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Abstract: This study presents a verification and an analysis of wind profile data collected during
Tropical Storm Erika (2015) by a Doppler Wind Lidar (DWL) instrument aboard a P3 Hurricane
Hunter aircraft of the National Oceanic and Atmospheric Administration (NOAA). DWL-measured
winds are compared to those from nearly collocated GPS dropsondes, and show good agreement in
terms of both the wind magnitude and asymmetric distribution of the wind field. A comparison of
the DWL-measured wind speeds versus dropsonde-measured wind speeds yields a reasonably good
correlation (r? = 0.95), with a root mean square error (RMSE) of 1.58 m s~! and a bias of —0.023 m s~
Our analysis shows that the DWL complements the existing P3 Doppler radar, in that it collects
wind data in rain-free and low-rain regions where Doppler radar is limited for wind observations.
The DWL observations also complement dropsonde measurements by significantly enlarging the
sampling size and spatial coverage of the boundary layer winds. An analysis of the DWL wind data
shows that the boundary layer of Erika was much deeper than that of a typical hurricane-strength
storm. Streamline and vorticity analyses based on DWL wind observations explain why Erika
maintained intensity in a sheared environment. This study suggests that DWL wind data are valuable
for real-time intensity forecasts, basic understanding of the boundary layer structure and dynamics,
and offshore wind energy applications under tropical cyclone conditions.
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1. Introduction

Although substantial progress has been made in the accuracy of tropical cyclone (TC) track
forecasts, progress to improve intensity forecasts has lagged, especially for TCs undergoing rapid
intensity (RI) change [1]. The difficulty in forecasting intensity change is due mainly to the complicated
nature of TC intensification, which has been neither well understood nor correctly represented in
forecast models. The atmospheric boundary layer that connects the ocean with the upper level TC
vortex is a critical region for intensity change, because it governs both the energy distribution and
dynamics required for TC intensification [2—4]. Numerical studies have also emphasized the critical role
of the boundary layer parameterization in simulations of TC intensity and structure [5-9]. However,
the TC boundary layer has been the least observed part of a storm until now.

The routine collection of kinematic and thermodynamic observations in the TC boundary layer
remains limited [10]. Currently, boundary-layer observations are scarce, due to the danger involved
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in manned aircraft gathering direct wind and humidity measurements in this turbulent region of the
storm. The use of unmanned aircraft is a promising tool for TC boundary layer observations, but the
technology is not yet advanced enough to collect fast response wind and thermal data (e.g., the rate
of data transfer through a satellite). Other in-situ observing platforms such as research buoys suffer
the same plight as manned aircraft, due to the likelihood of damage to instrumentation. Even if a
research buoy does occasionally survive in a strong TC [11], it must be located in the eyewall to obtain
hurricane-force wind measurements. The probability of this occurring is small, due to uncertainties in
the track forecast at the time of the buoy’s pre-storm deployment. This lack of observational data is
believed to be one of the primary reasons why boundary layer processes remain poorly represented in
operational TC models [12,13], which limits their ability to improve intensity forecasts.

Our understanding of the mean boundary layer structure has improved since the advent of
the Global Positioning System (GPS) dropsonde in 1997 [14]. Due to limited resources, however,
the sampling size of GPS dropsondes in individual storms is generally quite small (<20 for a 12 h
observational period). In rare cases where multiple research aircraft are flown simultaneously, such as
in Hurricanes Earl (2010) and Edouard (2014), more than 40 dropsondes can be collected in a 12-h
window. Such composite analyses can present a radius-height view of the boundary layer [15,16].
Previous studies have used this type of composite method to analyze a large number of dropsonde
data collected in multiple storms, in order to characterize the mean climatological boundary-layer
structure [17,18]. Of note, these studies focused on the boundary layer of TCs with hurricane-force
(33 m s~!) and stronger-strength winds. The differences in the boundary layer structure between that
of a tropical storm and a hurricane are not well documented.

