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Abstract: For this study, the annual frequency of atmospheric stability and the effects of topography
were investigated, using ERA5 data and data from wind observation masts installed at four locations
on an island for a site under development, where bidding will soon begin. As a result, we found
that a variety of atmospheric stabilities appeared at the site, and that the annual average events
were not neutral but, instead, unstable. Moreover, the deviation from neutral varied depending
on wind direction and the wind speed varied greatly, depending on the mast position and wind
direction. Additionally, it was necessary to reproduce the wind flow separation due to topography, in
order to predict the wind conditions of wind turbines located close to the island. The accuracy of
the airflow simulation by large eddy simulation was validated using the mast-to-mast wind speed
ratio. For simulations, we used the commercial software RIAM-COMPACT, which has been widely
used in Japan, as it allows the atmospheric stability to be freely set. As a result, we found that the
accuracy could be improved by refining the inflow wind direction and taking the average of the
results calculated under several atmospheric stability conditions.

Keywords: wind farm; large eddy simulation; topography; inflow direction; atmospheric stability

1. Introduction

The main purpose of this study is to improve airflow simulations for wind resource
assessments of onshore and offshore wind farms affected by topography. In recent years,
there has been high demand for the development of renewable energy, both in Japan
and abroad, and bidding for offshore wind power projects has begun in Japan [1]. In
Europe, many offshore wind power sites have already been installed; however, in order
to accelerate the introduction of offshore wind power in Japan, Japan’s unique problems
must be addressed. In general, European offshore sites are located more than 10 km from
the coast whereas, in Japan, planned offshore sites are expected to be located only a few
kilometers from the coast, as the water depth quickly deepens a few kilometers off the
coast. As a result, the sites are strongly influenced by the onshore topography and the wind
speed distribution within the site is not uniform. Consequently, the turbulence intensity
may be higher than that at European offshore sites. In addition, it is well-known that
airflow separation due to topography is affected by atmospheric stability [2–7], but there
have been very few studies on how atmospheric stability affects airflow separation due to
the topography at onshore and nearshore sites in Japan. Atmospheric stability varies by
country, region, and season.

Meteorological models, such as WRF (Weather Research Forecasting) [8], are generally
adopted for analyses considering atmospheric stability; however, these models cannot
reproduce complex airflows caused by topographic undulations, as their grid resolution is
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too large. In general, steady-state engineering models using Reynolds-averaged modeling
(RANS) are employed for turbulence modeling at complex terrain sites, but the models
have problems reproducing complex flows such as airflow separation and vortices [9]. In
addition, the atmospheric stability is often assumed to be neutral. In recent years, nonlinear,
unsteady flow analyses have become possible as a result of the rapid improvement of
computers. A representative approach for such wind flow analyses uses a numerical turbu-
lence model called large-eddy simulation (LES). In order to address the above-mentioned
problems specific to Japan and improve the prediction of airflow through simulation, un-
steady engineering models using LES as a turbulence model with appropriate atmospheric
stability settings are required.

When an engineering model is used to predict annual energy production, instead of
a meteorological model, the analysis is usually performed using 12 or 16 wind direction
sectors; however, there is also a problem with dividing the wind direction. For example,
when using 16 wind directions, a wind direction width of 22.5 degrees must be considered.
In complex terrain, a 22.5 degree change in wind direction will alter the upwind terrain
and, thus, the airflow characteristics, but applying an airflow simulation to a single wind
direction in the sector is equivalent to assuming that there is no airflow change within
a 22.5 degree wind direction width. For both nearshore and onshore sites, it is necessary
to consider the atmospheric stability and devise an appropriate wind direction division
scheme in order to accurately reproduce the effects of the terrain.

In this study, we examine the accuracy of airflow simulations with multiple atmo-
spheric stability conditions by refining the inflow wind direction for the Saikai–Enoshima
Island site in Japan [10,11], where the bidding will soon begin. First, the annual frequency
of atmospheric stability and the effect of topography on the airflow were investigated using
observations from four wind observation masts located on the island, along with ERA5 [12]
data from the European Centre for Medium-Range Weather Forecasts. As a result, we found
that various conditions of atmospheric stability appeared at the site, and that the annual
average events were not neutral but biased towards being unstable or stable, depending
on the wind direction. It was also found that a variety of mast-to-mast wind speed ratios
existed in the same wind direction sector and that the numerical simulations for each of
the 16 wind direction sectors, assuming atmospheric stability as being neutral, did not
correspond to reality.

