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Abstract: Wind conditions play a significant role in wind power generation. Offshore wind
turbines in Japan are located in areas with a shorter fetch compared with those in Europe,
raising concerns about more significant coastal effects on offshore wind conditions. There-
fore, we conducted observations using unmanned aerial vehicles (UAVs) to investigate
coastal effects on offshore wind conditions in Japan, measuring the vertical structure of
meteorological parameters at multiple nearshore locations. We explored the application
of data pre-processing methods to focus on the spatial variations caused by coastal effects
and minimize short-term fluctuations. The results indicated that using ensemble averages
of multiple vertical profiles effectively reduced short-term fluctuations. Our UAV observa-
tions revealed that stable stratification developed even within the 1300 m fetch region, with
rapid growth rates. Additionally, we found that wind speeds were independent of height
in some cases, suggesting that the wind profile power law is not suitable for expressing the
vertical profiles of wind speed.

Keywords: coastal effects; nearshore wind conditions; unmanned aerial vehicle; meteoro-
logical observations; data pre-processing methods; offshore wind power

1. Introduction
In recent years, reliance on offshore wind power as a source of renewable energy has

rapidly increased due to the limited supply of fossil fuels and their contribution to global
warming [1,2]. Therefore, it is predicted that offshore wind power will play an increasingly
important role in electricity supply in the future. However, the uncertainty and complexity
of wind speed and wind power prediction influence the safety and stability of the power
grid [3]. Consequently, accurately predicting wind speed and forecasting wind power is a
considerable challenge.

In coastal regions, the atmospheric boundary layer experiences various changes due
to complex offshore wind conditions, collectively referred to as coastal effects [4]. Offshore
wind farms, particularly those located near Japan, are positioned closer to the coast (within
10 km) where these coastal effects are more pronounced compared with those in Europe [4].
Therefore, accurately identifying coastal effects is crucial for predicting wind speed and
wind power in these nearshore areas.

In-situ measurements are one of the most effective methods for assessing coastal
effects, particularly in understanding their effects on offshore wind conditions. However,
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the installation of offshore meteorological platforms remains limited due to high costs and
complex permitting processes [5]. In recent years, remote sensing systems like the Doppler
wind light detection and ranging (LiDAR) have been widely used in assessing wind
conditions for wind power [6,7]. The main advantage of using LiDAR (fixed laser beam
geometry, looking up and forward) is its ability to examine vertical wind profiles, including
at hub height, from ground-based offshore platforms. However, the high installation costs
due to the offshore platforms are a disadvantage. Floating and scanning LiDAR systems
(flexible geometry with adjustable laser beam azimuth and elevation angles) consist of a
series of remote sensing systems without fixed offshore platforms. Floating LiDAR systems
are defined as LiDAR wind-measuring devices integrated into or placed on top of a buoy [8].
Scanning LiDAR systems can scan the winds over long distances and over an entire area
from the coast. Nevertheless, they are constrained by the range of the laser, which depends
on the instrument model and conditions at the observation site [9,10].

Studies on coastal effects, such as low-level jets (LLJs), are primarily based on data from
offshore observation campaigns, such as the FINO-WIND project [11]. Wagner et al. [12]
distinguished formation mechanisms of LLJs using vertical profiles of wind speed and
temperature observed at the FINO1 platforms in the southern North Sea and found that
conditions such as season and upwind location influenced the formation of LLJs. Dörenkäm-
per et al. [13] analyzed the relationships between the offshore internal boundary layer,
the fetch (distance wind travels over open water), and LLJs and found that the frequency
of LLJs increased with higher atmospheric stability and a shorter fetch. Among various
coastal effects, the formation of LLJs is one phenomenon that influences offshore wind
conditions [14]. Other coastal effects, such as the speed-up effect due to the decrease in
roughness when air is advected from land to ocean, have also been reported [4,15–17].
This speed-up effect causes an increase in the Coriolis force, resulting in a slight clockwise
rotation of the wind direction [18]. Coastal effects research has mainly been conducted
in regions with a longer fetch, such as Europe (e.g., FINO), while less attention has been
given to areas where wind farms are situated closer to the coast, such as Japan and the
United States. There is a notable lack of comparative studies on offshore wind conditions
in Japan [10,19], particularly regarding the development of the land-to-sea boundary layer
in the nearshore region.