Doppler radar onboard research aircraft provides extensive wind observations in hurricanes,
but its vertical resolution is generally too coarse for boundary layer studies. When a TC experiences
strong environmental vertical wind shear, its convective structure is usually asymmetric, which makes
the distribution of precipitation asymmetric. Under such a scenario, Doppler radar wind measurements
are limited by the lack of backscattering from precipitation. Doppler Wind Lidar (DWL) observations
complement Doppler radar observations in regions of little to no precipitation in TCs. Additionally;,
the DWL provides a much larger data coverage area for wind profiles than GPS dropsondes.

Baker et al. [19] provided an excellent review of previous impact studies that used both simulated
satellite and real-world, aircraft-based DWL data to demonstrate the DWL's ability to measure winds in
TCs. Impact experiments with real data, termed Observing System Experiments, have been conducted
with and without DWL data to show the positive impact of this observing system on TC track and
intensity forecasts [20]. Similar experiments with simulated DWL data, termed Observing System
Simulation Experiments, have also shown positive impacts on track forecasts [21-23]. The present study
further illustrates the usefulness of the DWL for TC studies, with a focus on understanding TC structure
by analyzing wind profiles collected in Tropical Storm (TS) Erika (2015). More recently, a coherent
DWL was flown in 2017 on the National Aeronautics and Space Administration (NASA)’s DC8 aircraft
during the Convective Processes Experiment (CPEX), which has provided a new perspective on
tropical convective systems [24]. DWLs continue to mature as airborne systems, based on their ability
to derive wind measurements from molecular motions through direct detection, providing wind data
in aerosol-sparse areas.

2. Material and Methods

The DWL aboard the National Oceanic and Atmospheric Administration (NOAA) P3 aircraft is a
coherent system (1.6-micron wavelength) that depends on atmospheric aerosols for its return signal,
such that vertical coverage varies from one storm to the next [25]. In general, however, the convection
and high winds associated with TCs provide ample aerosols and thus profiles from the flight level
(usually 3 km) down to the ocean surface. The three main components of the DWL are the transceiver,
scanner, and data processing system. Table 1 summarizes general information about the DWL.
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Table 1. National Oceanic and Atmospheric Administration (NOAA) P3 DWL system and data product
generation parameters.

Parameter (units) Value Comments
Wavelength (nm) 1600 Eyesafe for NOAA P3 DWL configuration
Pulse energy (Joules) 0.0015 0.0023 maximum
Pulse repetition frequency (Hz) 500 Due to data processing limitations, the effective pulse

repetition frequency is 166 Hz

Full width half maximum of Gaussian pulse;

Pulse full width half maximum (m) 920 duration is 320 ns
Telescope diameter (m) 0.10
Scanner Biaxial conical scanner side mounted starboard on P3
Digitization rate (MHz) 250
Line of sight range gate (m) ~90 Sliding gate provides 45 m line of sight product
Shot integration, nominal (seconds) 1 Nominal scan cor‘tiif;sl?: (1:12w};?lisnt step and stares
Time between u,v,w profiles (seconds) ~25 Assumes 1 s dwells
Distance between u,v,w profiles (km) 3.75 Assumes 150 m/s P3 ground velocity

The latest version of the coherent Doppler transceiver developed by Lockheed Martin Coherent
Technologies was used aboard the NOAA P3 aircraft. The scanner shown in Figure 1 is a bi-axial
scanner that has a scanning range of 30 degrees in azimuth and 120 degrees in elevation. The scanner
can be programmed to change scanning modes during a flight. The standard scanning mode employs
12 step-stares at 20 degrees off nadir, with a 1-s duration at each stare and a 1-s transition between
stares, followed by a 5-s dwell at nadir. During the mission into TS Erika, however, the scanner was set
to scan forward at 30 degrees off nadir and £30 degrees azimuth.

