represented by the subgrid-scale model and is
therefore not included explicitly in the resolved TI calculation. Including the subgrid contribution would likely further improve
the agreement between LES and measurements.

The comparison further demonstrates that the non-collocated reconstruction underestimates the spatial variability of wind
speed relative to LES. This indicates that the dual-Doppler reconstruction behaves as a spatial smoothing operator, limiting
its ability to fully reproduce the small-scale spatial gradients resolved by LES. Physically, this smoothing behavior arises
because the reconstruction combines LOS measurements from spatially separated probe volumes under the assumption of
locally homogeneous flow. Consequently, sharp spatial gradients are partially averaged during the reconstruction.

Despite this smoothing effect, the non-collocated reconstruction preserves the mean wind speed remarkably well and re-
produces the temporal variability with very good agreement compared to both the collocated reconstruction and the cup
anemometer measurements. This is an important result, as it suggests that the additional spatial variability introduced by
the non-collocated approach does not simply arise from random reconstruction noise.

In contrast to wind speed, the spatial variability of T is reproduced comparatively well by the non-collocated reconstruction.
Both the mean TI and the spatial TI variability show good agreement with LES while simultaneously retaining realistic tem-
poral variability. This result highlights the potential added value of the non-collocated approach: although the method cannot
fully recover the small-scale spatial gradients, it is capable of capturing turbulence heterogeneity over spatial scales comparable
with a state-of-the art LES output.

Overall, the results suggest that the deviations introduced by non-collocated reconstruction are not purely reconstruction
artifacts, but instead contain information associated with physically meaningful spatial variability of the atmospheric flow. This
is particularly relevant for offshore applications, where the assumption of perfectly homogeneous flow is often violated over
kilometer-scale distances, even under comparatively ideal marine conditions. The non-collocated approach therefore provides
not only a measure of reconstruction uncertainty, but also indirect information about the spatial coherence and heterogeneity

of the flow itself.
4.5 Limitations

Several limitations of the present study should be acknowledged. First, the LES comparison is based on a limited number of
concurrent samples, reflecting the considerable computational expense associated with real-world LES simulations. In addition,
the overall campaign duration was insufficient to comprehensively sample the full range of atmospheric conditions encountered
offshore, particularly strongly convective and highly transient boundary-layer regimes.

A further limitation is the absence of an in-situ reference during Phase 2, where the analysis relied on an internal collocated
dual-Doppler reference. While this limitation was mitigated through the dedicated Phase 1 validation campaign, an indepen-

dent reference measurement at the reconstruction range during the non-collocated experiments would further strengthen the
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interpretation of the observed deviations. The non-collocated experiment was intentionally conducted at shorter ranges than
the Phase 1 in order to maximize data availability, and to minimize the influence of offshore wind turbines on the statistics.

The atmospheric characterization was additionally limited by the available instrumentation. In particular, sonic anemometer
measurements would provide a more complete description of the atmospheric boundary layer, including direct measurements
of turbulent fluxes and turbulence anisotropy. Such measurements would also enable the application of turbulence spectral
tensor models, such as the Mann model, to further investigate the relationship between reconstructed spatial variability and the
underlying turbulence structure.

Despite these limitations, the results demonstrate the potential of non-collocated dual-Doppler reconstruction as more than
solely a source of reconstruction uncertainty. The observed deviations contain information related to spatial flow variability
and turbulence heterogeneity. Future work could therefore exploit non-collocated configurations as a tool for characterizing

spatial coherence and atmospheric variability over offshore domains.

5 Conclusions

This study investigated whether strict range-gate intersection is required for dual-Doppler scanning lidar DSL reconstruction
of mean wind speed and turbulence intensity under representative offshore conditions. First, the accuracy and uncertainty of
the conventional co-located DSL configuration were evaluated against a cup anemometer during an offshore measurement
campaign. The results show that the tested v2.1 long-range scanning lidar systems satisfy the Carbon Trust acceptance criteria
for mean wind speed and the turbulence intensity criterion for mean bias error of 0.01 at measurement ranges of 67 km.

Building on this validation, a non-collocated DSL reconstruction methodology was developed and evaluated, in which
synchronized line-of-sight measurements are combined despite horizontal separation between the reconstructed probe volumes.
The performance and uncertainty of this approach were assessed using a dedicated measurement phase and a realistic LES case
study.