Hence, to address the gaps in the existing literature, we conducted two studies with
the aim of developing an improved method for evaluating coastal effects and apply-
ing that method in Japan. First, we explored the suitability of unmanned aerial vehi-
cles (UAVs) for measuring vertical meteorological profiles without requiring offshore
platforms [20,21]. While UAVs have the capability to simultaneously measure multiple
meteorological parameters at different nearshore locations, UAVs that do not hover provide
only short-term data, which may include spatiotemporal variations [22]. Therefore, we
examined the data pre-processing techniques for very short-term wind measurements taken
using UAVs to investigate coastal effects. Our findings suggest that ensemble averaging of
multiple UAV datasets can effectively reduce short-term fluctuations, making UAV data
useful for evaluating coastal effects. Second, we conducted simultaneous meteorological
observations with three UAVs in a coastal region of Japan. Each UAV measured the vertical
profiles of wind speed, temperature, and humidity at different locations: onshore, 650 m
offshore, and 1300 m offshore. Our analysis of these vertical profiles near the coast indicated
the development of stable stratification as the fetch increased from land to ocean. In this
study, data analysis was performed using Python (version 3.10.6). Python is available at
(https://www.python.org, accessed on 20 February 2025).

https://www.python.org
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2. Study Setup for the Analysis of Coastal Effects
2.1. Study Area

In this study, we collected observational data from the coastal region of Noshiro, Japan.
The location of the observation site and the outline of the measurements are shown in
Figure 1. This coastal area is a port, and the surrounding land is flat. The Ministry of
Economy, Trade, and Industry in Japan designated the coastal region of Noshiro as an area
for the promotion of offshore renewable energy facilities [23], and several wind turbines
are located in this region within a few kilometers offshore.
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Figure 1. Overview of the observation site and outline: (a) location of the observation site (Noshiro,
Japan), with the red frame showing Noshiro; (b) outline of the measurements.

2.2. Equipment

In this study, we conducted simultaneous observations using three UAVs (Figure 2).
We used PF2 UAV bodies (ACSL Ltd., Tokyo, Japan) and installed attachments for mea-
suring meteorological parameters (Table 1). All the three UAVs were of the same type and
were equipped with identical attachments.
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Figure 2. The unmanned aerial vehicle (UAV) body and installed attachments.
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Table 1. Summary of UAV body and attachment specifications.

Body and Attachments Specifications

UAV body

Height: 536 mm
Total weight: 7.1 kg

Max payload: 2.75 kg
Wind resistance: 10 m/s
Battery: 12,000 mAh × 2

Ultrasonic wind sensor WXT532 made by Vaisala (Vantaa, Finland)
Accuracy: ±3% (in 10 m/s)

Thermal sensor

NFR C3-0508-30 made by Netsushin (Saitama, Japan)
Accuracy: ±0.3 K

Forced ventilation and a filter covering the sensor to avoid
direct solar radiation

Note: UAV, unmanned aerial vehicle.

2.3. Methodology

Each of the three UAVs measured the vertical profiles of wind speed, temperature, and
humidity at different points: onshore, 650 m offshore, and 1300 m offshore. Additionally,
the collected data from each UAV included three vertical profiles observed during a single
flight. Among the collected data, that during the ascent (at a rate of 1.5 m/s) was used,
while that during descent was not used due to the influence of the UAV’s wake. Routes
A–D (Figure 1) were selected based on the upper wind direction immediately before each
flight, with the aim of positioning the three UAVs as closely aligned with the wind direction
as possible. In addition to the UAVs, a profiling LiDAR was installed 500 m horizontally
from the onshore UAV flight point. The upper wind data collected using LiDAR were used
to select the flight route. Observations were conducted during 13–18 September 2023. The
upper wind directions (100 m altitude) and flight durations are shown in Figure 3. During
the observation period, the land–sea breeze circulations were clearly observed, specifically
the land breeze in the early morning and the sea breeze that followed. However, the sea and
land breezes were not exactly 180◦ opposite, probably due to the influence of surrounding
structures or topography.
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2.4. UAV Data Processing Techniques

