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Abstract: An accurate wind shear model is an important prerequisite in extrapolating the wind
resource from lower heights to the increasing hub height of wind turbines. Based on the 1-year
dataset (collected in 2014) consisting of 15-minute intervals collected at heights of 2, 10, 50, 100, and
150 m on an anemometer tower in northern China, the present study focuses on the time-varying
relationship between the wind shear coefficient (WSC) and atmospheric stability and proposes a wind
shear model considering atmospheric stability. Through the relationship between Monin—-Obukhov
(M-O) length and gradient Richardson number, the M-O length is directly calculated by wind data,
and the WSC is calculated by combining the Panofsky and Dutton (PD) models, which enhances
the engineering practicability of the model. Then, the performance of the model is quantified and
compared with two alternative methods: the use of annual average WSC and the use of stability
change WSC extrapolation. The analysis demonstrates that the proposed model outperforms the
other approaches in terms of normal root mean square error (NRMSE) and normal bias (NB). More
specifically, this method reduces the NRMSE and NB by 24-29% and 76-95%, respectively. Meanwhile,
it reaches the highest extrapolation accuracy under unstable and stable atmospheric conditions. The
results are verified using the Weibull distribution.

Keywords: wind resource assessment; wind shear coefficient; atmospheric stability; wind speed
extrapolation

1. Introduction

The adverse effects of fossil fuels on the environment have led to the adoption of
alternative clean and renewable sources of energy such as wind, solar, wave, and hydrogen.
Compared with other sources of renewable energy (RE), the installation capacity of wind
turbines has increased significantly in recent years [1]. As of 2021, RE contributed to around
29% of the global electricity generation [2]. It is projected that the worldwide installation
capacity for wind energy will continue to grow at a faster rate over the next few decades [3,4].
Accordingly, precise wind resource assessment is of significant importance for locating sites,
distributing wind turbines, and selecting wind turbine types for new wind farms, as well as
enhancing the overall revenue from the existing wind farms. Evaluating the wind energy
resource at hub height is one of the main challenges in wind resource assessment [5]. It
should be indicated that evaluating wind energy at hub height is an enormous challenge due
to limited direct observations and the model simulation resolution [6]. A feasible solution
for this problem is to extrapolate the wind power from a lower height to the height of the
wind turbine [7].

Among various extrapolation models, the power law (PL) model exhibits reasonable
performance [8,9] while having simple mathematical complexity [10], so it is the most
widely used model for wind energy purposes [11]. A key parameter of the PL model is
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the wind shear coefficient o, which is affected by atmospheric stability [12]. Typically, this
parameter is set to « = 1/7 [13]. However, studies demonstrate that this assumption leads
to reasonable results only under near-neutral atmospheric conditions [14]. Variations in
the wind shear coefficient are usually considered as a small disturbance, which is often
ignored in calculations [15]. In this context, Wan et al. [14] analyzed various scenarios and
demonstrated that the wind shear coefficient is an affecting parameter in the assessment
of wind turbine power generation. Furthermore, Gualtieri [12] and Jiale [15] analyzed the
influence of atmospheric stability on the wind shear coefficient. The findings revealed
that the Panofsky and Dutton (PD) model [16] is the most accurate scheme to determine
the wind shear coefficient. However, this model requires various input data, including
friction temperature, friction velocity, and the von Karman coefficient for calculating the
M-O length (L) [17]. These data are often not included in the wind measurement data.

The WSC provides a simple method to describe the wind speed distribution with
height [18], ignoring the influence of wind direction, atmospheric stability, surface rough-
ness, and other factors. It is mainly used to describe the wind speed change in the
vertical direction, while the wind speed gradient and eddy current in the horizontal
direction cannot be effectively described. Although the PD model is more complex in
calculation and more parameter dependent, it can provide more accurate wind speed
extrapolation predictions.