In order to match reality as much as possible, we propose a method that analyzes not
only the central wind direction of the 16 wind direction sectors but also those at +11 degrees
and −11 degrees, taking into account their annual frequency of occurrence. Furthermore,
the proposed method averages the results of simulations considering multiple atmospheric
stability conditions. The simulation software used was RIAM-COMPACT [3,9,13–16],
a commercially available software widely used in Japan, which can perform unsteady
simulations using LES and allows for freely setting the atmospheric stability, according to
the Ri number. Airflow simulations were performed using the following methods: (A) the
conventional method, where only the central wind direction in the 16 wind direction sectors
was calculated with neutral atmospheric stability; (B) a method where multiple atmospheric
stability conditions were set for the central wind direction, and the average of the results for
these airflow simulations was taken; (C) a method where only neutral atmospheric stability
was set, but the average of the airflow simulations in three wind directions (the central wind
direction, +11 degrees, and −11 degrees) was taken; and (D) the proposed method, where
the average was taken over the airflow simulations in three wind directions considering
multiple atmospheric stability conditions. For example, with a set of four atmospheric
stability cases, the proposed method (D) averages 12 airflow simulations. With respect to
the evaluation of the numerical simulations, first, the variation of the vertical wind speed
profile with atmospheric stability was examined. Second, the change in the mast-to-mast
wind speed ratio with respect to changes in atmospheric stability and wind direction was
examined. Next, by comparing four methods with respect to the accuracy of the prediction
of the mast-to-mast wind speed ratio, the effect of refining the inflow wind direction and
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applying atmospheric stability was validated. Finally, changes in airflow patterns due
to atmospheric stability were discussed. Although many researchers have conducted
airflow simulations using LES for wind power generation [4,17,18], few have quantitatively
evaluated the impact of both refining inflow wind direction and atmospheric stability on the
accuracy of wind speed prediction for the purpose of wind resource assessment in complex
terrain sites, which is the novelty of this study. In particular, flow field prediction techniques
that can be validated with mast-to-mast wind speed ratios are extremely important for new
wind power developments.

2. Overview of the Investigated Site

Figure 1 shows a general view of the site investigated in the present study. The site is
located in the ocean off Nagasaki Prefecture, western Japan, about 10 km from the Goto
Islands and 20 km from the Nishisonogi Peninsula; there is no conspicuous land around
the site. An enlarged view of the area within the black frame in Figure 1 is shown in
Figure 2, and a topographic map of the site is shown in Figure 3. The island, Enoshima,
has an undulating topography of 2 km from east to west and 3 km from north to south,
and the highest elevation is 139 m in the northern part of the island. There are four wind
observation masts on the island (A, B, C and D), and we used data from a period when all
four masts were observed at the same time during the year. Cup anemometers and wind
vanes were installed at 58 m, 50 m and 40 m of the masts, and the observation systems were
designed according to MEASNET guidelines [19] and IEC 61400-12-1 [20]. The topography
of Enoshima Island is very complicated but, as the island is surrounded by the sea, the
area is presumed to be more affected by atmospheric stability, which is closely related
to the surrounding sea surface temperature, rather than general land sites. As general
airflow simulations were performed for each of the 12 to 16 wind direction sectors, the
accuracy of this study was validated for six wind direction sectors—N, NNE, S, SSW, NW,
and NNW—based on their frequency of occurrence.
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Figure 2. Enlarged view of the site within the black frame in Figure 1. There are four wind observation
masts located on the island (A, B, C and D).
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3. Analysis of the Measurement Data
3.1. Correlation and Wind Speed Ratio for Each Mast