A major advantage of UAVs is their ability to measure meteorological vertical profiles
without the need for offshore platforms. However, UAVs that do not hover provide
only short-term data. When detecting coastal effects, such as LLJs or wind shear, the
vertical wind speed profile is typically derived from data averaged over 10–20 min [12,24].
However, UAVs generate data with time lags between altitudes due to their ascent. In
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this study, as the UAVs ascended at a rate of 1.5 m/s, reaching approximately 250 m in
altitude, it took approximately 167 s to complete a single vertical profile. This time lag
complicates the determination of whether vertical wind speed differences result from the
vertical atmospheric structure influenced by coastal effects or from wind speed fluctuations.
To address these issues, we explored two data pre-processing methods to minimize short-
term fluctuations.

Figure 4 illustrates the vertical moving average data pre-processing technique, which
uses five-point up–down data to minimize short-term fluctuations. In this study, as the
UAVs ascended at a rate of 1.5 m/s and collected meteorological data at 1 s intervals, the
vertical moving average was calculated using data within a vertical range of ±3.75 m.
Additionally, a weighted coefficient was not used for the vertical moving average. The
second method we explored was an ensemble averaging of three vertical profiles. Figure 5
illustrates one example of the time schedule for UAV data collection, showing three vertical
profiles (V1–V3) used for ensemble averaging, along with the 10-min averaging period for
the LiDAR data, ensuring the closest possible time alignment. The LiDAR-derived wind
speeds, averaged over a 10-min period, were compared with UAV wind speeds measured
onshore (UAV1).
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3. Results
3.1. Analysis of UAV Data Processing

Figure 6 shows the comparison of wind speeds measured using the onshore UAV with
those measured using LiDAR. As the LiDAR was installed 500 m horizontally from the
onshore UAV flight point, data from the highest available range (140–240 m) were used for
the comparison to minimize the local effects of buildings and coastal forests near the ground
surface. Each subplot displays averaged wind speeds from UAVs using no averaging, the
vertical moving average, the ensemble averaging of vertical profiles, or both methods
and compares them with LiDAR wind speeds averaged over a 10-min period. Based on
qualitative analysis, the ensemble-averaged wind speeds (Vall) showed less variability and
better agreement with LiDAR wind speeds than the individual flight data (V1–V3). The
coefficient of determination and root mean square error scores also supported these findings.
However, the moving-averaged wind speeds showed less variability based on qualitative
perspectives. Nevertheless, the scores showed little improvement. In the case of V3, within
the range of high wind speeds (>8 m/s), the UAV wind speeds were higher than those
measured using LiDAR. This implies short-term wind speed fluctuations. Despite this, the
Vall wind speeds showed better agreement with the LiDAR wind speeds when averaged
over a 10-min period. This suggests that ensemble averaging of vertical profiles minimizes
short-term fluctuations. Thus, in measuring wind speeds with short-term fluctuations,
such as in V3, a single UAV flight may provide different results from LiDAR in detecting
coastal effects. Additionally, relying on single-flight data complicates the determination
of whether vertical wind speed differences result from the vertical atmospheric structure
under the influence of coastal effects or from wind speed fluctuations due to time lags
between lower and upper layers, which are affected by turbulence. To address these issues,
we demonstrated that ensemble averaging of vertical profiles is effective.
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LiDAR. Note: V1–V3: individual flight data, Vall: ensemble-averaged wind speeds, Raw: wind
speeds of raw data, and MA: moving-averaged wind speeds.

