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Abstract: This study analyzes wind structures up to 509 m in the atmospheric boundary layer in the
coastal area of Hainan Island, using a dataset obtained from ultrasonic anemometers housed in three
towers. The wind profile, consisting of the measurements from the three towers, followed logarithmic
law. In a diurnal variation, the maximum wind speed occurred at night, with a greater component of
northerly wind, while the minimum wind speed was observed at noon, with a greater component of
easterly wind. The variation in wind speed suggests that the measurements were representative of the
wind field in the upper part of the atmospheric boundary layer, and the variation in wind direction
might be affected by sea and land breezes, which can be induced by the different thermal conditions
of underlying surfaces. The diurnal variation in average wind speed ranged from 0.5 to 1.5 m s−1,
and the diurnal variation in wind direction was 10–20 degrees. In our measurements, the diurnal
trajectory of the wind vector was observed to be counterclockwise, which differs from previous
studies conducted over uniform and flat underlying surfaces. This is partially due to the different
thermodynamic conditions of the underlying land and sea surfaces. The impact of topographic relief
on wind measurement is also discussed. The measurements suggest that wind speeds at altitudes
above 50 m are less influenced by terrain. The height of the reversal layer, which is generated by the
different diurnal variations in wind speed in the upper and lower parts of the boundary layer, was
estimated to be around 300 m.

Keywords: wind structure; boundary layer; diurnal variation; high tower

1. Introduction

The exchange of momentum and energy between the air and the surface, wind disas-
ters, and the use of wind energy are all closely linked to wind structure in the atmospheric
boundary layer (ABL). Therefore, it is essential to investigate the features of the wind
profile, and the diurnal variation in wind speed and direction in the ABL to improve param-
eterization in numerical models, maximize the use of wind energy, and reduce the effects
of wind disasters. In recent decades, researchers have employed various methods, such as
observation, theoretical analysis, and model simulation, to understand the characteristics
of wind structure in the ABL [1–7].

On a uniform and flat surface, wind is typically stronger in the lower layer during
the daytime and weaker in the upper layer. This pattern reverses at night. Many field
observations and simulations have supported these claims, attributing the reason to the
daily changes in turbulence within the ABL. The diurnal variation in wind speeds typically
ranges between 1 and 3 m s−1, with the highest variability located in the middle layer [8,9].
Additionally, the diurnal pattern of wind direction exhibits a clockwise ellipse [1,10,11].

However, with a heterogeneous underlying surface, the differences among their
thermodynamic conditions must be taken into account, in addition to turbulence. The
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most widely studied issue is sea and land breezes [12–15], which are generated due to the
different thermodynamic conditions of the underlying surface and have been extensively
studied for their strength, duration, frequency of occurrence, and effects on pollutant
transport [16–21].

Recent experiments have been carried out on special underlying surfaces such as
prairies, plateaus, valleys, and oceans [22–25], but few experiments have been conducted
in areas such as the Hainan coast, which has multiple types of underlying surfaces and is
affected by sea and land breezes, valley winds, and monsoons. It is necessary to investigate
the similar or different features of the wind field over such complex underlying surfaces
and to investigate the factors contributing to such differences in comparison to uniform and
flat underlying surfaces. Furthermore, in previous experiments, most observations have
been conducted using a single tower, and the comparison or validation of measurements
obtained from two or more towers has been rare. Therefore, in this study, we aim to
investigate the diurnal variation of the wind field in the coastal area of Hainan Island using
data from three towers from October to November 2020.

We provide a brief description of the experiment in Section 2, and analyze the wind
structure characteristics in Section 3. The results are discussed in Section 4, and the
summary is presented in the last section.

2. Experiments

Between 4 October and 22 November 2020, measurements were conducted using three
100-m towers located in Sanya, Hainan province (Figure 1). The towers are positioned on the
coastal mountains in the southernmost part of Hainan Island at coordinates (109◦35′13′′ E,
18◦13′12′′ N), (109◦35′30′′ E, 18◦13′06′′ N), and (109◦35′48′′ E, 18◦12′59′′ N), with respective
elevations of 421 m, 388 m, and 275 m (Table 1). The towers are approximately arranged in
a line, with about 500 m between each one. Tower 3 is the closest to the sea, approximately
1300 m away from the coastline.

Table 1. The longitudes, latitudes, and altitudes of the three towers.

