energies

Article

Atmospheric Stability Effects on Offshore and Coastal Wind
Resource Characteristics in South Korea for Developing
Offshore Wind Farms

Geon Hwa Ryu ', Young-Gon Kim 2, Sung Jo Kwak 3, Man Soo Choi 4, Moon-Seon Jeong ® and Chae-Joo Moon ®*

check for
updates

Citation: Ryu, G.H.; Kim, Y.-G;
Kwak, S.J.; Choi, M.S,; Jeong, M.-S.;
Moon, C.-J. Atmospheric Stability
Effects on Offshore and Coastal Wind
Resource Characteristics in South
Korea for Developing Offshore Wind
Farms. Energies 2022, 15, 1305.
https:/ /doi.org/10.3390/
en15041305

Academic Editors: Hyun-Goo Kim,
Youngkuk Kim and Eugen Rusu

Received: 30 December 2021
Accepted: 10 February 2022
Published: 11 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Interdisciplinary Program of Renewable Energy Engineering, Mokpo National University,

Mokpo 58554, Korea; geonhwa@eiuca.or.kr

Wind Energy Research Center, Energy Valley Industry-University Convergence Agency, Naju 58277, Korea;
ygkim@eiuca.or.kr

Wind Energy Research Team, Korea Institute of Energy Research, Jeju 63357, Korea; sungjo@kier.re.kr
Wind & Marine Energy Department, Green Energy Institute, Mokpo 58656, Korea; mschoi@gei.re.kr
Renewable Energy Group, KEPCO Research Institute, Daejeon 34056, Korea; moonseon@kepco.co.kr
Department of Electrical and Control Engineering, Mokpo National University, Mokpo 58554, Korea
Correspondence: cjmoon@mokpo.ac.kr

o G W

Abstract: South Korea is surrounded by the sea on three sides. The characteristics of offshore wind
resources vary from region to region due to the influence of the distribution of the coastline and
differences in roughness length and atmospheric stability between the coast and the sea. In particular,
turbulent gusts and low-level wind shear occurring near the hub height of the wind turbine within
the atmospheric boundary layer have a significant effect on the load of wind turbines. These severe
weather phenomena are closely related to atmospheric stability. Therefore, the objective of this
study is to determine differences in wind resource characteristics in the South Korean offshore and
coast in relation to variations in atmospheric stability using observation data from the HeMOSU-1
meteorological tower in the West Sea and the Boseong meteorological observation tower on the
southern coast. On the southern coast, changes in sea and land breezes are observed throughout
diurnal and nocturnal periods, with an atmospheric stability distribution similar to that of land,
which is unstable during the day and becomes more stable at night. On the other hand, the stable
ratio continues to dominate in the west offshore. In the case of coastal areas, low-level wind shear
occasionally occurs near the general wind turbine hub height approximately over 100 m due to the
influence of winds from the sea. This study shows that when constructing an offshore wind farm, it
is necessary to first analyze the characteristics of local coastal and offshore wind resources for more
efficient and safe wind farm construction and operation.

Keywords: atmospheric stability; offshore wind; wind shear; Richardson number; meteorological mast

1. Introduction

Interest in eco-friendly renewable energy sources based on the Korean Green New
Deal, 2050 carbon zero, and renewable energy 3020 policies is continuously increasing [1].
In particular, in South Korea, which is surrounded by the sea on three sides, offshore wind
energy is attracting attention as a major national power source for the next generation, and
the industrial market is also rapidly expanding [2]. This is an energy flow in line with the
trend of using renewable energy as the top-priority power source in the national power
mix. Wind energy is in the spotlight as a sustainable, eco-friendly energy type that will
play the most important role in achieving the goals of the RE100 and the Paris Agreement
on Climate Change.

Prior to the implementation of the onshore/offshore wind farm project, it is decided
whether to proceed with the project by analyzing the wind resources and calculating the
expected annual energy production (AEP) based on the actual wind observation data [3]. In
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general, third-party certification companies perform this analysis, and the report includes
information related to wind shear and turbulence intensity [4,5]. However, it only intro-
duces the numerical values and does not specify the rationale for why the wind shear and
turbulence intensity in the area show such values.

In particular, it is difficult to characterize and predict wind resources for coastal areas
by the West and South Seas because of the shallow water depth and complex distribution
of coastlines with many islands [6-9]. This remains a major issue as most offshore wind
energy projects in South Korea are concentrated in the West and South Seas.

It has been shown that the diurnal change in turbulence is 20% larger than that of
other regions due to interactions among the atmosphere, land, and ocean in areas with a
complex coastal topography [10], implying that large turbulent gusts can be generated by
surface-sensible heat fluxes and the growth of turbulence kinetic energy (TKE) during the
transition from day to night.