The above research results prove that the WSC is crucial to the accuracy of wind
resource extrapolation. However, the current research on the WSC usually does not
consider atmospheric stability, and the improvement of wind resource assessment is rarely
mentioned. In this paper, the WSC is indirectly calculated by using the relationship between
the gradient Richardson number and the M-O length, and the wind speed extrapolation
model considering atmospheric stability is established, which improves the accuracy of
wind speed extrapolation and enhances the engineering practicability of the model.

This article mainly studies the influence of the wind speed extrapolation model con-
sidering atmospheric stability on wind resource assessment. The content of this article is as
follows: In the Section 2, the power law model and M-O similarity theory are introduced,
and the wind speed extrapolation model considering atmospheric stability is established.
The Section 3 introduces the data source and the basic situation of the data. The Section 4
introduces the time-varying relationship between WSC and atmospheric stability. The
Section 5 introduces the analysis of the results of three extrapolation methods.

The main contributions of this article are as follows:

1.  The daily and monthly variation in the WSC at different height intervals is analyzed,
and the time-varying relationship between WSC and atmospheric stability is analyzed.

2. By comparing three different wind speed extrapolation methods, the improvement
of wind speed extrapolation accuracy considering atmospheric stability is
further verified.

3. An indirect calculation method of the WSC based on the relationship between the
gradient Richardson number and M-O length is proposed.

2. Background
2.1. The Power Law

The power-exponential wind profile is a simple and feasible solution in practical
applications. This profile can be mathematically expressed as follows [19]:

Vo =Vi(Zy/ Z1)" 1)

where V7 and V), are the average wind speeds at heights Z; and Z,, respectively. « is
the Hellman coefficient, also known as the wind shear coefficient (WSC), which is related
to wind speed, roughness, atmospheric stability, and height difference [20]. Based on
Equation (1), the Hellman coefficient « can be obtained from the following expression:

w=1n(Vy/V1)/In(Zy/Z1) ()
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When the observed V3 is not available, « is typically set to 0.143 or 1/7. However, this
assumption is accurate only under flat terrain in neutral atmospheric conditions [16].

2.2. Wind Shear Coefficient Model Considering Atmospheric Stability

Based on the M-O similarity theory [17] and a series of studies, Panofsky and Dutton [16]
proposed an empirical expression for calculating the wind shear coefficient using atmo-
spheric stability and roughness.

P CI>m(Z/L)7 3)
In(Z/Zy) —¥m(Z/L)
where Z (m) is the geometric mean height of observations at heights Z; and Z,.
Z=(%122)" )

For stability functions ®,, and ¥, approximations similar to those reported by
Irwin [10] can be used.

In Equation (3), L represents the M-O length, which can be calculated directly. The
required data for the direct calculation of L are typically not included in wind datasets.
Therefore, this article utilizes the relationship between the gradient Richardson number
R; [21] and L to calculate L.
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I Y Y 5
T\VZiZ;in % Au
Z|(1—0.19R;

L= 200K g g ©)
1
Z

L=2 R <0 @)
1

where AT is the temperature difference between the heights Z; and Z,; Aui denotes the
wind speed difference between the two heights; T is the average absolute temperature
of the gas layer; and I'; represents the dry adiabatic temperature reduction rate. Under
various conditions, stability functions can be expressed as follows:

Stable conditions (Z/L > 0):

®,(Z/L) =1+47(Z/L) ®)

Y, (Z/L) = —47(Z/L) )
Neutral conditions (Z/L = 0):

®,(Z/L) =1 (10)

¥,.(Z/L) = 0 (11)
Unstable conditions (Z/L < 0):

®,(Z/L) = [1-Y(Z/L)] " (12)
2 2
Yu(Z/L)=—In <(€§02j—11))((€§0:11))2 — 2[arctan({) — arctan({p)] (13)
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where »
{=[1-~zZ/1)" (14)

Zo=[1—7(Zo/L)]"* (15)