Figure 1. P3 Doppler Wind Lidar (DWL) bi-axis scanner.
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The DWL was operated at 166 Hz, such that each 1-s line of sight (LOS) integrated product
contained 166 laser shots. The shot pulses were approximately Gaussian in shape with a full width
half maximum of about 90 m and a diameter of about 10 cm. During the Erika mission, the DWL
operated within a range of 4000 m. A “sliding range gate” approach was used in generating a 50 m
vertical resolution wind profile based on 100 m basic range gates. The closest usable signals were about
300 m below or above the aircraft. The aircraft’s position, speed, and attitude (pitch, roll, and yaw)
were obtained from the DWL’s dedicated Global Positioning System (GPS) and Inertial Navigation
System (INS). The LOS winds were navigated in space and converted into vertical profiles of the full
three-dimensional (3D) mean wind vectors. At nominal P3 cruising speeds (~100 m s~ 1), the wind
profiles are representative of the mean flow over approximately 3 km. The data processing system,
along with other instruments that help cool the system, is shown in Figure 2.

Figure 2. The Doppler Wind Lidar system inside the P3 aircraft, showing the laser (transceiver), data

processing system, and cooling system from top to bottom. GPS represents the Global Positioning
System, INS represents the Inertial Navigation System, RASP represents the Real-time Advanced Signal
Processor, and TCU represents the Transceiver Control Unit.

The DWL has been successfully flown on one of NOAA’s P3 Hurricane Hunter aircraft since the
2015 hurricane season. DWL wind profile data were first collected in TS Erika (2015). Erika began as a
tropical wave west of Africa on 21 August and became a tropical storm in the Atlantic on 24 August
(Figure 3a). The system remained nearly steady-state throughout its life cycle, weakening by 5 kt
(~2.5m s 1) in the first two days, and then intensifying by 10 kt (~5 m s~ 1) until 28 August (Figure 3b).

The P3 mission into TS Erika was conducted on 26 August, when the storm’s intensity was 40 kt,
just before its weak intensification. During the period of P3 observations, Erika was under strong
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northwesterly environmental wind shear, and convective activity mostly appeared in the downshear
side of the storm (Figure 4). Despite the detrimental influence of the shear, Erika maintained steady
state and slightly intensified after the period of DWL measurements.
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Figure 3. Plots of the track (a) and intensity (b) of Tropical Storm Erika (2015) from the National
Hurricane Center’s best track. The red line indicates the period of P3 observations.

Figure 4. (a) GOES satellite Infrared (IR) image and (b) visible image of Tropical Storm Erika (2015) on
26 August during the time of the P3 observations. The yellow arrow represents the shear direction.

The colors in the IR image show the cloud top brightness temperature, with red and green colors
indicating convective activity. In the visible image, the cloudy region indicates convection.
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The earth-relative flight track of the P3 aircraft flown in TS Erika is shown in Figure 5a,
and followed a standard Figure 4 flight pattern that is routinely flown as part of the NOAA Hurricane
Research Division’s annual operational hurricane field program. After taking into account the storm’s
motion, the flight track was plotted in a storm-relative framework, using center fixes based on flight
level wind observations (Figure 5b). Of note, when calculating the storm-relative track, the storm
centers from both the best track of the National Hurricane Center (NHC) and fixes based on flight-level
winds are used, following the method of Willoughby and Chelmow [26]. The dropsondes released in
TS Erika were mostly located in the storm center and turn points, as shown in Figure 5b by red circles.
As mentioned earlier, the number of dropsondes deployed in a P3 mission is limited by available
resources, and typically only the eye, eyewall, and turn points at the end of each radial penetration
leg are sampled, as was the case with Erika. With this type of limited coverage, dropsonde data can
only provide isolated snapshots of the mean boundary layer structure. The DWL, on the other hand,
can provide extensive wind observations of the boundary layer, as shown in next section.
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Figure 5. Plots of the earth-relative (a) and storm-relative (b) P3 aircraft track into Tropical Storm Erika
(2015). Red circles represent the location of dropsonde deployments.