In general, it is difficult to accurately calculate wind resources because the wind in the
lower part of the atmospheric boundary layer is generated by the simultaneous action of
mechanical forcing due to surface friction and thermal forcing involving the heat balance
due to surface heating [11,12]. In particular, in the case of coastal areas, a large amount
of water vapor is distributed in the atmosphere and the change in atmospheric stability
is relatively larger than that of land due to the difference in heat balance between the
ocean and inland [13]. In addition, South Korea has a lot of mountainous terrain and a
complex coastline, but not a lot of flat lands compared to its total area. Thus, the wind
direction fluctuates widely in South Korea. Therefore, since the horizontal/vertical wind
direction fluctuates greatly, a lot of expertise is required to predict the AEP of offshore wind
farms and secure the stability of the structure. In order to accurately predict the amount of
power generation according to the electric power demand and to ensure the stability of the
offshore wind turbine, an atmospheric stability analysis closely related to the wind should
be performed [14-16]. During the diurnal change, atmospheric stability appears stable
or unstable in addition to the neutral state. Therefore, the manufacturer’s wind turbine
power curve (manufacture power curve, MPC), assuming atmospheric stability in a neutral
state, has no choice but to show a difference from the power curve of the wind turbine
installed at the actual site [16,17], and this difference leads to errors in the AEP calculation.
The International Electrotechnical Commission (IEC61400-12-1) recognizes that the atmo-
spheric stability characteristics of each site can have a significant impact on wind speed
measurement and the actual power output performance of wind turbines [18]. However,
the atmosphere is still assumed to be in a neutral state on several reports and software.
Therefore, in order to reduce the prediction error in the AEP calculation process, an accurate
power curve of the wind turbine according to external environmental conditions, especially
atmospheric conditions, is required [12,19]. Atmospheric conditions include turbulence
intensity, wind shear, and heat flux, all of which depend largely on atmospheric stability.
Therefore, analysis of atmospheric stability is essential [13]. According to a previous study,
thermal forcing based on humidity and temperature should be considered before predicting
offshore and coastal vertical shear because winds at each vertical layer analyzed from the
meteorological observation tower located on the offshore show rapid changes according to
atmospheric stability [20]. Moreover, it has been suggested that the difference between sea
surface temperature and air temperature should be analyzed because atmospheric stability
and baroclinicity play an important role in offshore wind [21,22].

Since the energy generated by the wind turbine is mostly dependent on wind speed,
it can be greatly influenced by changes in the daily wind speed. This change in wind
speed may vary depending on atmospheric stability, because the atmospheric boundary
layer does not exhibit the property of a steady state with time [23,24]. Therefore, the wind
power generation has variability according to the heat flux and vertical wind speed change
by height according to atmospheric stability. In particular, in the case of onshore wind
farms close to the coast, the change in atmospheric stability is also large because the daily
wind speed and direction change frequently and the temperature change is large due to
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the influence of the land-sea breeze compared to the inland [25-28]. The difference in
wind speed by height according to the atmospheric stability affects the wake diffusion of
the wind turbine and the power generation, which can also influence the future power
supply plan and revenue [29-33]. Studies on the effect of atmospheric stability on wind
energy are being actively conducted abroad, but not many studies are being conducted in
South Korea.

As mentioned above, changes in atmospheric stability tend to be larger on the coast
than on land. The interrelationship between the atmosphere and the ocean can induce
changes in the characteristics of each system, thus playing a role in the transition from
local meteorological phenomena to global climate change in the long term. Therefore, the
importance of wind characteristics research in coastal areas has been highlighted. Related
studies are being conducted in various fields.

In this study, wind resource conditions at coastal and offshore areas were compared
and analyzed using data from meteorological observation towers located at the Boseong
Global Standard Meteorological Observation site and the West Sea area in the Republic of
Korea. In order to analyze atmospheric stability, which is closely related to the coastal and
offshore winds, a stability classification method according to the Richardson number and
wind shear, turbulence kinetic energy (TKE), and Monin-Obukhov length was selected to
investigate the relationship of atmospheric stability with wind resources.

Atmospheric stability greatly affects not only the wind power generation but also the
stability of structures. Rather than focusing on the economic feasibility of the project, it
was decided to proceed with this study because it is believed that detailed meteorological
research in the area where the project is to be carried out should be performed prior to the
preliminary feasibility study.

2. Data and Methods

Meteorological mast observation data were used to compare the characteristics of
wind resource conditions in the West Sea adjacent to the land and in the southern sea
coast (Figure 1). Both are meteorological masts operated by public institutions (Korea
Electric Power Research Institute, National Institute of Meteorological Sciences) for research
purposes. Analysis was performed with consent to a request to use them only for non-profit
research purposes. Information on each meteorological mast and observation data are
shown as follows (Table 1) (Figure 2).

Coasml(onshore) Met
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HeMOSU-1 % o Offshore Met Mast .\\

Offshore Met Mast (1°9m) .
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COastaI(Onshore) MetMast }
7 (307m) .

Figure 1. Site photography of both meteorological masts. Top: HeMOSU-1 offshore mast; Bottom:

Boseong onshore mast.
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Table 1. Observation parameters and heights for each meteorological mast.
Item Observation Height [m]
Wind speed 10, 20, 40, 60, 80, 100, 140, 180, 220, 260, 300
Boseong Met. Mast Wind direction 10, 20, 40, 60, 80, 100, 140, 180, 220, 260, 300
( Onsh%re C'oast) Air temperature 10, 20, 40, 60, 80, 100, 140, 180, 220, 260, 300
’ Air pressure 60, 140, 300
Relative humidity 10, 20, 40, 60, 80, 100, 140, 180, 220, 260, 300
Wind speed ! 26, 46, 56, 66, 76, 86, 95, 97
. . . 1
HeMOSU-1 Met. XYlnd direction ) 46, 561,3669,576, 95
Mast (Offshore) Ir .temperaturle ’
Air pressure 13,95
Relative humidity ! 13,95

1'To correctly calculate the measuring height above the mean sea level (MSL), the height of the sensor above MSL
(~10.0 m) must be considered. For example, if the configured measuring height of HeMOSU-1 is 10.0 m, true
height where measurement is taken is 20.0 m above the Lowest Astronomical Tide (LAT).

tede=1 300m

O Vane
N 260m 0 Anemometer
A Sensor (Temp.)
3 220m A Sensor (Humidity)
Sensor (Pressure)

Figure 2. Sensor installation heights for each meteorological mast. Left: Boseong onshore mast; Right:
HeMOSU-1 offshore mast.