Zy is the roughness length, which can be obtained from the following expression [5,22]:

h5In(hy) — hY In(h
Zy = exp 2 (lll”z)‘—h% (2) (16)

3. Case Study

This article utilizes a dataset collected from a flat wind farm located in northern
China. The wind farm has a 5 km radius, an average altitude of 10 m, and a 150 m high
anemometer tower. The anemometer tower is surrounded by over 500 m of open farmland
in all directions. Wind speed, wind direction, temperature, pressure, and air density
were measured at heights of 2, 10, 50, 100, and 150 m with a time resolution of 15 min.
The observation period began on 1 January 2014 and ended on 31 December 2014. This
paper uses the three height intervals of 50-100, 50-150, and 100-150 m to evaluate the
meteorological characteristics of the site, including the time-varying between the wind
shear coefficient and the atmospheric stability. Meanwhile, the measured data of 100 and
150 m were utilized to compare the performance of various extrapolation methods.

4. Data Analysis

The analysis of the wind dataset reveals that the annual average wind speed and
average wind power density are 4.34-6.22 m/s and 91.30-254.34 w /m?, respectively. Ac-
cordingly, the annual average wind shear coefficient of the aforementioned height intervals
can be calculated as follows: a5y_190 = 0.234, a59_150 = 0.226, a199_150 = 0.231.

Utilizing the gradient Richardson number method [21] incorporated with wind data,
the Pasquale atmospheric stability grade is classified. The classification results are shown
in Figure 1, indicating that the atmosphere is 57.27% unstable, 19.48% neutral, and 23.62%
stable. Unstable (Class B) and relatively stable (Class E) classifications are not common
(10.58% and 8.62%, respectively).
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Figure 1. Variations in the annual mean WSC at a height of 50-150 m with atmospheric stability and
the frequency of the Pasquale stability category.
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Figure 1 indicates that the annual mean wind shear coefficient exhibits a positive
correlation with the height interval and atmospheric stability. As the atmosphere changes
from extremely unstable (Class A) to stable (Class F), the WSC increases to its highest
value and reaches a relatively stable region (Class E). However, the WSC decreases slightly
under stable conditions (Class F). This model is consistent with the findings reported by
Gualtieri [12]. It is worth noting that the atmosphere condition is often unstable, and
a constant predefined value for WSC (0.309-0.327), which corresponds to the neutral
condition, is not consistent with the empirical coefficient.

Figure 1 also illustrates the variations in the annual mean wind shear coefficient
obtained from the PD model (Equation (3)). It is observed that the WSC from Class B to
Class D is underestimated. Moreover, the WSC of Class E is significantly underestimated,
while the WSC of Classes A and F is overestimated. The results align with the findings
reported by Irwin [10] and Zoumakis and Kelessis [23]. Overall, the annual average
WSC predicted by the PD model is slightly lower than the annual average WSC of the
observed data.

Figure 2 shows that at noon, the atmosphere is mostly unstable and the WSC is low.
On the other hand, the atmosphere is mostly stable at night and the WSC is high. The
diurnal variation of the WSC ranges from 0.270-0.309 around midnight to 0.073-0.112 at
noon, with a difference of 176-270%. On the contrary, the difference in the annual variation
of the WSC is not so obvious, exhibiting a difference of 30-60%, which is consistent with
previous studies [7,12,24,25]. It is worth noting that the lowest WSC (0.175) occurs in July,
coinciding with the mostly unstable atmosphere (81.15%). Conversely, stable conditions are
infrequent (8.47%). This may be attributed to high surface heating during the day, which
causes warm air to rise from the surface. When warm air rises, the pressure decreases and
adiabatic expansion occurs. Meanwhile, the temperature of adiabatic expansion reduces to
maintain thermodynamic equilibrium with the ambient temperature. If the temperature
reduction is insufficient, hot air continues to rise and a large convective cluster is formed.
Under this condition, large-scale turbulent vortices appear on the boundary layer. The
boundary layer is also accompanied by vertical momentum exchange, resulting in relatively
small changes in the average wind speed as the height increases. If warm air is excessively
cooled during the ascending process, the vertical motion stops, which is called the stable
layer. This surface phenomenon primarily occurs on cold nights. In this scenario, the
surface friction is the determinant of the turbulence characteristics, and the wind speed
changes significantly in the vertical direction. Therefore, daily variations in the WSC are
closely related to the daily heating/cooling cycle of air above the ground, which is reflected
by the atmospheric stability.