The results demonstrate that a horizontal separation distance of approximately 500 m introduces deviations that remain
within the baseline uncertainty of the collocated dual-Doppler reconstruction. Even for larger separation distances up to 1.5 km,
the non-collocated configurations remain capable of reproducing representative turbulence intensity values with relatively small
systematic bias. This indicates that, under sufficiently homogeneous offshore flow conditions, the assumption of spatially
uniform flow remains reasonably valid over substantially separated probe volumes.

The analysis of atmospheric conditions revealed a strong dependence of the reconstruction uncertainty on flow heterogeneity.
Two dominant sectors of increased sensitivity were identified: a coastal sector associated with land—sea transition effects and
a sector influenced by neighboring offshore wind turbines. In these regions, both wind speed and turbulence errors increased
significantly with beam separation distance. In contrast, marine inflow sectors characterized by long offshore fetch and weak
turbulence levels exhibited comparatively small deviations between collocated and non-collocated reconstructions.

By decomposing the reconstructed second-order statistics into contributions from the LOS variances and covariance terms,

we showed that the covariance term (Term III) dominates the reconstruction error for all three turbulence quantities, namely
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o%(u), 0%(v), and o(uv). The analysis additionally demonstrated that scan geometry modifies the directional sensitivity of the
reconstructed turbulence components. In the investigated configuration, increasing beam separation shifted the reconstruction
sensitivity away from the eastward velocity component and toward the northward component.

The LES case study provided further evidence that the deviations introduced by non-collocated reconstruction are not merely
random reconstruction artifacts, but contain physically meaningful information associated with spatial variability of the atmo-
spheric flow. While the non-collocated reconstruction underestimates the spatial variability of wind speed compared to LES,
it reproduces the spatial variability of turbulence intensity comparatively well. This suggests that the reconstruction behaves
partly as a spatial smoothing operator for the mean flow while still retaining relevant turbulence variability relevant for offshore
wind applications. Furthermore, the temporal variability derived from the non-collocated reconstruction remained consistent
with both the collocated reconstruction and the in-situ cup measurements, indicating that the method preserves the dominant
temporal turbulence dynamics.

Overall, the results suggest that non-collocated DSL reconstruction can provide representative turbulence measurements
and physically meaningful information on spatial flow variability over kilometer-scale domains. This opens new possibili-
ties for offshore wind resource characterization, specially spatial turbulence assessment using relatively sparse scanning lidar

configurations.

Data availability. The wave buoy data are publicly available through the Coastal Monitoring Program at https://coastalmonitoring.org/. The
scanning lidar and large-eddy simulation datasets can be obtained from the corresponding owner upon request. The meteorological mast data
were provided under an agreement with Offshore Renewable Energy Catapult (OREC) and are therefore subject to third-party restrictions.

Requests for access to these data should be directed to OREC.

Appendix A

To establish a baseline error for Phase 2, the sampling frequency of the SL_N system was reduced to match the lower sampling

rate associated with the Phase 2 scan configuration. Figure A1 shows the impact of sampling rate on the DSL reconstruction.
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Figure A1. The impact of sampling rate on the SL_N-SL_S reconstruction error for wind speed (a) and TI (b). The orange markers depicts

the reconstruction error when selecting LOS data from SL_N system every 12 s. Here only bins with more than 50 samples are shown.

705 Appendix B

The timeseries of reconstructed wind speed and TI are compared with LES in Figure B1. The time between 05-08-2026 12:00
and 06-08-2026 08:00 is removed from the simulated dataset due to turbulence not being well developed in the LES.
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Figure B1. Wind speed (a) and TI (b) timeseries during the LES case study period.

The spatial fields of wind speed, direction and TI given by the non-collocated reconstruction are depicted in Figure B2
(a-c) at a given timestamp. These fields can be compared against the LES fields shown in panels (d-f). The mean and standard

710 deviation of the presented fields are shown above each panel.
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Figure B2. 10-min wind speed (upper panels), wind direction (middle panels) and TI (lower panels) from the non-collocated reconstruction

(a-c) and LES (d-f).  and o above each panel denote the spatial mean and standard deviation of the samples at the shown timestamp.
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