2.1. Boseong Onshore Meteorological Mast

The first meteorological mast is the comprehensive meteorological observation mast in
Boseong, Jeollanam-do. A comprehensive meteorological observatory was built to establish
a foundation for performing the role of the atmospheric boundary layer characteristic
research test bed designated by the World Meteorological Organization (WMO) [34]. The
Boseong meteorological mast is installed on homogeneous flat land (Figure 3). It is suitable
for local micro-meteorological experiments. It can be used to conduct research on coastal
boundary layer structures, typhoons, coastal fog generation, and coastal gusts. It is also
the second-tallest meteorological observatory in Asia, with a maximum height of 307 m.
Observations are made from a total of 11 altitudes from the ground. Wind speed, wind
direction, air temperature, relative humidity, atmospheric pressure, radiation, CO2 - H20
concentration, etc., are observed. Momentum flux, sensible and latent heat flux, friction
velocity, and air density are then calculated (Table 2).
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Hill land
(400~500 m)

Boseong Global Standard
Meteorological Observatory site

Figure 3. Satellite view and site photography of the installation of Boseong Global Standard Meteoro-
logical Observatory site.

Table 2. Specifications of Boseong global standard meteorological observation site and its meteoro-
logical observation elements.

Item Description
Name Boseong Global Standard Meteorological Observation Site
Location 34.76° N, 127.21° E
Height [m] 307.19
Level [m] 10, 20, 40, 60, 80, 100, 140, 180, 220, 260, 300 (11 levels)

Wind speed, wind direction, air temperature, radiation,

b tion fact . 1. . .
Observation factors relative humidity, air pressure, CO,-H,O concentration

Momentum flux, sensible heat flux, air density, latent heat
flux, roughness length, friction velocity

Period 1 January 2016~31 December 2016 (10 min)

Calculation or external factors

The Boseong meteorological mast was built on a reclaimed land. It is adjacent to the
coast at a distance of 1.5 km to the southeast and a hilly area at an altitude of 400 to 500 m
separated about 5 km to the northwest. Therefore, site conditions are being established to
simultaneously analyze the characteristics of the topography and meteorological factors, as
well as ocean and meteorological factors. The Boseong meteorological mast is the only and
the first in South Korea to produce data on the vertical distribution of high-rise turbulence
characteristics. Thus, it has large advantages in that it can also be used for the prediction
and diagnosis of local climate change phenomena based on an increased understanding of
the atmospheric boundary layer in coastal areas [35]. In this study, data on wind direction,
wind speed, friction velocity (u*), air temperature, and sensible heat flux of 10 m, 60 m,
140 m, and 300 m per 10 min from 1 January 2016 to 31 December 2016 were used for
the analysis.

2.2. HeMOSU-1 Offshore Meteorological Mast

HErald of Meteorological and Oceanographic Special Unit-1 (HeMOSU-1) is the first
offshore meteorological mast to support the development of large-scale offshore wind
farms in South Korea. It was installed in February 2011 at 100 m height above mean sea
level and 35 km southwest of Gyeokpo Port with support from the government. The
meteorological mast has oceanographic observation devices (such as tides, tidal currents,
waves, etc.), structural measurement devices that measure the verticality and stress of
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structures, and meteorological measurement devices that measure wind direction, wind
speed, air temperature, air pressure, relative humidity, and precipitation (Table 3). It also
consists of a device that stores and transmits these signals. Through this meteorological
mast, it is possible to overcome the limitations of reanalysis data or numerical weather
prediction model data used in an offshore wind farm project. It is also possible to provide
precise measured data that can be directly used in the development of projects [36,37].

Table 3. Specification of HeMOSU-1 offshore meteorological mast and its observation elements.

Item Description
Name HeMOSU-1 (HErald Meteorological and Oceanographic Special Unit-1)
Location 35.47° N, 126.13° E
Height [m] 100.0
Level [m] 26, 46, 56, 66, 76, 86, 95, 97 (8 levels)

Observation factors

Wind speed, wind direction, air temperature, relative humidity, air pressure

Period

1 January 2016~31 December 2016 (10 min)

2.3. Atmospheric Stability Index

Atmospheric stability is an important factor used to define atmospheric turbulence or
to describe the magnitude of atmospheric diffusion [13]. It refers to the degree to which the
atmosphere in a state of mechanical equilibrium is slightly disturbed to return to its original
state or the state of the atmosphere is likely to change significantly. Atmospheric stability
can be classified into three stages: unstable, neutral, and stable. Atmospheric stability can
be broadly classified as mechanical stability and thermal stability. A typical classification
method of mechanical atmospheric stability is the vertical wind shear coefficient, which is
a principle that determines the degree of flow and diffusion by the transfer of momentum
according to the difference in wind speed for each height in the z-direction [14]. Thermal
stability such as Richardson number and Monin—-Obukhov length not only considers the
difference in momentum due to wind speed, but also considers the thermal motion effect
due to temperature and heat flux. Table 4 shows atmospheric stability classification criteria
and representative meteorological phenomena [19,31,38].

Table 4. Atmospheric stability indices criteria and boundary layer properties.

Stability Class

Wind Shear

TKE!
[m?2/s?]

MO 2 Length
[m]

Boundary Layer

Richardson Number :
Properties

Strongly Unstable

x<0.0

Lowest WS 3/Shear
L < — — <
R; < —0.86 TKE > 1.4 50m<L<0m Highly TI

Unstable

00 < a<0.1

Lower WS/Shear

~0.86 <R; < 0.1 High TI

1.0<TKE<14 —600m <L < -50m

Near-Neutral

01 < a<02

Logarithmic

0.7<TKE<1.0 wind profile

—0.1 <R; <0.053 |L| > 600 m

Stable

02 < <03

High WS/Shear

0.053 < R; <0.134 Low TI

04 <TKE < 0.7 100 m < L < 600 m

Strongly Stable

a>0.3

Highest WS/Shear

TKE <0.4 Lowest TI

R; > 0.134 Om<L <100 m

! Turbulence kinetic energy, 2 Monin-Obukhov, 3 wind speed.