Figure 3 provides a two-dimensional diagram to compare the influence and interaction
of the diurnal and annual changes in the WSC, concurrently.

Figure 3 illustrates notable changes in the WSC at both temporal and spatial scales. It
also indicates that the WSC is high from 9:00 p.m. to 8:00 a.m. throughout the year, and
the WSC at night is almost three times that during the day. The two-dimensional map of
the WSC with time and month forms an elliptical ‘solar shadow’ caused by solar warming.
This phenomenon is due to the high surface absorption of solar radiation during the day,
which significantly warms the surface. A strong super-adiabatic temperature gradient
forms between the surface and the atmosphere, and a positive (negative) net buoyancy
appears for the upward (downward) vertical motion of the air mass, which accelerates
the vertical motion and intensifies turbulent vortices. The higher momentum air in the
upper layer mixes downward, and the wind speed in the lower layer is large and the
vertical wind shear is small. This finding is consistent with reported observations in other
locations [12,15,24,25], demonstrating that the phenomenon is also applicable elsewhere.
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Figure 2. (a) Diurnal and annual variations in mean WSC under various atmospheric stabilities at a height
of 50-150 m. (b) Annual mean WSC under various atmospheric stabilities at a height of 50-150 m.
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5. Results and Discussion
5.1. Extrapolation Details

This article employs the PL model (Equation (1)) to extrapolate the wind speed (V)
at the hub height (Z; = 100,150 m) based on the wind speed (V) at the low-level height
(Z1 =50 m). To this end, the following three approaches were followed: (1) utilizing the
WSC at heights of 50-100 m and the wind speed at 50 m to extrapolate the wind speed at
a height of 100 m; (2) employing the WSC at heights of 50-150 m and the wind speed at
50 m to extrapolate the wind speed at 150 m; (3) extrapolating the wind speed at 150 m
based on the WSC at 100-150 m and the wind speed at 100 m. The WSC of the aforemen-
tioned approaches encompasses the following three options: (1) the annual average WSC;
(2) the WSC incorporating stability changes; and (3) the calculation of the WSC using the
PD model.

5.2. Wind Resource Extrapolation
5.2.1. Comparative Analysis of Extrapolation Methods

To evaluate the precision of models, the error between the extrapolated and observed
wind speeds under different stability conditions is analyzed and normal bias (NB), normal
root mean square error (NRMSE), correlation coefficient (R), and normal error (NE) are
calculated. The annual average WSC, the WSC incorporating stability changes, and the PD
model extrapolation evaluation between 50 and 150 m are analyzed as the main parameters,
as shown in Tables 1-3.

Table 1. Extrapolated wind speed at 100 m under various atmospheric conditions based on data at 50 m.

Stability Conditions

Unstable Neutral Stable All
Observed
N1 (%) 20,021 (57.27) 6810 (19.48) 8131 (23.26) 34,962 (100)
Vo 2 (m/s) 5.6 7.37 4.39 5.67
Extrapolated from 50 m using = 0.234
Vp 3 (m/s) 5.59 6.74 3.97 5.44
NB 0.002 0.089 0.102 0.041
NRMSE 0.056 0.100 0.145 0.088
R 0.993 0.996 0.979 0.987
Extrapolated from 50 m using stability-varying
Vp (m/s) 5.42 7.17 4.25 5.49
NB 0.034 0.027 0.033 0.032
NRMSE 0.068 0.048 0.097 0.068
R 0.993 0.995 0.979 0.992
Extrapolated from 50 m using the PD model
Vp (m/s) 5.69 7.05 4.41 5.65
NB —0.017 0.048 —0.0002 0.002
NRMSE 0.058 0.062 0.088 0.065
R 0.989 0.995 0.978 0.989

1 Number of measurements, 2 mean measurements, > mean predictions.

Table 2. Extrapolated wind speed at a height of 150 m under various atmospheric conditions based
on data at 50 m.