First, the correlation and wind speed ratios for each mast were assessed. In order to
determine a stable wind speed relationship between the masts, a 1-hour average was used.
In this study, the measured wind speed ratios were analyzed in detail for the north wind,
which is greatly affected by the terrain. The details are discussed later, but this confirmed
that the wind speed ratios of Masts B, C and D were significantly different in the north
wind simulation. Moreover, the measured turbulence intensity of the north wind at Mast A
was the highest among the turbulence intensities for each of the 16 wind direction sectors
for all masts. Figure 4 shows the wind speed correlations and wind speed ratios for Masts
B, C and D, relative to Mast A. The wind speed of Mast B was higher than that of Mast
A, while the wind speeds of Masts C and D were lower than that of Mast A. All masts
were well-correlated, but there was a great deal of variability in the wind speed ratios.
At high wind speed, the wind speed ratio of mast B showed lower variability, but there
was still considerable variability in C and D. A single-case airflow simulation adopting
a conventional method calculates a single wind speed ratio, but that does not correspond to
reality as various wind speed ratios may be observed, such as was the case at this site. The
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reason for the occurrence of various wind speed ratios is presumed to be the occurrence of
various atmospheric stabilities and the influence of the terrain, which is not uniform over
the 22.5 degree range. Therefore, it is necessary to perform simulations in accordance with
this fact for accurate wind resource assessments.
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with respect to A; and (c) Mast D with respect to A.
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3.2. Distribution of Annual Atmospheric Stability

Next, we examined the effect of atmospheric stability on the site wind conditions. The
atmospheric stability is defined by the Richardson number (Ri), using the following equation:

Ri =
g(θin − θbottom) h

θinU2 , (1)

where g is the gravitational acceleration; h is the maximum elevation difference at the
site; θin is the temperature observed at Mast A, which is generally located near the max-
imum elevation at the site; θbottom is the sea surface temperature obtained from ERA5;
and U is the 58 m altitude wind speed at Mast A. Ri = 0 indicates neutral atmospheric
stability, a negative value indicates an unstable condition, and a positive value indicates
a stable condition.

The annual frequency for the occurrence of atmospheric stability in the north wind is
shown in Figure 5. The atmospheric stability was widely distributed from unstable to stable,
but values above +1 or below −1 occurred at low wind speeds. The median value was
slightly biased toward unstable conditions, contributed to by the fact that the sea surface
temperature around the site located in western Japan is relatively warm. The relationship
between the variability of atmospheric stability and wind speed is shown in Figure 6. As
the wind speed increased, the variation in Ri converged. Although atmospheric stability
is generally considered to be neutral at high wind speeds, it was slightly biased toward
unstable conditions, even at wind speeds above 12 m/s, at which point the variation
in Ri converged.
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3.3. Investigation in Relation to the Variation of Atmospheric Stability

The relationship between the wind speed ratio and atmospheric stability Ri is shown
in Figure 7. We expected to see some relation between atmospheric stability and the wind
speed ratio, but variation in the wind speed ratio was still large without any relation to the
atmospheric stability.
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Figure 7. Relation between the wind speed ratios for Masts B, C and D with respect to A and the
atmospheric stability Ri.

Figure 8 shows time-series data for the wind speed ratios and atmospheric stability;
a time when only the north wind continued to blow for as long as possible was selected.
The wind speed ratios on July 5 (Figure 8a) and July 15 (Figure 8b) fluctuated, to some
extent, in conjunction with the upward and downward movements of Ri, but the linkage
was not clear, as there were time gaps. In both cases, the wind speed ratio fluctuated
above or below 1.0, although the atmospheric stability was consistently in an unstable
condition. In other words, the trend of a higher or lower wind speed (compared to Mast
A) was reversed under the continuous conditions of unstable atmospheric stability and
north wind around 8 m/s. From these results, it can be inferred that the wind speed ratio
in the time-series was somewhat affected by atmospheric stability, but other significant
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factors also exist. In this study, the atmospheric stability was set based on the temperature
difference between the sea surface temperature and the site air temperature, assuming
that the temperature of the inflow was uniform in the vertical direction. However, in
reality, various temperature distributions occur in the vertical direction, and the influence
of topography is not uniform within the 22.5 degree width of the wind direction sector N.
In reality, a wide variety of winds cannot be classified by the azimuthal classification of
north wind and the atmospheric stability given by Equation (1). While it is impractical to
calculate all the various wind conditions when predicting energy production in wind power
projects, the conventional method of calculating only neutral cases for the central wind
directions of each of the 16 wind direction sectors is not always capable of reproducing
intermediate or average events with wind speed ratios that seem to vary widely. Therefore,
we attempted to improve the prediction accuracy by selecting multiple atmospheric sta-
bilities covering the entire annual frequency of occurrence, and also added two cases of
wind directions at ±11 degrees from both ends of the wind direction sector N. In addition
to N, the NNE, S, SSW, NW, and NNW wind direction sectors were selected, in order to
validate the accuracy.
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Figure 8. Time-series of the wind speed ratios and atmospheric stability: (a) From 23:00 on 4 July to
8:00 on 5 July 2019; and (b) from 22:00 on 14 July to 6:00 on 15 July 2019.