Wind shear is among the coastal effects caused by stable stratification [16]. High-
quality data are required to evaluate wind shear accurately. Figure 7 shows the comparison
of wind shear coefficients [12] measured using UAVs with those measured using LiDAR.



Energies 2025, 18, 1131 7 of 11

The wind shear coefficient was expressed as the ratio of the wind speed at 240 m to the
wind speed at 140 m. The results shown in Figures 6 and 7 support the effectiveness of
ensemble averaging. Additionally, the vertical moving average shows less variability and
better scores (the coefficient of determination and root mean square error scores) than the
raw data. However, in the case of V2, only the vertical moving average (V2-MA) was
inadequate for correcting an outlier. In contrast, this outlier was corrected in the ensemble
averaging (Vall).
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using LiDAR.

3.2. Vertical Atmospheric Structures in the Coastal Region of Japan

In this phase, the results of investigating coastal effects on offshore wind conditions
were reported. Figure 8 shows the vertical profiles of potential temperature with the internal
boundary layer height (IBLH), which is defined using a simple empirical equation [4,25], for
land breeze conditions. The empirical equation was proposed to describe the dependence
of the IBLH (h) on the fetch (x) and the temperature difference (∆θ) between the sea and
land. The equation is as follows:

h(x) = au(g∆θ/θ)−1/2x1/2, (1)

where u is wind speed, g is gravitational acceleration, θ is ocean temperature, and a is a
constant value based on observations and simulations [25], ranging between 0.014 and
0.024. The IBLH was calculated using a simple empirical equation, based on observed
parameters. The case in Figure 8 shows positive gradients of potential temperature at
altitudes near the sea surface due to its cooling effect. However, compared to observations,
the empirical equation underestimates the IBLH. This implies that the growth rate of the
IBLH is faster in the observations than in the results of the empirical equation. One possible
reason for this difference may be the influence of coastal protection forests and structures,
such as the shape of seawalls and the arrangement of buildings, on local meteorological
conditions; these factors are not accounted for in the empirical equation. However, more
detailed data, such as spatial distribution, are required to clarify this factor.



Energies 2025, 18, 1131 8 of 11Energies 2025, 18, 1131  8  of  11 
 

 

 

Figure 8. Vertical profiles of potential temperature with the internal boundary layer height (IBLH), 

which was calculated using a simple empirical equation, based on observed parameters, on 17 Sep-

tember 2023, at 09:50 (local time). 

Figure 9 shows the vertical profiles of potential temperature differences between two 

altitudes separated by 70 m at different points: onshore, 650 m offshore, and 1300 m off-

shore. Each vertical profile was classified as either a land breeze or sea breeze sector based 

on the upper wind direction measured using LiDAR, and then averaged within each sec-

tor. Even within the 1300 m fetch region, we found that stable stratification became no-

ticeably stronger as the fetch increased. Additionally, this phenomenon was clearly ob-

served in the land breeze sectors. The stable stratification is known to cause coastal effects, 

such as LLJs, which  influence offshore wind conditions [13]. However, no clear coastal 

effects were observed in the wind speed profiles during the period when stable stratifica-

tion  developed  from  our measured data  specifically. One  reason  for  this discrepancy 

could be  that  the potential  temperature differences are smaller compared  to  the differ-

ences observed during LLJs in Europe (in this study, the maximum value observed was 

0.5 K) [13]. Consequently, additional observations are needed under different conditions, 

such as during seasons with larger differences between the land and sea surface temper-

atures. 

 

Figure 9. Vertical profiles of potential temperature differences between altitudes at different points. 

Note: z: the lower height level used to calculate the plot data (the 70 m average), θ: potential tem-

perature (K). 

Figure 8. Vertical profiles of potential temperature with the internal boundary layer height (IBLH),
which was calculated using a simple empirical equation, based on observed parameters, on
17 September 2023, at 09:50 (local time).