Longitude Latitude Altitude

Tower 1 109◦35′13′′ E 18◦13′12′′ N 421 m
Tower 2 109◦35′30′′ E 18◦13′06′′ N 388 m
Tower 3 109◦35′48′′ E 18◦12′59′′ N 275 m

The measurement equipment employed in this study comprised sonic anemometers
(Gill WindMaster Pro, Gill Instruments Limited, Hampshire, UK), an Automatic Weather
Station (AWS, Gill GMX600, Gill Instruments Limited, Hampshire, UK), and a Heavy-Duty
wind monitor (HD monitor, Young 05108, R. M. Young Company, Traverse City, MI, USA).
Each tower was equipped with five sonic anemometers mounted using cantilever brackets
at heights of 10, 30, 50, 70, and 100 m. Two HD monitors were situated at heights of 30 and
100 m, respectively, and an AWS was positioned at a height of 30 m for each tower. Signals
from these instruments were acquired using a CR6 data-acquisition system (Campbell
Scientific Inc., Logan, UT, USA). The sonic anemometers were operated at a frequency
of 20 Hz to measure the three-dimensional wind velocity. The average wind speed and
wind direction were obtained using the HD monitor and AWS with a sampling interval of
10 min.

In quality control (QC) for the data of the sonic anemometer, we eliminated samples
with missing values exceeding 1%. Following the QC method, we obtained 181,642 5-min
samples from the 15 anemometers, accounting for 84.1% of all the samples. Precipitation
was the primary cause of invalid data. Without precipitation, 98.9% of the data were effec-
tive; in the presence of precipitation, only 48.2% of samples were effective. The time series
of wind speed during the measurement is shown in Figure 2. Over the 50-day observation
period, six tropical cyclones (TCs) passed through the South China Sea, affecting the wind
field around the station. These TCs were severe tropical storm “Nangka” (11–14 October
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2016), 18th tropical depression (16 October 2016), typhoon “Saudel” (24–26 October 2017),
severe typhoon “Molave” (28–29 October 2018), super typhoon “Goni” (6 November 2019),
and severe typhoon “Vamco” (14–16 November 2022), respectively. As sonic anemometers,
HD monitors, and AWS were located at 30 m height for each tower, data from this level were
used to compare the wind speed obtained by different instruments. The measurements
from the three monitors produced similar results, as shown in Figure 2. The correlation
between wind speed from the sonic anemometer and HD monitor was 99.8%, while the
correlations between the sonic anemometer and AWS were greater than 99.5% for all three
towers. The correlations of wind direction between the sonic anemometer and HD monitor
were 90.6% (Tower 1), 95.7% (Tower 2), and 99.6% (Tower 3), and those between the sonic
anemometer and AWS were 87.8% (Tower 1), 93.3% (Tower 2), and 99.9% (Tower 3). The
differences in average wind speed between the sonic anemometer and HD monitor were
0.35 m s−1, 0.24 m s−1, and 0.36 m s−1 for the three towers, and 0.007 m s−1, 0.029 m s−1,
and 0.096 m s−1 between the sonic anemometer and AWS. These results suggest that ob-
servations from the sonic anemometer are comparable to those from the HD monitor and
AWS, and can be used to describe the wind field in the area around the towers.
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Figure 2. The wind speed at 30 m height. Black line: measured by sonic anemometers; Orange line:
measured by HD monitor; Blue line: measured by AWS.

During the observation period, the winter monsoon in the South China Sea was
gradually established, resulting in a dominant northeasterly wind direction. However, the
six tropical cyclone activities in the SCS had a significant impact on the wind field around
the station, with the wind structure of tropical cyclones differing substantially from general
conditions. The diurnal variation of the wind field, relative distance from the TC center,
relative azimuthal position, and TC intensity all contributed to changes in wind profiles.
To distinguish the impact of TCs, we classified data into two groups and removed samples
affected by TCs. Samples obtained within 500 km of the TC center were classified as being
affected by TCs, while the rest were classified as not being affected. Only wind profiles
without missing data were selected for analysis, and the number of samples for each tower
is shown in Table 2. Data in the bottom layer of each tower were not considered, as they
were greatly interfered with by surface vegetation.

Table 2. Summary of the number of samples.