3.4. Decision of Atmospheric Stability for Numerical Simulation

To ensure that the airflow simulation covered the entire frequency of occurrence of
atmospheric stability, the frequency of occurrence was assessed for each wind direction
and multiple atmospheric stability conditions were selected. Figure 9 shows the fre-
quency distributions of atmospheric stability for the six wind direction sectors subjected to
airflow simulations.
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Figure 9. Appearance frequencies of atmospheric stability in the six selected wind direction sectors.
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A wide range of Ri values were observed for each wind direction sector, suggesting
that a variety of atmospheric stabilities other than neutral were present. In the N, NNE,
and NNW directions, Ri distribution was biased toward the unstable side, but stable
conditions up to about Ri = +0.2 also occurred. Similarly, in the NW direction, the Ri
distribution was biased toward the unstable side, but stable conditions rarely occurred.
In the S and SSW direction, Ri roughly occurred in the range of −0.2 to +0.2 (i.e., from
unstable to stable conditions), centered on neutral. The sea surface temperature is relatively
high in this region, due to the warm current. In autumn, winter, and spring, NW to
NNE wind directions occur more frequently, and the temperature is lower than the sea
surface temperature, resulting in more unstable conditions. S and SSW winds occur more
frequently in summer, and the atmospheric stability tends to be close to a neutral condition,
as the temperature increases and becomes similar to the sea surface temperature. The
frequency of atmospheric stability differed for each wind direction. Thus, to cover the
whole situation, airflow simulations were performed for each wind direction with the
atmospheric stabilities shown in Table 1.

Table 1. Analysis case for atmospheric stability and wind direction.

N NNE S SSW NW NNW

Ri = −0.5
√ √

- -
√ √

Ri = −0.2
√ √ √ √ √ √

Ri = 0
√ √ √ √ √ √

Ri = +0.2
√ √ √ √

-
√

4. Numerical Simulation
4.1. Summary of the Numerical Simulation Methods

RIAM-COMPACT, a commercial numerical simulation software that can perform
unsteady non-linear analysis using LES, was used to simulate the separation and eddies
caused by topographic undulations. The method is based on the finite difference method.
Details of the numerical simulation method used by RIAM-COMPACT can be found
in [3,9,13–16]. The governing equations used in this study are shown in [3] (p. 10). As
an example of the computational domain and boundary conditions, the case for the
north wind is shown in Figure 10. The analysis area was 7.0 (x) km in the mainstream
direction, 4.5 (y) km in the mainstream perpendicular direction, and 1.4 (z) km in the
vertical direction, using 2 m numerical elevation data acquired in an aerial laser survey.
The highest elevation on Enoshima Island is 140 m and it is denoted by h. Based on the
height of h, the computational domain was set 25 h upstream and downstream directions
from the analysis center for the mainstream direction, 16 h from the center to both sides for
the perpendicular to the mainstream direction, and 10 h for the vertical direction. In this
study, the horizontal grid was equally spaced at 25 m and unequally spaced to be coarser
near the outflow boundary. The effect of horizontal mesh size is shown in Appendix A.
The grid in the vertical direction was unequally spaced, becoming finer at the ground
surface, with a minimum spacing of approximately 1 m. The airflow is easily separated
from the ground surface due to its undulation, and the vertical wind speed profile is
strongly influenced by the ground surface, which will be shown in Section 4.2.1, but the
profile was considered resolvable with a minimum vertical grid size of 1 m. For the grid
resolution in a terrain such as at this site, it has been shown by Uchida et al. [3,15], that
airflow separation due to terrain can be reproduced using these settings. The number of
grid points was 241 (x) × 181 (y) × 41 (z), or about 1.7 million. The inflow was a constant
wind with a 0.1 vertical shear profile. To generate inflow wind variability, a block was
set at the position shown in Figure 10, at one-tenth the height of the maximum elevation
difference. A free-slip boundary condition was applied to the side and upper walls,
a convective outflow condition was applied to the outlet boundary, and a no-slip condition
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was imposed on the ground surface. These boundary conditions are shown in Figure 10.
The time step was ∆t = 2 × 10−3 h/U. Here, h is the maximum terrain elevation within
the computational domain; U is the wind speed at the inflow boundary at the height of
the maximum terrain elevation within the computational domain. It has been shown by
Uchida et al. [21] for a complex terrain site such as this site, that airflow separation due to
terrain can be reproduced using ∆t = 2 × 10−3 h/U.
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4.2. Results and Discussions
4.2.1. Validation of Vertical Profile