3. Results

We first compared GPS dropsonde data to DWL wind profiles. Of note, dropsondes provide an
inherently different measure of the wind from that of DWL. Dropsondes usually follow a drifting
trajectory, and take approximately 2-3 min to reach the ocean surface. Depending on the relative
direction of the flight path and mean wind, dropsondes generally sample a very different part of
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the mean flow. In a strongly sheared and turbulent boundary layer, such as is found in tropical
cyclones, dropsonde profiles are best considered to be single realizations of the wind. Furthermore,
since dropsondes follow a slanted path in conditions of both strong horizontal and vertical shear,
the near-surface portion of the dropsonde profile may not be representative of what the near-surface
profile would be below the portion of the profile that was sampled higher in the atmosphere. In contrast,
the DWL is closer to the mean wind measurement within a volume of the atmosphere.

Figure 6 shows vertical wind profiles from the DWL measurements that are collocated with the
dropsondes at each dropsonde location shown in Figure 5b. The wind comparison in Figure 6 is
displayed in a storm-relative sense, in that the eye sounding is placed at the center of the figure. It is
evident from Figure 6 that in the storm center, the wind speed is weak (<5 m/s); this wind feature is
captured by both the DWL and dropsonde instruments. Furthermore, both the DWL and dropsonde
observations show that the surface wind speed is strongest in the right-front quadrant, on the order of
20 m s~!. The DWL data also captured a similar asymmetric distribution (front versus back, and left
versus right) of the wind field that was observed by the dropsondes. The difference between the
dropsonde and DWL wind speed measurements near the surface (<100 m altitude) is mainly due to
the dropsonde drift effect mentioned above.
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Figure 6. Plots of vertical wind profiles from the DWL (red) and GPS dropsonde (blue) observations.
The wind comparison is plotted in a storm-relative framework, with the location of the observations
shown in the title of each panel.
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A comparison of wind speeds measured by the DWL within a 10-km distance from the dropsonde
data and within a 2-min time interval of the two types of observations shows good agreement (Figure 7).
There is also a reasonably good correlation (r* = 0.95) with the root mean square error (RMSE) of
1.58 m s~ ! compared to the dropsonde data. The bias of the DWL-measured winds appears to be
small (—0.023 m s~!). This result is consistent with previous verifications of the DWL-measured
wind speeds with dropsonde data [20,27]. Other studies [28-31] have shown comparisons of DWL
data to dropsonde data that are in better agreement than with our study (i.e., smaller RMSE). This is
most likely due to the fact that TCs have a highly variable wind field, and the different measurement
volumes had different wind speeds in the comparison. Of note, the RMSE of the DWL-measured wind
speed is much smaller (~4 m s~!) than that of the wind speed measured by the Stepped Frequency
Microwave Radiometer (SFMR), both compared to dropsonde data [32,33]. Given that the SFMR wind
measurements have been routinely used for real-time TC intensity forecasts, the DWL wind data have
great potential to assist forecasters with intensity estimates.
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Figure 7. Scatterplot of the DWL measured wind speed (WS) versus dropsonde wind speed and the
linear regress (red line). The blue line shows the 1:1 ratio, which is the line of perfect correlation.
The regression equation, correlation coefficient (r), root mean square error (RMSE), and bias are
also shown.

To further evaluate the usefulness of the DWL wind observations in TCs, we conducted a
two-dimensional (2D) analysis of wind speeds measured by the DWL, at 500 m and 1 km altitudes,
and compared these observations to Tail Doppler radar observations at the same altitudes (Figure 8).
As mentioned earlier, Doppler radar has been used to routinely measure 3D wind velocities during
NOAA P3 missions before the DWL was installed on the P3. We used a piece-wise cubic spline method
for the 2D wind analysis, following Zhang et al. [34]. This method preserves original data (i.e., along
the flight track) and only interpolates data at locations where no observations are available.