In this study, the characteristics of wind resources according to the atmospheric
stability the offshore and coast were analyzed through the Richardson number and wind
shear coefficient. Since sensible heat flux and vertical wind speed are only observed at the
Boseong meteorological mast, additional atmospheric stability analysis was also conducted
along the coast of Boseong according to the Monin—-Obukhov length and turbulence kinetic
energy (TKE).
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2.3.1. Wind Shear Coefficient

The power law describes a functional relationship between two numbers in which one
number is theoretically expressed as a power of the other. When the atmospheric stability
is near-neutral, the vertical wind speed distribution in which the wind speed constantly
increases according to the height even in the lower boundary layer of the atmosphere will
appear so that the power law can be applied [39,40]. The wind shear coefficient («) or
power law exponent calculated from this is a correction factor that follows the ground state
around the observation point, as shown in Equation (1):

u Z\"

Tl el 1

i (7) 0

Here, Z [m] is the target height, Z, [m] is the reference height, U [ms~1] is the wind
speed at the target height, and U, [ms~!] is the wind speed at the reference height. Wind
shear coefficients can be calculated if wind resource measurements for at least two heights
are available by fitting wind speed data with Equation (2):
In(U) — In(U,)

@ -z ¥

2.3.2. Richardson Number

The relative importance of turbulence produced by thermal and mechanical convection
can be determined by the Richardson number. When defining the Richardson number,
it is convenient to first define the stability parameter S (Equation (3)). The term S is
proportional to the rate at which the stable state suppresses turbulence. The concepts of
gravitational constant (g, 9.81 m/s?) and potential temperature () are introduced. The
potential temperature is defined as the temperature at which a dry air mass at a certain
height is adiabatically moved to an 1000 hpa height. An increase in potential temperature
by height means that the atmosphere is stable. Turbulence is also created by mechanical
convection at a rate proportional to (3G/9z)?. The Richardson number is the ratio of these
two processes.

The Richardson number is an indicator of both turbulence and stability. A very neg-
ative Richardson number indicates that convection prevails and winds are weak, with a
strong vertical motion characteristic of an unstable atmosphere. As the mechanical turbu-
lence increases, the Richardson number approaches zero, with neutral stability (06/9z = 0).
Finally, when the Richardson number becomes positive, vertical mixing stops and the
atmosphere stably stratifies, resulting in mechanical turbulence [29,41].

s=4(3z) ®)
0.286
o=1(3) g
Ri— S _g(90/07) _ g (3/9Z)[f +61] -
(@u/az)* T (ou/0z)*> To[(d/0Z)(ug+ u1)]?

2.3.3. Turbulence Kinetic Energy (TKE)

Wind resource parameters have important effects on wind turbine performance and
load. Turbulence measurements are generally performed using instruments placed within
the flow, such as cup anemometers, sonic anemometers, and LiDARs. Another detail is
that IEC 61400-12-1 requires the horizontal /vertical component of the wind resource to
be measured so that the strength of turbulence can be analyzed from the velocity of the
horizontal /vertical component [42]. Turbulence kinetic energy explains the generation,
maintenance, and dissipation of turbulence. TKE can be obtained by the Reynolds average
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of the instantaneous kinetic energy per unit mass for turbulence. TKE is a measure of the
strength of turbulence. It shows that large-scale turbulence eddies can supply energy to
small-scale turbulence eddies. When small-scale eddies cannot be supplied with energy,
they disappear due to viscosity on the land surface, as shown in Equations (6) and (7):

12 2 —oy 1
TKE = E(u’z +o +w’2> = E(aﬁ +02 +U§,) (6)

ok _ ok lowy 19, 8k ——om  ow, o, g

o My T Tpo o 2 o e e Vax oy pof Wiz (7)

2.3.4. Monin—Obukhov Length

The Monin-Obukhov (MO) length is a similarity theory that states that the turbulent
flow characteristics and averaged flow of a fluid depend only on four independent variables:
friction velocity, height, surface heat flux, and buoyancy in a horizontally homogeneous
surface layer. It is an index of atmospheric stability indicating the degree of dominance of
buoyancy over the shear effect. The MO similarity theory is basically organized under five
hypotheses [13,43]:

The flow is horizontally homogeneous and quasi-stagnate;

The momentum and turbulent flux of heat is constant with height;

Molecular exchange is not as important as turbulent exchange;

The Coriolis effect is neglected in the surface layer;

Effects of surface roughness, boundary layer height, and geostrophic winds are all
explained by Ty /p.

AR

u}

L=—
KW

®)

S S £V
u? = {u’w’2 —l—v’w’z} )

In the above equation, u+ means friction velocity, g is the gravitational constant
(9.81 ms~2), k is the von Karman constant (0.4), Ty is the surface temperature, and w'T’ is
the sensible heat flux data.

@n() = 22 (10)

() = = an

u(z) = %[ln(z/zo) — ¥,(z/L)] (12)

¥, (z/L) =—-5-z/L (13)

¥ (z/L) =2In [(1—;36)] +1In (14_2362) —2-tan~(x) +7/2 (14)
x = [1— (16z/L)]*/* (15)

Yu(z/L) =0 (16)

In Equations (10) and (11), ¢ means z/L. When the value of L is larger than that of z,
the shear effect is large. This means that the shear is more important than the buoyancy
force because the friction effect is large in the lowest layer (land surface). Conversely, when
z is larger than L, it means that the buoyancy effect is greater than the shear in the upper
surface or Ekman layer.