Figure 11 shows the results for the vertical distribution of wind speed at each mast in
the N, S and NW wind direction sectors, representing the six wind directions for which the
analysis was run. The measured heights of the masts were 58, 50, and 40 m, respectively,
and the figures are expressed as a ratio compared to the wind speed at 58 m altitude. The
measurements showed different vertical profiles, depending on the mast position and
wind direction, indicating that separation and wind speed acceleration due to topography
could occur. The vertical profile results of the airflow simulations reproduced the trends
of the actual measurements, although the differences in atmospheric stability varied. The
wind speed at 40 m altitude was significantly lower at mast A in the wind direction sector
N, which was caused by air flow separation, presumably because mast A is located at
a slightly lower altitude on the downwind side from the top of the mountain, as shown in
the topographic map in Figure 3. The vertical profiles of wind speed ratio calculated by
the airflow simulation varied, depending on the atmospheric stability, and did not agree
with the measurements when the atmospheric stability was neutral (Ri = 0), which is used
in the conventional method. Furthermore, the measurements included variations caused
by atmospheric stability. We inferred that the measured vertical profile included various
vertical profiles caused by various atmospheric stability levels.
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Figure 11. Vertical wind speed profiles.
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4.2.2. Validation of Wind Speed Ratio

For the wind speed ratios of masts B, C and D relative to mast A in the wind direction
sector N, the airflow simulations were compared with the measurements. Figure 12
shows the wind speed ratios for 12 cases of air flow simulations, considering four cases
of atmospheric stability and three wind directions. As the 16 wind divisions each had
a width of 22 degrees, we broke down the three wind direction cases as the center of wind
direction sector N, along with the wind directions shifted ±11 degrees from the center.
The wind speed ratios changed significantly with atmospheric stability. When the wind
direction was shifted by ±11 degrees, the change was small for mast B and relatively large
for Masts C and D. Masts A and B are located at the north end of Enoshima Island, close to
where the north wind flows in from the sea; thus, the changes in windward topography
due to changes in wind direction are small at these masts. However, Mast C is located
about 1 km from the north end of Enoshima Island and Mast D is located 1.8 km from
the north end of Enoshima Island; thus, the changes in windward topography due to
changes in wind direction are large. The change observed in the wind speed ratio due to
the ±11-degree change in wind direction was presumably related to the large change in the
upwind topography caused by the change in wind direction.
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Figure 12. Comparison of the wind speed ratios in the wind direction sector N.

As mentioned in Section 3, even for the wind direction sector N, there was large
variation in the measured mast-to-mast 1-h wind speed ratios. To take into account the
various wind conditions, Four methods, listed in Table 2 were considered for verification
of the simulation accuracy. When averaging the four atmospheric stability cases, a simple
average was used, while the average of the three wind directions was taken as a weighted
average based on the frequency of occurrence of the observed data within a sector width of
22.5 degrees. Specifically, the 22.5 deg. width was divided into four parts, and the proportion
of the middle two (11.25 deg. width) was applied for analysis of the central wind direction of
the sector; the proportion of the right side (5.125 deg. width) toward the windward direction
was applied for the analysis at +11 deg.; and the proportion of the left side (5.125 deg. width)
toward the windward direction was applied for the analysis at −11 deg.

Table 2. Composition of each method for wind direction sector N.

Atmospheric Stability Inflow Wind Direction

Method A Neutral Center (0 deg.)

Method B Simple average
(Ri = −0.5, −0.2, 0, +0.2) Center (0 deg.)

Method C Neutral Weighted average (0 deg., 11 deg., 349 deg.)

Method D Simple average
(Ri = −0.5, −0.2, 0, +0.2) Weighted average (0 deg., 11 deg., 349 deg.)
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The wind speed ratios for Methods A and B are shown in Figure 13. The wind speed
ratios of Mast B and Mast C with respect to Mast A were generally reproduced using the
conventional method, with a neutral Ri of 0 and wind direction of 0 deg. (i.e., Method
A), but there was a large error for Mast D. Method B was in good agreement with the
measurement. The wind speed ratios of the simulations varied greatly, depending on the
atmospheric stability, and the accuracy of the simulation was greatly improved by averaging
these ratios. For Masts B and C, the wind speed ratio increased as the atmospheric stability
moved from a stable, to neutral, to unstable condition. Mast D had the lowest wind speed
ratio when it was neutral, and the wind speed ratio increased under both unstable and
stable conditions.
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Figure 13. Wind speed ratios with respect to Mast A using Method B.