It is evident from Figure 8 that wind speeds measured by the DWL at the two altitudes of interest,
i.e.,, 500 m and 1 km, generally agreed with those measured by the Doppler radar in terms of wind
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asymmetry. For instance, the Doppler radar measured the strongest and weakest wind speeds on
the northeast and southwest sides of the storm, respectively, which were captured by the DWL wind
observations. Since Doppler radar can only measure wind speed when there is precipitation, winds in
almost the entire northwest quadrant were not measured well, due to there being little precipitation in
this region. The strong winds (~20 m/s) to the left of the storm at ~100 m radius were measured by the
DWL, but these winds were not observed by Doppler radar (c.f., Figure 6). This result suggests that
the DWL wind data had better spatial coverage, clouds permitting, than the Tail Doppler radar data at
the two altitudes of the Doppler radar observations.
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Figure 8. Plots of the wind speed at 500 m (a,b) and 1 km (c,d) altitudes from the DWL two-dimensional
(2D) analysis (a,c) and Doppler radar observations (b,d). Black crosses in the left panels indicate the
location of the DWL wind observations used in the analysis, while black dashed lines indicate the
radial distance from the center every 50 km.

Furthermore, Doppler radar is limited by its vertical resolution (500 m), and the swath data have
no observations below an altitude of 500 m. On the other hand, the DWL measures the wind to 25 m
above the sea surface with a vertical resolution of ~50 m [35]. Figure 9 shows the wind speed measured
by the DWL at altitudes as low as 25 m (middle of 50 m height gate). This suggests the DWL is capable
of measuring the near-surface maximum wind speed, which is close to a tropical cyclone’s intensity.

The maximum wind speed measured by the DWL at 25 m in Erika (2015) was 23 m s~ !, which
is quite close to the storm’s intensity, based on the NHC'’s best track (c.f., Figure 3b). These highly
accurate DWL wind measurements not only complement dropsonde observations by significantly
enlarging the sampling size, but also provide useful information for validating SFMR surface wind
observations. Large biases in SFMR wind measurements can be identified and corrected by using the
collocated DWL wind profiles. This process can improve NHC forecasts by providing better real-time
intensity estimates.
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Figure 9. Plot of the wind speed measured by the DWL at 25 m in Tropical Storm Erika (2015). The black
crosses are the location of the DWL winds used in the 2D analysis. The black dashed lines indicate the
radial distance from the center every 50 km.

4. Discussion

Given the excellent data coverage provided by the DWL wind observations, storm-relative
tangential and radial velocities can be studied. Due to a lack of observations, no previous study has
shown the detailed inflow layer structure of an individual TC, to the authors’ knowledge. Figure 10
shows the boundary layer inflow and outflow structure of Erika at four vertical levels (25 m, 100 m,

500 m, and 1000 m).
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It is evident that inflow is much stronger on the right side of the storm than on the left side.
Note that the strongest inflow is located along the shear direction, as indicated by the black arrow in
Figure 10. The inflow layer being deeper on the downshear side rather than on the upshear side in
Erika is consistent with the result of the dropsonde composite analysis given by Zhang et al. [18].

An analysis of the height of the maximum tangential wind speed also shows that Erika’s boundary
layer is deeper on the downshear side of the storm (Figure 11). Of note, both the inflow layer depth
and height of the maximum tangential wind speed are found to decrease toward the storm center,
consistent with a previous dropsonde composite [17]. However, the kinematic boundary layer heights
on average are much larger than that of a typical hurricane-strength TC, which suggests that the
boundary layer structure of a tropical storm is different from that of a hurricane. Forecast models
should consider this difference.
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Figure 11. Height of the maximum tangential wind speed based on the DWL data in Tropical Storm
Erika (2015). The black arrow represents the shear direction, while black dashed lines indicate the
radial distance from the center every 50 km.

The streamline pattern based on storm-relative winds is shown in Figure 12, at the four altitude
levels in Figure 10, along with the relative vorticity shown in shading. The closed circulation and
large vorticity near the storm center suggest that Erika was able to maintain tropical storm strength
despite strong wind shear, likely due to vorticity development in the boundary layer. It is evident from
Figure 12 that absolute vorticity is maximized in the storm center, with a broad region of relatively
large values of vorticity (>4 x 10~* s~1) located in the downshear side of the storm in the boundary
layer. Interestingly, the circulation center of the vortex of Erika varies with height, showing a weak tilt
of the vortex in the upper levels (>750 m) toward the downshear direction, and implying a vortex tilt
signature even in the boundary layer. This type of structure can only be detected by high-resolution
wind measurements from an instrument like the DWL.