Equation (12) can be used to obtain the wind speed at various heights. It is the
wind speed value to which the stability parameter Monin—-Obukhov length (MO length)
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corresponds. The last term in Equation (12) is dependent on the atmospheric stability.
Equations (13), (14) and (16) are applied according to the stable, unstable, and neutral
state of the atmosphere, respectively. This is because changes in momentum and heat flux
according to atmospheric stability can determine the shape of the vertical distribution of
the wind resource.

2.4. Study Procedure

The purpose of this study was to secure basic research data to analyze the character-
istics of wind resources according to the atmospheric stability of the coast and the sea in
order to construct an offshore wind farm. The characteristics of wind resources in each
region were first analyzed through observation data from the Boseong meteorological mast
built on coastal land in South Korea and the HeMOSU-1 meteorological mast installed in
the West Sea.

Analysis was then performed for each atmospheric stability index, such as wind shear,
Richardson number, turbulence kinetic energy, and Monin-Obukhov length (Figure 4).
However, since heat flux and vertical wind speed observations are performed only at the
Boseong meteorological mast, the TKE and Monin—Obukhov length were calculated only
for the Boseong coast.

Boseong Met. Mast HeMOSU-1 Met. Mast
Observation data Observation data
(Onshore, Coast) (Offshore)
I | |
Wind Resource
Characteristics Analysis
| Wind Shear | | Wind Shear |
| Richardson Number | | Richardson Number |
Atmospheric Stability
. Turbulence Analysis
Kinetic Energy (TKE)
Monin-Obukhov
Length

Figure 4. Study procedure overview.

Prior to vitalization of the offshore wind energy industry, it is necessary to secure a lot
of basic research on local meteorological characteristics that are closely related to changes
in wind resources. Results of this analysis can be used as basic data for future offshore
wind energy research and projects.

3. Results
3.1. Wind Resource Characteristics

Wind speed and wind direction time series were analyzed by height based on the
annual observation data of each meteorological mast (Figure 5). In the case of the coast
of Boseong, it was confirmed that the wind speed by height showed the maximum value
from 1500 to 1600 LST (Local Standard Time) (Figure 5a). In general, in order to increase
the wind speed near the surface, an energy cascade must occur as the surface heat flux
increases. A large-scale eddy then gradually becomes smaller and emits surplus energy
around it.
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Figure 5. Hourly change in wind speed and direction: (a) 1-hourly averaged diurnal wind speed
change; (b) 1-hourly averaged wind direction change. Blue color indicates Boseong coastal meteoro-
logical mast; orange color indicates HeMOSU-1 offshore meteorological mast.

The wind speed on the surface is strengthened by the energy released in this way.
The reason that the wind speed is the strongest around 1500 LST, and not at noon, when
solar radiation and heat flux are most actively transmitted, is because the surface heats up
and a delay time for radiating energy is required. It is found that the 10 m wind speed is
uniformly maintained at the lowest level during the day. However, upper wind speeds at
60 m, 140 m, and 300 m are similar regardless of the height as of noon, with the wind speed
difference between heights decreasing. In general, as the surface heats up, the vertical
convection mixing becomes active. Kinetic energy exchange between heights also becomes
active. Starting at 1500 LST, wind speeds at the three heights, except near the ground, are
similar at around 5 m/s. However, the wind speed difference shows a tendency to increase
again around the time of sunset, when the emission of surface heat flux gradually weakens.

However, in the case of the sea, the wind speed peak occurs later than on land. This
is because the specific heat of the sea is greater than that of the land, leading to enough
time to retain radiation and heat flux. The wind speed peak at sea occurs between 1700 and
1800 LST. The wind speed difference between heights shows a constant pattern, with little
change over time.

As the Boseong meteorological mast is located on the coast, it belongs to the sphere
of influence of the sea breeze, which is a local circulation phenomenon in the coastal
area. The observation area is adjacent to a bay surrounded by land in the southeast.
It is greatly affected by meteorological phenomena such as winds flowing in from the
corresponding direction due to the topographical characteristics of the open coast. Due
to the mechanism of temperature and pressure gradients based on the difference in heat
capacity between the land and ocean, sea winds from the ocean dominate during the
day, while land winds dominate during the night [44]. As can be seen in Figure 5b,
during the daytime, between 0900 LST and 1500 LST, the southern wind prevails and the
land wind develops as it gradually changes to a northwestern wind. Overall, as local
micro-meteorological phenomena in the atmospheric boundary layer around the Boseong
site could be clearly identified, it could be judged that the prediction and diagnosis of
meteorological phenomena would be easy.

On the other hand, the wind direction of the observation data from the offshore
meteorological mast shows the characteristic of a northern wind continuously. This is
because the offshore meteorological mast is far from the land, without a large-scale island
area nearby. Thus, it does not fall under the sphere of influence of the land sea breeze.

Figure 6 shows the monthly averaged /maximum/minimum wind speed and devia-
tion. The wind speed of 100 m along the coast of Boseong and the observation data of 97 m
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at the HeMOSU-1 meteorological mast (107 m at mean sea level when platform height is
applied) are compared. In the case of the coastal wind speed in Boseong, the fluctuation
range of the wind speed is larger than that of the offshore site. It is generally located in the
low wind speed section of less than 5 m/s. The reason for the large fluctuation in wind
speed might be due to the influence of obstacles and turbulence in the surrounding terrain.
In addition, since the specific heat capacity on land is relatively small compared to that
of the sea, the ratio of thermal energy to wind speed change and turbulence formation is
much greater. Therefore, it seems that the fluctuation range of wind speed on land is larger
than that of sea. On the other hand, in the case of the sea, the wind speed fluctuation range
is small, belonging to the wind speed section of 6-7 m/s overall.