Stability Conditions

Unstable Neutral Stable All
Observed
N1 (%) 20,021 (57.27) 6810 (19.48) 8131 (23.26) 34,962 (100)

Vo 2 (m/s) 6.08 8.37 5.22 6.22




Processes 2024, 12, 954

8 of 15

Table 2. Cont.

Stability Conditions

Unstable Neutral Stable All
Extrapolated from 50 m using = 0.231
Vp 3 (m/s) 6.00 7.16 4.41 5.83
NB 0.013 0.156 0.168 0.065
NRMSE 0.098 0.171 0.238 0.143
R 0.979 0.985 0.949 0.966
Extrapolated from 50 m using stability-varying
Vp (m/s) 5.80 8.11 4.99 5.95
NB 0.048 0.032 0.045 0.044
NRMSE 0.111 0.072 0.152 0.112
R 0.981 0.985 0.948 0.980
Extrapolated from 50 m using the PD model
Vp (m/s) 5.88 7.94 5.65 6.17
NB —0.010 0.075 —0.016 0.008
NRMSE 0.089 0.093 0.133 0.101
R 0.983 0.989 0.960 0.978

1 Number of measurements, 2 mean measurements, > mean predictions.

Table 3. Extrapolated wind speed at a height of 150 m under different atmospheric conditions based
on data at 100 m.

Stability Conditions

Unstable Neutral Stable All
Observed
N1 (%) 20,021 (57.27) 6810 (19.48) 8131 (23.26) 34,962 (100)
Vo 2 (m/s) 6.15 7.68 5.71 6.22
Extrapolated from 100 m using = 0.225
Vp % (m/s) 6.05 7.13 5.28 6.02
NB 0.016 0.074 0.080 0.033
NRMSE 0.049 0.086 0.109 0.067
R 0.996 0.995 0.991 0.994
Extrapolated from 100 m using stability-varying
Vp (m/s) 6.13 7.69 5.94 6.25
NB 0.003 —0.002 —0.039 —0.004
NRMSE 0.045 0.038 0.073 0.050
R 0.995 0.998 0.991 0.997
Extrapolated from 100 m using the PD model
Vp (m/s) 6.16 7.35 5.56 6.18
NB —0.002 0.044 0.028 0.008
NRMSE 0.044 0.058 0.070 0.051
R 0.998 0.996 0.990 0.996

1 Number of measurements, 2 mean measurements, > mean predictions.

Table 1 indicates that the results have high R (0.987-0.992) and low NRMSE
(0.065-0.088) indicating that extrapolation at heights of 50-100 m yields accurate results.
However, it is found that using the annual average WSC and the WSC considering stability
changes to extrapolate the wind speed at 100 m yields slightly underestimated results
(NB = 4% when using the annual average WSC, and NB = 3% for the annual average
WSC considering stability changes). On the other hand, the extrapolation error using the
PD model is negligible (NB = 0.2%). Accordingly, it is inferred that the PD model is an
appropriate approach for extrapolation. This is especially more pronounced under stable
conditions (NB = 3%, NRMSE = 0.088).

Table 2 shows that extrapolation at heights of 50-150 m results in lower R (0.966-0.980)
and higher NRMSE (0.101-0.143), reflecting lower calculation accuracy compared with
extrapolation at 50-100 m. Similar to the previous part, the PD method exhibits different
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Month

behaviors under stable conditions. The results reveal that V150 was overestimated by
8% under stable conditions, slightly underestimated by 5% under neutral conditions,
and achieved accurate results under unstable conditions (NB = 1%, NRMSE = 0.089).
Compared with other approaches, the use of the WSC extrapolation considering stability
changes significantly yields accurate results (NB = 3%, NRMSE = 0.07), especially under
neutral conditions.