All Samples 5–10 m s−1 >10 m s−1

Tower 1 9760 4081 3466
Tower 2 8942 4099 2396
Tower 3 10,414 4356 2491

3. Results
3.1. Wind Profile

The wind structure was analyzed using data obtained from a sonic anemometer. The
dataset was divided into samples of 5-min length, with samples having wind speeds greater
than 10 m s−1 classified as the high-speed group, and those with wind speeds between 5
and 10 m s−1 classified as the low-speed group. The vertical profiles of wind speeds in
the boundary layer were plotted in Figure 3. The mean wind speed observed at the third,
fourth, and fifth logarithmic layers increased with height under logarithmic wind law [8,9].
However, the wind speed at the second layer (30 m height) was significantly lower due
to the impact of surface vegetation, and deviated from logarithmic wind law. The wind
profile of the nine layers, which combined the upper three layers of three towers, also
followed logarithmic wind law, indicating that measurements at the upper three layers of
each tower were less affected by the land surface, and exhibited the features of the wind
field at its altitude.
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In the high-speed group, there was a significant difference in wind speed between the
three towers. Tower 1 had the highest wind speeds, while Tower 3 had the lowest. However,
in the low-speed group, although Tower 2 was at a lower altitude than Tower 1, wind
speeds at the second and third layers of Tower 2 were slightly higher than those of Tower 1.
The trends of the wind profiles also differed between the high-speed and low-speed groups,
with greater changes in wind speed with height observed in the high-speed group.

3.2. Diurnal Variation in Wind Fields

The diurnal variation in wind speed and wind direction at different heights was
analyzed in this study. Figure 4 shows the averaged diurnal variation in wind speed and
wind direction for Tower 1, Tower 2, and Tower 3. It was observed that Tower 1 and
Tower 2 showed clear diurnal variations in wind speed and wind direction, while Tower
3 showed no apparent diurnal variation in wind speed. The maximum wind speed was
observed at 22:00, and the minimum was around 13:00. The theory of turbulent exchange
suggests that turbulence is severe during the day and weak at night, which results in
effective momentum transport from the upper layer to the lower layer, making the wind
at the bottom of the boundary layer stronger during the day and weaker at night [8,9].
Conversely, wind in the middle and upper layers was weaker during the day and stronger
during the night. The measurements in this study were obtained at an altitude between
300 and 500 m, and the results were consistent with the theory for the middle and upper
layers of the boundary layer.
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The diurnal variations in wind direction at different altitudes were similar, with a
minimum at about 6 a.m. and a maximum at about 3–4 p.m. The dominant wind during
the measurement period was a northeasterly wind due to the establishment of the winter
monsoon from the SCS. From midnight to morning, the wind direction was lower than
average, indicating a larger northerly wind component. On the other hand, the easterly
wind component was greater in the afternoon. This can also be deduced from the trajectory
of the wind vector (Figure 5). The variation in wind direction might be interpreted by
sea and land breezes. Due to the difference in thermal conditions between the sea and
land, the wind field was affected by the sea breeze, which is easterly from the sea in the
afternoon. Figure 5 further indicates that the diurnal trajectory of the wind vector was
counterclockwise. This was different from the clockwise rotation obtained from model
simulations and observations [1,9,10]. This indicates that discrepancies or even contrary
results may exist between observations and model simulations, due to environmental
conditions such as monsoon, sea, and land breezes. Under conditions with a uniform and
flat underlying surface, the diurnal variation of the wind vector is the result of the daily
variation in turbulence intensity. However, in this study, besides turbulence, the daily
variation of the wind vector was further affected by the monsoon, the sea, and land breezes,
the difference in temperature between the surface layers, etc., which might be the reasons
for the counterclockwise diurnal rotation of the wind vector.
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The diurnal variation in the wind speed at Tower 3 was not apparent compared to
Tower 1 and Tower 2, but the diurnal variation in the wind direction was comparable,
with similar amplitude and phase in daily variation. Previous studies have found that
the phases of diurnal variation in wind speed at the bottom and upper of the boundary
layer are inverse [8,9]. Wind speed at the bottom was greater at noon due to a greater
turbulent exchange of momentum from the upper layer, while wind speed in the upper
layer was greater at night due to less loss of momentum. Hence, an inversion layer of wind
speed exists in the boundary layer. In this study, Tower 3 might have been located at the
inversion height of the boundary layer, which induced the inconspicuous diurnal variation
in wind speed.