® D Boseong (100m)
i || HeMOSU-1 (97m)
20 .
@ .
o]
o]
- SRR RN
"ElO ' l
LT LI PTTTR BN 1 11
- I )
0 EI KL ISl K L DN B5L B
Jan Feb Mar Apr May Jun Jul Aug Se Dec

Figure 6. Box plots of observed wind speed data. The top of the box indicates the daily-averaged
high. The bottom indicates the daily-averaged low. Top and bottom of the line indicate the maximum
and minimum values of 10-min averaged data, respectively.

In both Boseong and the West Sea, the wind speed becomes stronger during the
winter season, from around October. The wind speed decreases from around March of the
following year (Figure 7).

The difference in wind resource characteristics between the coast and the sea is also
clearly revealed in the results of the analysis of wind speed occurrence frequency (Figure 8).
In the case of the Boseong coast, the frequency rate of the low wind speed band of 1~2 m/s
is the highest, whereas the rate of the high wind speed band of 6~7 m/s is the highest in
the West Sea, where the HeMOSU-1 meteorological mast is installed. When comparing
with the shape parameter by Weibull distribution, the Boseong coastal site shows 1.382 and
HeMOSU-1 is 2.829. The larger the shape factor, the larger the appearance ratio of a specific
wind speed sector. The smaller the shape factor, the smaller the peak centered on the
average wind speed and the larger the wind speed fluctuation range.

3.2. Atmospheric Stability
3.2.1. Wind Shear

In Figure 9, the wind shear coefficient is presented, calculated using the wind speed
data for each height of the HeMOSU-1 offshore meteorological mast and the Boseong coastal
meteorological mast. For the HeMOSU-1 mast, the wind shear coefficient was calculated
at 26 m and 66 m height wind speeds and at 66 m and 95 m height wind speeds. For the
Boseong mast, the wind shear coefficient was calculated at 10 m~60 m and 60 m~140 m
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height wind speeds. In the case of the Boseong site, the wind shear was calculated to
determine the wind shear characteristics under the wind turbine rotor disk and near the
hub height of a typical large wind turbine. However, wind shear at more than 140 m in
height was excluded from the analysis because the wind speed above 140 m had a low data
recovery rate due to sensor replacement.
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Figure 7. Data maps of observed wind speed data. (a) Boseong mast (10 m); (b) Boseong mast (140 m);
(c) HeMOSU-1 mast (26 m); (d) HeMOSU-1 mast (95 m).
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Wind Shear Coefficient Diurnal Change at each Met. Mast
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Figure 9. Wind shear coefficient diurnal change at each observation site. Blue-colored lines represent
Boseong meteorological mast data. Orange-colored lines represent HeMOSU-1 data.

In the case of the HeMOSU-1 offshore mast, the wind shear coefficient shows a value
of 0.0~0.1 regardless of the height. This means that there is little difference in wind speed
between upper and lower layers, even when the height increased. According to the
classification criteria for atmospheric stability by wind shear coefficient, the atmospheric
stability in the HeMOSU-1 area is unstable or near-neutral.

However, in the case of the Boseong coastal site, the difference in wind shear coefficient
by height is clearly revealed. Wind shear between 10 m and 60 m appeared close to
0.3 at night, showing a high gradient wind speed difference and a mechanically stable
atmospheric condition of around 0.2 on average per day. However, the wind shear between
60 m and 140 m shows a low wind shear magnitude of less than 0.15. In particular, from
around noon to 1600 LST, the wind shear value is negative and the wind speed of the
upper layer is weaker than that of the lower layer (Figure 10a). The ratio of mechanical
atmospheric stability according to wind shear is shown in Table 5.

Table 5. Atmospheric stability ratio by wind shear coefficient.

Atmospheric Stability Criteria by Wind Shear

Met. Mast Height [m] IS.I::; %ll}; Unstable Neutral Stable S;I;(;g%ely All
(@<0) 0<a<01) ©01<a<02) (0.2<«<03) (> 03)
Boseong 10-60 22.19% 9.18% 14.61% 15.52% 38.50% 100%
(Coast) 60-140 38.25% 18.56% 12.69% 7.95% 22.55% 100%
HeMOSU-1 26-66 4.44% 59.07% 24.38% 10.04% 2.07% 100%
(Offshore) 66-95 26.47% 41.71% 20.44% 7.79% 3.59% 100%

3.2.2. Richardson Number

The Richardson number is a dimensionless number calculated by applying the dif-
ference in wind speed and temperature according to height. It is used as a measure for
judging dynamic atmospheric stability. In this study, air temperature data of 13 m and
94 m were used for the HeMOSU-1 offshore meteorological mast and wind speed data of
26 m and 95 m were applied to calculate the Richardson number. In the case of the Boseong
coastal site, wind speeds of 10 m and 140 m and temperature data of 10 m and 140 m were
used. Specific humidity and atmospheric pressure observation data are required to obtain
a virtual potential temperature. Since there were no observation values, only a temperature
gradient characteristic according to height was applied [25].