As the atmospheric stability becomes more stable, the airflow separation due to
topography tends to subside. Additionally, neutral and unstable airflows are very complex,
as they are easily separated. Under an unstable condition, the atmosphere is more likely
to mix than under a neutral condition, making it easier to recover from a wind speed
decrease in the separation region. However, easy mixing of the atmosphere also always
produces turbulence. As a result, the effect of atmospheric stability on the wind speed
ratio varied with location. The changes in airflow patterns due to atmospheric stability
are explained in Section 4.2.3. The wind speed ratio for Method C is shown in Figure 14.
Although the atmospheric stability was only neutral, it can be seen that the results of
the wind speed ratio were very different when the wind direction was shifted by ±11
degrees. Even with the weighted averages, the accuracy did not improve, compared to
the conventional method (i.e., Method A), which was set only with 0 degrees of wind
direction and neutral atmospheric stability (Ri = 0). The results of Method D are shown
in Figure 15. The color indicates the atmospheric stability, and the line style indicates the
wind direction. Although the results of all 12 cases were very different, due to the simple
average of the atmospheric stability and the weighted average of the wind direction based
on the frequency of occurrence, Method D could reproduce the actual measurements with
high accuracy.

The wind speed ratio results from the four methods are summarized in Figure 16,
and their prediction errors are given in Table 3. Compared to Methods A and C, Methods
B and D showed improvements, especially for Mast D. Mast D is subject to airflow that
separates near Mast A and traverses the island. This position is difficult to predict, as it
is located far from Mast A and is strongly affected by changes in airflow separation due
to atmospheric stability. Method B, which was considered as an average of four cases of
atmospheric stability with only one case of wind direction at the center, was sufficiently
accurate; however, Method D, which represents an average of all cases, predicted the results
at all three Masts with high accuracy (i.e., within 1.5% absolute error).
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Figure 14. Wind speed ratios with respect to Mast A using Method C.
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Figure 15. Wind speed ratios with respect to Mast A using Method D. The color indicates the
atmospheric stability, while the line style indicates the wind direction.
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Figure 16. Comparison of wind speed ratios using all methods.
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Table 3. Summary of prediction error for wind direction sector N.

Method A Method B Method C Method D

Error of Mast B −1.2% 1.3% −4.9% −0.5%
Error of Mast C −3.0% 1.7% −9.6% −1.5%
Error of Mast D −12.7% −2.0% −8.2% −0.5%
Averaged absolute error 5.6% 1.7% 7.6% 0.9%
Max of absolute error 12.7% 2.0% 9.6% 1.5%

For the wind direction sector N, Method D was able to predict the wind speed ratios
with very high accuracy. To see how well this method works in other wind direction
sectors, airflow simulations were also performed for the NNE, NNW, NW, SSW, and S wind
directions. The atmospheric stability was set to the Ri values given in Table 1, and the wind
direction was set to the center, +11 degrees, and −11 degrees in the wind direction sectors
with width of 22.5 deg. The results for Method D, which used the results of the airflow
simulations for all cases, are shown in Figure 17. The colors represent the atmospheric
stabilities, and the line styles represent wind directions. The wind speed ratios from the
airflow simulations changed, with different stability values in the same wind direction
and, likewise, with different wind directions under the same stability values. This result
indicates that the airflow is affected by the atmospheric stability conditions and the wind
directions within 11 degrees. The measured wind speed ratios were generally within the
variability of each case and, as a result, Method D was able to reproduce the measured
trends and reduce the risk of large prediction errors.
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Figure 17. Comparison of wind speed ratios in various atmospheric stabilities and wind directions
using method D. The color indicates the atmospheric stability, while the line style indicates the wind
direction. (a) Wind direction NNE; (b) Wind direction S; (c) Wind direction SSW; (d) Wind direction
NW; (e) Wind direction NNW.