3.3. Time of Occurrence of Maximum/Minimum

Figure 6 depicts the extreme values of wind speed and wind direction obtained by
fitting their diurnal variations using trigonometric functions. The minimum wind speed
was observed between 13:00 and 14:00 at Tower 1 and Tower 2, while at Tower 3, the
minimum appeared after 14:00. The diurnal variation in wind direction showed a clear
trend. The time of the maximum wind direction shifted towards later hours with increasing
measurement height. This observation deviates from findings in studies involving uniform
underlying surfaces, where the extreme value of wind direction in the upper layer was
observed earlier [1]. This discrepancy may be attributed to the effects of sea and land
breezes on the wind field.

It is well established that the wind field in the boundary layer of a uniform and flat
underlying surface is governed by a balance between geostrophic wind and turbulent stress.
The diurnal variation of the wind field is mainly caused by the variation in turbulence
intensity. However, in this study, the balance between geostrophic wind and turbulent
stress was affected by the presence of sea and land breezes, which might have contributed
to the observed shift in the extreme values of wind direction with height.
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3.4. Amplitude of Diurnal Variation

Figure 7 depicts the diurnal variation in wind speed and wind direction and the
degree of variation with height. Wind speed and wind direction showed inverse trends,
with the variation in wind speed increasing with height; the maximum variation in wind
direction occurred at the bottom layer. Wind speed varied between 0.5 and 1.5 m s−1,
which is smaller than in previous studies [8,9,11], possibly due to the average of 50 days.
The variation in amplitude above 450 m was small, consistent with the theoretical model
that predicts maximum amplitude in the middle layer of the boundary layer, decreasing
gradually with height [8,9].

The diurnal variation in wind direction indicated the influence of sea and land breezes.
The amplitude of diurnal variation was 10–20 degrees rather than 180 degrees. Wind
direction variation ranges decreased with height, with Tower 3 showing noticeably greater
amplitude than Towers 1 and 2. The smallest variation occurred in the fifth layer at Tower 1
(14 and −9.4 degrees) and the largest in the third layer at Tower 3 (20.1 and −16.4 degrees),
consistent with previous measurements [1,3,11]. In the upper layer of the atmospheric
boundary layer, the long axis of the ellipse was close to the mean wind direction (Figure 5),
and wind direction variation was restricted to the angle of the short axis with a small
amplitude. In the bottom layer, the angle between the mean wind and the elliptical long
axis was greater, inducing a greater amplitude of wind direction.
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Figure 7. The range of diurnal variation in the mean wind speed (a) and wind direction (b). Circles:
the difference between the minimum and the mean values; Stars: the difference between the maximum
and the mean values. Blue: Tower 1; Orange: Tower 2; Green: Tower 3.

4. Discussion

The measurements were taken at three towers, each with five observation layers.
The measurements taken in the three upper layers of each tower exhibited consistency
with logarithmic wind law, and the wind profiles of the nine layers combined across the
three towers also followed logarithmic law, which suggests that the measurements yielded
reasonable results regarding the wind structure of the ABL. However, it should be noted
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that the profile of the three secondary layers deviated significantly from logarithmic law.
This may indicate that the wind in the second layer was sensitive to topographic relief, and
at heights above 50 m, the magnitude of wind speed was less influenced.

Based on the theoretical model, wind speeds are greater during the daytime and
smaller at night at the bottom of the ABL; the opposite is true for the upper part of the ABL.
Our study found that wind speeds were smaller during the daytime and greater at night,
which aligns with the diurnal variation in wind speed at the upper part of the ABL. This
suggests that our measurements were representative of the wind field at the upper part of
the ABL, which also indicates that the wind speed at the upper layers of the tower was less
influenced by the topographic relief.

The theoretical model also indicates that there is a reversal layer between the upper
and lower part of the ABL due to the different trends of the diurnal variation in wind
speed. In this study, the diurnal variation in wind speed at Tower 3 was not obvious. This
might be because Tower 3 was located in the reversal layer, indicating that the height of
the reversal layer was around 300 m. However, without measurements at a height below
300 m, we did not obtain the contrary phase of the diurnal variation at different altitudes.
It is necessary to conduct more observations to investigate the reversal height in the ABL.

The daily trajectory of the wind vector is a clockwise ellipse, due to the daily varia-
tion in turbulence [1,3,11] under conditions with a uniform and flat underlying surface.
However, in our measurement, the trajectory of the wind vector was counterclockwise.
This indicated that under conditions with a non-uniform underlying surface, factors such
as different thermal conditions of the underlying surface and monsoon could induce dif-
ferent or even contrary trends of the diurnal variation in wind. In our analysis of the
diurnal variation in wind direction, we found that the wind direction was influenced by
differing thermodynamic conditions of the underlying land and sea surfaces. This factor
may have also contributed to the characteristics of the trajectory of the wind vector in our
measurements.