As aresult of calculating the Richardson number based on the observation data of each
meteorological mast, as can be seen in Figures 11 and 12, the atmospheric stability of the
Boseong coastal site showed a very ideal and typical shape. During the daytime, the ratio of
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unstable atmospheric condition increases due to the generation of thermal/mechanical tur-
bulence. The atmospheric boundary layer becomes stable and stratified due to temperature
inversion after sunset.
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Figure 10. Wind speed is correlated with wind shear coefficient. (a) Boseong mast (blue-colored
circles represent wind shear between 10 m and 60 m; red-colored circles represent wind shear between
60 m and 140 m). (b) HeMOSU-1 mast (purple-colored circles represent wind shear between 26 m
and 66 m; yellow-colored circles represent wind shear between 66 m and 95 m).
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Figure 11. Frequency distribution is correlated with Richardson number. Each colored bar represents
unstable (red), neutral (yellow), and stable (blue) conditions; (a) Boseong; (b) HeMOSU-1.
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(a)

Diurnal hourly frequency distribution by Richardson Number (Boseong)
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Figure 12. Diurnal hourly frequency distribution is correlated with Richardson number. Each colored
bar represents strongly unstable (red), unstable (orange), neutral (yellow), stable (sky blue), and
strongly stable (dark blue) conditions; (a) Boseong; (b) HeMOSU-1.

However, in the case of the offshore area, there appears to be little change in atmo-
spheric stability by the Richardson number. Overall, a stable atmosphere accounts for
more than half of the hourly rate. Most of the rest has a very unstable atmosphere. It
could be seen that the atmospheric structure under the Planetary Boundary Layer (PBL) is
polarized in a very stable or very unstable state (Table 6). It is judged that the change in the
Richardson number is also small because differences in air temperature and wind speed by
height in the offshore area are insignificant.

3.2.3. Turbulence Kinetic Energy

As could be seen from Equation (6), wind speed deviation values in the x, y, and z
directions are required to calculate TKE. However, since a vertical wind speed sensor is not



Energies 2022, 15, 1305

17 of 23

installed in the HeMOSU-1 offshore meteorological mast, TKE was analyzed only for the
coastal area of Boseong.

TKE was calculated using observational altitude data of 10 m, 60 m, 140 m, and
300 m. The relationship between TKE and wind speed, friction velocity, or wind direction
according to topographical distribution characteristics was also investigated.

If the general turbulence scale index is predicted, it can be predicted that the TKE value
will be high at low heights with low wind speed bands. Figure 13 shows the frequency of
occurrence (%) of TKE according to wind speed by height. The darker the red color, the
more frequently TKE occurs. However, TKE shows a larger value at 300 m height than at
10 m near the surface. Wind speed variability at the upper level is also greater than that at
the lower level.

Table 6. Atmospheric stability ratio by Richardson number.

Atmospheric Stability Criteria by Richardson Number

Met. Height
Mast [mg] I?J:;)tr:l%ll}é Unsta.ble Neugral Stal'{le S;:r]; ;y All
(Ri < —0.86) (—0.86 <Ri< —0.1) (—0.1 < Ri < 0.053) (0.053 < Ri < 0.134) (Ri > 0.134)
Boseong 10-140 32.98% 430% 9.83% 431% 48.58% 100%
(Coast)
HeMOSU o o, o 9 0 1
(Offshore) 26-95 31.55% 0.75% 1.74% 2.52% 63.44% 100%
(a) (b)
30 16.0 30 180
144 162
25 128 25 144
12 126
o~ 96 o~ 108
%O a0 %O a0
E, 64 (E_, 72
’é‘1 5 4 ’é'1 5 54
E 32 g 36
Wi e Wig e
4 v E e
5 5
(| — ( | —
0 5 10 15 20 25 30 0 5 10 15 20 25 30
wind_speed(10m) (m/s) wind_speed(60m) (m/s)
(c) (d)
30 180 30 16.0
16.2 14.4
25 144 25 128
— 126 — nz
] 108 ‘u 96
a0 w &0 o
E— 72 g— 6.4
g 5 54 g 5 48
3 a6 8 32
- [x)
imio 12 o 18
00+ 0.0+
(= ik (= ik
5 5
( — o!
5 10 15 20 25 30 0 5 10 15 20 25 30
wind_speed(140m) (m/s) wind_speed(300m) (m/s)

Figure 13. Data maps of observed occurrence frequency (%) of wind speed data as function of TKE.
(a) Boseong mast (10 m); (b) Boseong mast (140 m); (c) HeMOSU-1 mast (26 m); (d) HeMOSU-1 mast
(95 m).

The relationship between friction velocity and TKE is shown in Figure 14. The friction
velocity is a key turbulence parameter representing the overturning speed of energy-
containing eddies. Friction velocity can be represented by the mixing length to produce
reasonable estimates of eddy viscosity in the entire boundary layer. Thus, it can be judged
that when friction velocity becomes higher, the turbulence intensity also becomes higher.
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(a)

Scatter Plot with TKE and Friction Velocity at 10m height
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Scatter Plot with TKE and Friction Velocity at 140m height
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Figure 14. Correlation between TKE and friction velocity at Boseong meteorological mast. (a) 10 m,

(b) 60 m, (c) 140 m, and (d) 300 m heights.

It can be seen that the TKE value of the wind blowing from upper layer is high
(Figure 15). As can be seen in Figure 3, where the location of the Boseong site is represented,
there is a hilly area of 400~500 m to the northwest. The sea without terrain obstacles is
distributed to the southeast. The low TKE value in the 120~180° wind direction zone
and the high TKE value near the 300° wind direction zone by height are based on such
topographical characteristics. The reason that the turbulence component of the upper wind
is stronger than that near the surface is that the wind on the upwind side crosses the high

hilly area.

(a)
Scatter Plot with TKE and Wind Direction at 10m height
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Figure 15. TKE calculated for the whole analyzed period as a function of wind direction at Boseong
meteorological mast. (a) 10 m, (b) 60 m, (c) 140 m, and (d) 300 m heights.
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3.2.4. Monin—Obukhov Length

As with the Richardson number, the MO length is an atmospheric stability classifica-
tion method that can consider both mechanical and thermal aspects. To calculate the MO
length, friction velocity and heat flux measurement data are required. Since a sensor is
not installed in the HeMOSU-1 offshore mast, the MO length was calculated only for the
Boseong coastal site.