Of note, there is no distinct eyewall in a tropical storm like Erika, so the radius of the maximum
wind speed is not well defined. The maximum azimuthally-averaged tangential wind speed is found
to be located at a radius of ~100 km, which is nearly twice the size of a typical hurricane. Streamline
analysis shows that the circulation of the vortex near the surface is closed. The vortex center is slightly
tilted to the shear direction in the boundary layer. Despite this vortex tilt feature, the largest vorticity
is located in the storm center, suggesting the development of circulation occurs within the boundary
layer. This is consistent with the hypothesis of a progressive boundary layer control of the spin-up
process, as suggested by previous theoretical studies [3,36].
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Figure 12. Plots of the relative vorticity (shading) and streamlines (contour) at (a) 250 m, (b) 500 m,
(c) 750 m, and (d) 1000 m altitudes based on the DWL measured winds.

5. Conclusions

This study presents an analysis of wind profile data collected by the DWL onboard NOAA's
P3 aircraft in TS Erika (2015). The DWL observations complement the existing P3 Doppler radar
observations, in that the DWL collects wind data in rain-free and low-rain regions where Doppler
radar is limited by its inability to capture the backscatter. In addition, the DWL wind data have a much
higher vertical resolution (50 m) than the Doppler radar wind data (500 m). The DWL observations also
complement the dropsonde measurements by significantly enlarging the sampling size of the wind
profiles. Observations of wind speeds down to ~25 m can provide valuable intensity information in real
time to NHC forecasters when a NOAA P3 Hurricane Hunter mission is flown with a DWL onboard.

Our analysis shows good agreement when DWL-measured wind profiles are compared to those
from collocated dropsondes (i.e., high correlation, small bias, and relatively small RMSE). A comparison
of DWL-measured wind speeds at the same altitudes as the Doppler radar observations also show
good agreement in regions where there are extensive Doppler data (i.e., rain regions) in terms of wind
asymmetry. To the authors” knowledge, the DWL data collected in TS Erika provide the best data
coverage of the boundary layer of any given tropical cyclone. The DWL data presented in this study
will be invaluable for evaluating the boundary layer structure and physics in TC forecast models.

The kinematic boundary layer height as depicted by both the inflow layer depth and height of
the maximum tangential wind speed is found to decrease with decreasing distance from the storm
center, consistent with the structure of a typical hurricane. However, the boundary layer in TS Erika
is much deeper than in a hurricane based on climatology. The shear-relative analysis of the DWL
data shows that the strength of the inflow is larger in the downshear-side quadrants than in the
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upshear-side quadrants, again mimicking the structure of a hurricane. On the other hand, the extent of
the asymmetry of both the tangential and radial winds was larger in TS Erika than that observed in the
hurricane composites.

Future work will analyze DWL data collected in recent hurricanes, including landfall cases,
in order to further explore wind structure in the boundary layer for both science and engineering
applications. For instance, DWL wind data can be used to improve our understanding of the boundary
layer structure of TCs close to US coastal regions where offshore wind energy development has been
conducted under the guidelines of the Department of Energy. Wind turbines built offshore for power
generation are usually affected by tropical cyclone winds, especially strong wind gusts [37]. However,
the impact of tropical cyclone winds on the structural integrity of turbines is poorly understood, due to
a lack of observations at typical turbine heights (<200 m above sea level). Dropsondes provide single
slant profiles of wind observations that are inadequate for high temporal or spatial analysis across the
rotor layer at the turbine height. Offshore tower and buoy observations usually only collect wind data
near the ocean surface with a measurement altitude of <50 m. Airborne DWL provides a unique tool
for 3D wind observations around offshore wind turbines, which can be used in future investigations to
explore the impact of tropical cyclones on turbine loads.
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