Figure 18 shows the results of each method for each wind direction sector. Method
D, which took the average of all the cases, featured no large errors and showed a trend
that was relatively consistent with the actual measurements in all wind direction sectors.
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Figure 19 shows the mean absolute error and the maximum absolute error for each mast in
each wind direction, from which it can be seen that Method D was the best method, with
demonstrably small errors. On the other hand, the conventional method (i.e., Method A)
had the lowest accuracy.
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Figure 18. Comparison of wind speed ratios with all methods for wind direction sectors NNE, S,
SSW, NW, and NNW. (a) Wind direction NNE; (b) Wind direction S; (c) Wind direction SSW; (d) Wind
direction NW; (e) Wind direction NNW.
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Figure 19. Comparison of prediction errors of all methods for various wind direction sectors. (a) Mean
absolute error; (b) Maximum absolute error.

Table 4 shows the mean absolute error for all wind direction sectors (average in
Figure 19a), the mean of the maximum absolute error for each wind direction sector
(average in Figure 19b), and the maximum absolute error for all wind direction sectors
(maximum in Figure 19b) for each method. Overall, Method D was the best, with less than
half of the error obtained by the conventional method (Method A). The mean absolute error
was 3.4%, the mean maximum error for each wind direction was less than 5%, and the
maximum error in all cases was less than 10%, indicating that Method D can predict the
wind conditions with high accuracy. Although Method B was applied only to the central
wind direction, by incorporating multiple atmospheric stabilities, it obtained the second-
best result. The results of this method were relatively good, even though the number of
analysis cases was one-third that of Method D.

Table 4. Summary of prediction error for all methods.

Method A B C D

Mean absolute error 7.8% 4.5% 5.3% 3.4%

Mean of the maximum absolute error for each
wind direction sector 12.1% 6.4% 8.3% 4.9%

Maximum absolute error 20.8% 12.5% 13.2% 9.3%

4.2.3. Wind Speed Distribution in a Numerical Simulation

We confirmed how the airflow through Enoshima Island changes, depending on
the atmospheric stability, through visualization using a simulation. Figure 20 shows
the simulated wind speed distributions in the north wind for an unstable atmosphere
(Ri = −0.5), a neutral atmosphere (Ri = 0), and a stable atmosphere (Ri = +0.2), showing
slices of an instant in the unsteady calculations. As the atmospheric stability was unstable,
turbulence began to form over the sea surface before reaching Enoshima. After separation
by the terrain, mixing of the separated region and the upper flow could be observed. In the
neutral case, after separation by the terrain, mixing between the separation region and the
upper flow did not proceed very far, indicating that the separation area remained distant.
In the stable case, separation occurred at the terrain, but quickly re-attached to the ground
surface on the leeward side, resulting in a small separation region. Under this northerly
wind, Mast D was located just downwind of Mast A. As shown in Figure 13, the wind speed
at Mast D was almost 20% lower than that at Mast A under neutral conditions; however,
when the conditions became stable or unstable, the wind speed became equal to that at
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Mast A. Under stable conditions, the separation region was small while, in the unstable
condition, mixing proceeded in the upper and lower layers. As a result, Masts A and D
showed the same wind speed. Under neutral conditions, Mast D entered the separation
region and, thus, showed a lower wind speed than Mast A.
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Figure 20. Simulated wind speed distributions for unstable (Ri = −0.5), neutral (Ri = 0), and stable
(Ri = +0.2) atmospheric stability scenarios in the north wind. These are slices of an instant in
the unsteady calculation. The shading color bar represents the dimensionless wind speed with
respect to the inflow streamwise wind speed at the height of the maximum surface elevation in the
computational domain.

Figure 21 shows the wind speed distribution around Masts A and B. The left mast is
Mast A, while Mast B is to the right. Mast A was located at a slightly lower elevation than
the top of the windward mountain, and the airflow was separated at the top in front of
Mast A. As shown in Figure 21a, on the windward side of Mast A’s position, turbulence
had already occurred before the airflow entered the island in the unsteady condition. In
the neutral condition, the smooth airflow separated at the top of the mountain, and the
separation region appeared stronger in the neutral condition than that in the unstable
condition. Therefore, as shown by the north wind in Figure 11, the vertical profile of the
neutral condition had a stronger separation at lower altitudes. This phenomenon can be
seen in Figure 21b. As shown in Figure 21b (left), the unsteady condition at Mast B led to
a high wind speed, even at a low altitude, due to mixing of the upper and lower layers, as
shown in Figure 21a (left). As a result, the acceleration effect due to the terrain was higher
than that in the neutral condition. This effect can be observed in Figure 13, which shows that
Mast B had a higher wind speed than Mast A under the unsteady condition of Ri = −0.5.
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wind speed at the height of the maximum surface elevation in the computational domain. (a) Slices
of an instant in the unsteady calculation; (b) Average wind speed distribution.