As can be seen in Figure 16, the diurnal change pattern is clearly reflected by the
Monin-Obukhov length change at 10 m height near the surface. During the nighttime, from
after sunset to before sunrise, the neutral and stable ratio increase and the atmosphere is
stratified into a stable state due to surface cooling. On the other hand, during the daytime,
the atmosphere becomes unstable and the movement by vertical buoyancy rather than
shear dominates (Figure 16).

Scatter Plot for the Diurnal Change of Atmospheric Stability
by Monin-Obukhov Length
3,000
2,000 :
1,000

— ! ] ! 1
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Figure 16. Scatter plot analysis for diurnal change in atmospheric stability at 10 m height by Monin—
Obukhov length. Red dots represent 10-min averaged MO length data at each hour. Dark solid line
represents hourly averaged MO length.

Table 7 shows occurrence frequency rates by atmospheric stability. In the case of the
10 m height, the frequency of the strongly unstable state is significantly higher than that of
the upper layer. Its frequency decreases as the height increases. However, the frequency of
occurrence of near-neutral and stable atmospheric states increases.

Table 7. Atmospheric stability ratio by Monin-Obukhov length.

Atmospheric Stability Criteria by Monin—-Obukhov Length

I\l>[4:sti H[irll " S:Str;%lﬁ; Unstable Neutral Stable Sgt(;fl;%;y All
T (—600 < L < —50) (ILI > 600) (100 < L < 600) L T
10 20.38 20.03 336 1472 4151 100%
B(%S;:;;g 60 1041 2331 6.86 1773 41.69 100%
140 7.27 278 9.10 2126 39.29 100%
300 7.34 26.08 14.02 27.39 25.17 100%

When comparing the daily 1-h averaged MO length change by height, values from
0900 LST to noon are negative at 10 m and 60 m heights, implying that an unstable
atmosphere is dominant. However, values are positive from 1700 to 1800 LST, indicating
that it is converted to a neutral or stable atmosphere (Figure 17). At 300 m height, a stable
atmosphere with a continuous positive averaged value is found, similar to the results
shown in Figure 18.
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Averaged Hourly Monin-Obukhov Length Change
in Boseong Coastal Site
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Figure 17. Diurnal change in 1 h averaged Monin—Obukhov length at each height. Each colored
line represents 10 m height (short dashed light blue line), 60 m height (dotted light blue line), 140 m
height (solid blue line), and 300 m height (long dashed dark blue line).

Friction Velocity with Monin-Obukhov Length

10m - 60m - 140m - 300m
1

0.8

0.6

-100 -50 0 50 100
L (m)

Figure 18. Scatter plot for the correlation between friction velocity and Monin-Obukhov length. Each
colored symbol represents combined data at 10 m height (gray circle), 60 m height (red triangle),
140 m height (blue square), and 300 m height (yellow diamond).

As a result, it is confirmed that the stability classification using the MO length is an
appropriate analysis method in this study as the atmospheric stability during the day and
night shows opposite patterns.

4. Conclusions

In general, the predictability of wind resources near the surface of the atmospheric
boundary layer is remarkably low because it induces changes in a short time due to
air convection caused by simultaneous forcing by mechanical and thermal factors, the
temperature inversion layer, and wind shear caused by the vertical wind speed gradient.
Since wind resource analysis based on accurate atmospheric stability is essential, the
most commonly used atmospheric stability classification methods by wind shear, TKE,
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Richardson number, and Monin-Obukhov Length are utilized to analyze the characteristics
of local wind resources according to each stability state. Wind shear and TKE are used as a
classification method for mechanical stability, and the Richardson number and MO length
are used for thermal stability classification.

When the atmospheric stability was analyzed by the wind shear coefficient, the diurnal
change in atmospheric stability by hour was evident in the observation area of Boseong on
the southern coast. During the daytime, it shows a negative coefficient value, indicating an
unstable atmospheric stability state. At nighttime, the difference in wind speed between
the upper and lower layers increases, indicating a positive coefficient. However, in the case
of the West Sea, there is no significant change in wind shear. This might be because wind
shear is mainly affected by surface roughness.

As a result of analyzing thermal atmospheric stability with the Richardson number, a
clear diurnal change pattern was observed in the case of the coast of Boseong. Changes
in heat flux were clearly observed in the absence of any large obstacles, which resulted in
a predominantly unstable atmosphere during the daytime and a predominantly neutral
and stable atmosphere at night. In the case of the West Sea, there is no significant change in
heat flux over time because the specific heat of the sea is significantly higher than that of
the land. Therefore, atmospheric stability also shows a lower variation pattern.

Since meteorological parameters for calculating TKE and MO lengths were observed
only at the Boseong meteorological mast, it could not be analyzed in the West Sea. The TKE
value of the upper wind is higher than that near the surface due to the 400 m hilly area to
the northwest of the mast. A similar diurnal change pattern was found in the MO length
analysis, which could have been due to thermal factors such as the Richardson number.

To further expand and improve the technological maturity of wind energy, a basic
analysis of local wind resources in the area where the wind farm project will be carried
out must be performed in detail. It is thought that awareness of atmospheric stability is
important in order to improve the understanding of basic research in the Korean wind
energy industry and to introduce professional knowledge of wind resources to operators
according to obvious evidence. It is hoped that this study will be widely used as a source
of basic data by developers and researchers for the detailed analysis of wind resources for
offshore wind energy in South Korea.
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