Table 3 demonstrates that the extrapolated values at 100-150 m achieved reason-
able results for all 3 methods, and only the extrapolation using the annual average WSC
is slightly underestimated (NB = 3.3%, NRMSE = 0.067). Moreover, in extrapolation
using the WSC considering stability changes, significant improvements were achieved
(NB = 0.4%, NRMSE = 0.050). This is especially more pronounced under neutral conditions,
with negligible overestimation (NB = 0.2%). In general, for extrapolation at 100-150 m, the
use of the WSC considering stability changes yields the best results, and the error is negli-
gible under neutral conditions. Accordingly, the WSC extrapolation considering stability
changes is recommended as the optimized approach for areas where the atmosphere is
mostly neutral. By comparing with other studies [7,12,26,27], it is found that the higher the
height of the extrapolated hub, the more obvious the advantages of using the PD model
and the higher the accuracy of the prediction.

5.2.2. Time-Varying Analysis

In order to verify the accuracy and superiority of the PD model, the normal error (NE)
of the wind speed extrapolated by the three methods was calculated, and two-dimensional
maps of the time and annual changes of NE under different atmospheric stabilities were
obtained. The results are presented in Figures 4-6.
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Figure 4. Two-dimensional variations in wind speed NE (%) obtained from annual average WSC.
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Figure 4 reveals that the extrapolation of the annual average WSC leads to a significant
overestimation during the day—night instability period, which almost coincides with the
‘solar shadow” of the elliptical WSC in Figure 3. More specifically, unstable periods in April
and October are overestimated by up to 45% when extrapolating between 50 and 150 m.
The rest of the time, the extrapolation of wind speed is reasonable. In the stable period at
night, it is recommended not to use the average WSC to extrapolate throughout the year
but to use a WSC that takes into account changes in atmospheric stability. This is especially
crucial in seasons with large temperature changes. When the atmosphere changes from
an unstable to a stable boundary layer, the low-level jet stream occurs frequently, which
greatly underestimates the wind speed of the hub height of large wind turbines. This
finding aligns with the research conducted by Durisic and Mikulovic [26].

Figure 5 shows that if the WSC considering stability changes is used for extrapolation, the
results improve significantly. When calculating the wind speed during unstable periods of day
and night, especially in the extrapolation of 50-150 m, it leads to a certain overestimation and NE
reaches 36%. The error of extrapolated wind speed in the rest of the time is small (NE < 20%),
except for isolated peaks of the night hours in April and October where NE may exceed 30%.

Figure 6 shows two-dimensional variations in the extrapolated wind speed obtained from
the PD model. It is observed that at 50-150 m and 100-150 m, the PD model outperforms the
other schemes in terms of accuracy (NE < 25%). The superiority of the PD model is especially
more pronounced during unstable periods of the day. It is also found that the PD model is
more conservative in a more stable time at night. For instance, in the extrapolation of 50-150 m
wind speed, the night-time extrapolation wind speed in May and August is overestimated and
NE reaches 20%. However, the overestimation of night-time wind shear is a protection of the
PD model against the potential threat of low-level jets to large wind turbines.

5.2.3. Weibull Distribution by Stability Condition

This paper also evaluates extrapolation methods by comparing the measured data
with the Weibull distribution of the extrapolated wind speed. To emphasize the role
of atmospheric stability, the Weibull distribution is classified according to the stability
conditions, as shown in different atmospheric stability conditions in Figures 7-9.