5. Conclusions

The main purpose of this study was to improve airflow simulations for wind resource
assessments of onshore and offshore wind farms affected by topography. Due to the
complex topography of the island that represents the subject of this study, the wind speed
varied greatly with the mast position, even when focusing on a specific wind direction.
In the conventional method, the analytical wind direction is divided into 12 or 16 parts,
an airflow simulation is performed assuming neutral atmospheric stability, and one wind
speed ratio is calculated for each wind direction. However, even when limited to a specific
wind direction, the variation in the measured mast-to-mast wind speed ratio was large,
suggesting the existence of a variety of airflows. The atmospheric stability calculated from
the ERA5 sea surface temperature and the temperature at the observation mast presented
a wide range of results, including stable, neutral, and unstable conditions. It is clear that
the conventional method, which assumes only neutral atmospheric stability, does not
correspond to the reality of various meteorological conditions. On the other hand, the
atmospheric stability defined in this study alone was not enough to clarify the cause of
the variation in the measured wind speed ratios. In reality, there are many varieties of
winds that cannot be classified using only 16 wind direction categories and the atmospheric
stability defined by Equation (1). In this study, the atmospheric stability was set based on
the temperature difference between the air temperature and the sea surface temperature of
the airflow, which was assumed to be uniform in the vertical direction. In reality, however,
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various temperature distributions occurred in the vertical direction. Moreover, the influence
of terrain was not uniform within the 22.5-degree widths of the 16 wind direction sectors.
However, it is unrealistic to calculate all possible situations when predicting annual energy
production in a wind power feasibility assessment. Therefore, we sought to improve the
prediction accuracy by selecting several atmospheric stabilities, in order to cover the entire
annual frequency of occurrence and added the cases of ±11 degrees at both ends of the
16 wind direction sectors, in addition to the central wind direction. As a result, both the
mean and maximum errors were reduced to half of that when using the conventional
method. Since the accuracy of the annual energy production as well as wind speed is
important in wind resource assessment [3], we plan to examine this point soon.

In this study, the results of three wind direction cases (center and ±11 degrees) were
presented as a weighted average with respect to their frequency of occurrence; however,
for atmospheric stability, we used a simple average over the multiple cases selected. For
atmospheric stability, further improvements to the prediction accuracy could be considered
by selecting appropriate Ri values or weighted averaging corresponding to the frequency of
occurrence. Furthermore, optimization of the number of analysis cases will be considered
in future work. For annual wind prediction, this method requires a very large number of
LES analysis cases: more than 100 cases are needed to calculate the atmospheric stability
of three to four cases for 32 wind directions. As it is not practical to continue using this
method as-is, we will consider both reducing the computational load and improving the
prediction accuracy by identifying the typical atmospheric stability and narrowing down
the analysis cases. Nevertheless, while an increase in computational load relative to the
conventional method is unavoidable, this increased load can be handled by a planned
analysis schedule, as the installation of wind measurement masts for wind farm projects
requires time for site land-use and permit surveys, and the measurement period after
installation is typically greater than one year. After determining the best analysis method
for this site, we will further evaluate the effectiveness of this method by increasing the
number of sites to be validated.
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Nomenclature

Ri Richardson number
U streamwise wind speed [m/s]
x streamwise coordinate [m]
y streamwise perpendicular coordinate [m]
z vertical coordinate [m]
θbottom sea surface temperature [K]
θin in flow temperature [K]
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Appendix A Effect of Grid Resolution on Wind Speed Ratio

The effect of grid resolution on the wind speed ratio was examined. In this study,
the horizontal grid resolution was set to 25 m. However, wind speed ratios were also
calculated for horizontal grid sizes of 10 m, 15 m, 35 m, and 50 m in a north wind and
under neutral atmospheric stability. The computational grids around Enoshima Island are
shown in Figure A1, and the wind speed ratio results are shown in Figure A2. The change
in the wind speed ratio for the grid size 25 m and over is large, but the change is small 25 m
and under. There is a slight difference between grid sizes of 10 m and 25 m, but since the
number of grids of 10 m grid size is more than six times larger than 25 m, grid size of 25 m
was selected for both practicality and accuracy in the wind power business.
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