Through measurements taken at different altitudes, we quantitatively obtained the
amplitude of diurnal variations in wind speed and wind direction. Our results show that
the amplitude of wind speed increased with height, but the trend of wind direction was
inverse. The profiles of amplitudes can be interpreted by the turbulent exchange in the
ABL and were consistent with previous measurements. Even though the wind was affected
by sea and land breezes, during the dominance of winter monsoon, the angle variation
induced by sea and land breezes was less than 20 degrees rather than 180 degrees. This
means that the effect of the background wind field cannot be neglected when studying the
research related to sea and land breezes, such as the pollutant diffusion, momentum, and
energy transport in the ABL.

5. Summary

In this study, we investigated the characteristics of a wind field with a complex
underlying surface by obtaining measurements from three towers located on the coastal
mountains of Hainan Island. The area around the sites contains sea and hills, which could
affect the wind field via sea and land breezes, valley wind, and monsoon. We collected
measurements at heights up to 509 m to quantify the diurnal variations of the wind field
and analyze the vertical characteristics of these variations during the winter monsoon.

We began by comparing the results obtained from different instruments to ensure
their reliability. The correlations between wind speeds obtained from different instruments
were greater than 99.5%, and the correlation for wind direction measurements ranged from
87.8% to 99.9%. The average differences in wind speed measurements among different
instruments were smaller than 0.36 m s−1. Additionally, the wind profile taken from the
measurements from the three towers followed logarithmic law. These results show that
observations from the sonic anemometer, HD monitor, and AWS are comparable, and can
be used to describe the wind structure in the area around the towers.
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We analyzed the characteristics of the diurnal variation of the averaged wind structure
and found that the maximum wind speed occurred at night with a greater component
of northerly wind, while the minimum wind speed was observed at noon with a greater
component of easterly wind. The variation in wind speed suggests that the measurements
were representative of the wind field at the upper part of the ABL. Additionally, the
variation in wind direction might be affected by the sea and land breezes, which were
induced by the different thermal conditions of underlying surfaces. The time at which
the wind speed reached its extreme value was earlier at a higher height, while the time
for wind direction was later with increasing height. The diurnal variation in averaged
wind speed ranged from 0.5 to 1.5 m s−1, and the diurnal variation in wind direction was
10–20 degrees. The amplitude of wind speed increased with height; the amplitude of wind
direction decreased with height. However, the amplitude values were smaller compared to
previous studies, possibly due to the averaging of data over 50 days.

The impact of topographic relief on wind measurement was also discussed. The
measurements suggest that wind speeds above 50 m were less influenced by terrain. This
was induced by the fact that the wind profile consisted of the three secondary layers that
deviated from logarithmic law, while the profile consisted of nine upper layers that followed
logarithmic law. Furthermore, we observed that wind speed was greater at night, depicting
the characteristics of the wind structure of the upper boundary layer, and suggesting that
the measurements were less affected by topographic relief.

Our measurements revealed some differences in wind structure compared to previous
studies conducted over uniform and flat underlying surfaces. We observed a counterclock-
wise diurnal trajectory of the wind vector, which differs from previous findings. This might
be partially attributed to the different thermodynamic conditions of the underlying land
and sea surfaces.

The diurnal variations in wind speed in the upper and lower parts of the boundary
layer differ, resulting in a reverse layer in the middle level of the ABL. The identification of
the height of the reversal layer is meaningful to the understanding of turbulent exchange
and the further development of the parameterization scheme in the ABL. However, deter-
mining this height can be quite challenging, due to observational difficulties. In this study,
we estimated the height of the reversal layer to be around 300 m.

Although our study provides insights into the diurnal variation in wind structure in
the ABL, some limitations should be acknowledged. In our measurements, as the data
were obtained at an altitude between 300 m and 500 m, the full vertical features of the
wind field were not analyzed without the measurements at the bottom layer of the ABL.
Furthermore, the observations were conducted during the latter half of the year, reflecting
the characteristics of the wind field under the domination of the winter monsoon. To gain
a more complete understanding of the wind structure in the ABL, further experiments
and analysis are needed, particularly during periods with summer monsoon or tropical
cyclones.
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