At a height of 100 m, in both neutral (Figure 7b) and stable (Figure 7c) conditions,
the Weibull distribution of wind speed, incorporating the influence of stability changes
on WSC utilizing the PD model, aligns with the Weibull distribution of the measured
wind speed. However, extrapolating using the WSC and considering stability-varying
yields relatively less accurate results under unstable conditions. This is because the Weibull
distribution is strongly affected by its shape parameters. Overall, employing the PD model
for extrapolation yields accurate results with an error of less than 0.21. Additionally, the
scale parameter exhibits the minimum error, with a value of 0.1 m/s.
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Figure 9. The comparison of extrapolated and measured wind speeds.

Figure 8c illustrates that under stable conditions, extrapolating wind speed between
50-150 m using the fitted WSC and the WSC considering stable changes results in significant
inaccuracy, leading to a remarkable overestimation of the wind speed. However, the PD
model still provides the best-fitting parameters. Under unstable conditions, the Weibull
distribution extrapolated by the PD model exhibits similar accuracy to the observed wind
speed. More specifically, their K parameters are consistent, and the difference is in the
C parameter (0.23 m/s). This finding is consistent with the evaluation results of the
extrapolation method in Table 2, indicating that the Weibull distribution can accurately fit
the wind speed and reflect extrapolation errors.

Figure 9 shows that in the extrapolation between 100 and 150 m, the Weibull distribution
is consistent with the results between 50 and 150 m, and the 3 methods exhibit reasonable
accuracy. In addition, the parameters of the Weibull distribution of wind speed data at the
same height are affected by the atmospheric conditions. Although the range of shape param-
eter K is small, the scale parameter C that determines the average wind speed distribution
is affected by the atmospheric conditions. The more stable the atmosphere, the smaller the
C value. This finding is consistent with the research carried out by Jingxin Jin et al. [27].

6. Conclusions

This paper focuses on the benefits of wind shear models considering atmospheric
stability in the assessment of wind energy resources at hub heights. Recently, the PD
model has been widely adopted as an accurate extrapolation model. In this regard, it is
crucial to analyze the influence of affecting parameters such as friction temperature, friction
velocity, and the von Karman coefficient on the performance of the PD model. In practical
applications, anemometer towers are usually unobservable. The present study utilizes
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the relationship between the M-O length and the gradient Richardson number to directly
calculate the M-O length by using the wind-observed data. Based on the obtained results
and performed analyses, the main conclusions can be summarized as follows:

1. The WSC is strongly affected by atmospheric stability. As the atmospheric condi-
tion changes from unstable to neutral and stable, the corresponding WSC increases from
0.174 to 0.309 and 0.319, respectively. Moreover, elliptical ‘solar shadow’ is caused by the
increase in temperature.

2. For the 3 height intervals of 50-100, 50-150, and 100-150 m, the PD model extrapo-
lation outperforms other methods in terms of accuracy. Compared with the annual average
WSC extrapolation, the root mean square error (NRMSE) and the standard deviation (NB)
of wind speed are reduced by 24-29% and 76-95%, respectively.

3. For 50-150 m, the extrapolation accuracy of the 3 methods is significantly lower
than that of 50-100 m and 100-150 m. Therefore, it is of significant importance to select a
reasonable height interval during extrapolation. The results demonstrate that the higher
the extrapolated hub height, the more obvious the advantage of using the PD model.

4. When the atmosphere is mostly unstable or stable, the PD model outperforms
other approaches in terms of extrapolation accuracy. However, the WSC extrapolation
considering the stability changes is the recommended method under neutral conditions.

The proposed method is consistent with the observed wind speed data, but it still
depends on the power law. The wind speed extrapolation from the lower layer to the
hub height confronts high uncertainty. Therefore, it is essential to accurately assess the
model uncertainty.

Although atmospheric stability analyses for wind energy applications have exhibited
great advances, several challenges remain to be addressed. Among these challenges, it is
possible to identify some areas that will become popular in the coming years:

(1) Impact of climate change on short-term and long-term atmospheric stability.

(2) Temporal and spatial variation of atmospheric stability in wind farms.
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