Figure 9 shows the vertical profiles of potential temperature differences between
two altitudes separated by 70 m at different points: onshore, 650 m offshore, and 1300 m
offshore. Each vertical profile was classified as either a land breeze or sea breeze sector based
on the upper wind direction measured using LiDAR, and then averaged within each sector.
Even within the 1300 m fetch region, we found that stable stratification became noticeably
stronger as the fetch increased. Additionally, this phenomenon was clearly observed in
the land breeze sectors. The stable stratification is known to cause coastal effects, such as
LLJs, which influence offshore wind conditions [13]. However, no clear coastal effects were
observed in the wind speed profiles during the period when stable stratification developed
from our measured data specifically. One reason for this discrepancy could be that the
potential temperature differences are smaller compared to the differences observed during
LLJs in Europe (in this study, the maximum value observed was 0.5 K) [13]. Consequently,
additional observations are needed under different conditions, such as during seasons with
larger differences between the land and sea surface temperatures.
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The wind speed (V) at height (z) is expressed using the exponent α, as follows:

V(z) = V(zr)·
(

z
zr

)α

, (2)

where zr is the reference height (50 m). The exponent α is calculated by fitting the empirical
Equation (2) to the observed vertical profiles of wind speed using the least squares method.
The results are shown in Figure 10. The exponent α showed very low values regardless
of location (onshore, 650 m offshore, or 1300 m offshore). The average values were below
0.1, which is lower than the values of observations in Mutsu-Ogawara, Japan [19]. These
results showed not only low but also negative values of the exponents, which indicates that
wind speeds were independent of height in some cases, suggesting that the wind profile
power law is not suitable for expressing the vertical profiles of wind speed.
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4. Discussion
In this study, we investigated offshore wind conditions in Japan. We used three

UAVs to observe the vertical profiles of wind speed and temperature at different locations:
onshore, 650 m offshore, and 1300 m offshore. Additionally, we compared the features of
UAV and LiDAR observations and explored data pre-processing methods.

We focused on how to reduce the spatiotemporal variations in the short-term data
collected using UAVs and the observation plans needed for this purpose. These variations
make the analysis of coastal effects on offshore wind conditions difficult without further
processing. Our study demonstrated that data pre-processing, especially using the ensem-
ble average, was effective in minimizing short-term fluctuations. It is important to collect
several vertical profiles during a UAV flight to investigate the influence of coastal effects on
offshore wind conditions. Our findings suggest that UAV observations are effective for the
analysis of coastal effects on offshore wind conditions. Although UAVs can measure high-
resolution spatial data at different points, they are not capable of capturing long-term data
due to the limitations in flight duration imposed by battery life, which is a disadvantage of
UAVs when compared with LiDAR and offshore meteorological towers. Therefore, UAVs
may be most suitable for conducting temporary observations at locations where long-term
observations are also conducted. For example, UAV-observed data could be combined
with meteorological tower data to investigate the influence of coastal effects on offshore
wind conditions.

To our knowledge, this is the first study to investigate the vertical profiles of potential
temperature in nearshore areas in Japan using UAVs. The vertical profiles showed stable
stratification offshore, similar to previously reported data from Europe [4]. However, the
potential temperature differences between the two altitudes were smaller compared with
the differences observed during LLJs in Europe [13], and the effect of the stable stratification
on offshore wind conditions was not clearly confirmed. Therefore, further observations
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are required under different conditions, such as seasons with larger potential temperature
differences and over long-term periods. In the vertical profiles of potential temperature at
different distances from the shore, we observed that stable stratification became noticeably
stronger as the fetch increased. These results were compared to the IBLH calculated using
an empirical equation [4,25], which revealed that the observed IBLH grew at a much faster
rate as the fetch increased than that calculated using the empirical equation. Additionally,
we determined that the exponent α calculated from observed wind speed data in our study
was lower than the observed values in Mutsu-Ogawara, Japan [19]. Moreover, we found
that the observed wind speeds were independent of height and that the power law is
not suitable for expressing wind speed in some cases. Our observations were conducted
nearshore under specific seasonal and daytime conditions; therefore, further observations
under different conditions are required for a more comprehensive analysis.
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