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Abstract. Due to the limitations of observations with meteorological towers and aircraft, there is a lack of
research on the vertical characteristics of the atmospheric boundary layer in relation to the budget terms of tur-
bulence kinetic energy (TKE). This study reveals the seasonal characteristics of the TKE budget and processes
in Shenzhen using long-term observational data from coherent wind lidar. We found that the TKE variations in
the region transition in behavior around 14:00 local time (LT), mainly because of changes in buoyancy genera-
tion. We determined that TKE is strongest in summer and has the highest impact at high altitudes in autumn in
Shenzhen. Our results indicate that above 360 m, the daytime turbulent transport term in all seasons is positive,
contributing up to 20 % of the total TKE budget, and the dissipation rate term is the only factor that dominates
energy dissipation. We also found seasonal differences in the vertical characteristics of the dissipation rate in the
region, with maximum values observed near the ground during spring, summer, and autumn. Our results indi-
cate that near the ground, buoyancy is the main generation process of TKE, contributing up to 60 % of the total
budget. Above 570 m, the role of shear generation gradually becomes more prominent, comparable to buoyancy
generation. These findings not only enrich our understanding of the vertical structure of atmospheric turbulence
but also provide new observational data and theoretical support for the parameterization of the turbulence energy

budget in climate models, which can help improve atmospheric predictions.

1 Introduction

The vertical characteristics of atmospheric turbulence kinetic
energy (TKE) are of great significance for understanding
energy conversion, material exchange, and the evolution of
weather systems in the atmosphere (Stull, 1988; Kaimal et
al., 1976; Heilman et al., 2018). By delving into these charac-
teristics, we can better understand the dynamic behavior and
energy balance mechanism of the atmospheric system, pro-
viding strong support for meteorological observations, fore-
casting, air quality control, and disaster prevention and re-

duction (Stull, 1988; Wyngaard, 2010; Caughey and Wyn-
gaard, 1979; Song et al., 2021).

Previously, research on the atmospheric TKE budget
mainly relied on near-ground meteorological tower or air-
craft observations, as well as advanced numerical simula-
tions and parameterization schemes (Deardorff, 1974; En-
doh et al., 2014; Puhales et al., 2013; Therry and Lacarrere,
1983; Zeman and Tennekes, 1977; Zhou et al., 1985; Elguer-
naoui et al., 2023; Nilsson et al., 2016b; Canut et al., 2016;
Li et al., 2023; Guo et al., 2021; Meng et al., 2024; Yus-
Diez et al., 2019). Lenschow (1974) found, based on aircraft
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measurements and surface layer observations, that turbulent
transport increases almost linearly with altitude, balancing
the almost linear decrease in buoyancy generation. In addi-
tion, their results showed that under the neutral stability limit,
the transport term in the budget equation is the smallest, and
the shear generation term can be ignored at about 10 times
the Obukhov length above the ground. Chou et al. (1986)
combined vertical lidar and aircraft observations to reveal the
role of turbulent transport in vortex regions, particularly near
the top of the mixing layer. Frenzen and Vogel (1992) found
through ground observations that in the neutral surface layer,
the dissipation rate is 15 % to 20 % lower than the energy
generated by shear generation. Darbieu et al. (2015) stud-
ied the attenuation of boundary layer turbulence during the
afternoon transition period using dense observational data
from field experiments and large eddy simulation (LES) data,
with a particular focus on changes in the vertical structure
of turbulence. They pointed out that shear generation has a
significant impact on the attenuation of TKE during the af-
ternoon transition period, especially at the top of the mix-
ing layer. Nilsson et al. (2016a) analyzed in detail the var-
ious components of the TKE budget, including a tendency
term, buoyancy generation term, dissipation term, and trans-
port term, through near-surface data obtained with small tow-
ers, revealing the differences in surface layer dynamics of
TKE and its attenuation during different afternoon periods.
Jensen et al. (2017) used data collected during a multiyear
wind resource assessment study conducted in a multi-land-
use environment along the coast of Belize and found that in
coastal areas, shear generation is more important than buoy-
ancy generation in the TKE budget. Barman et al. (2019)
conducted data analysis using a three-dimensional fast re-
sponse acoustic anemometer at heights of 6, 18, and 30 m,
combined with field observations and numerical simulations.
They found that shear generation contributed to the TKE in
the afternoon, working together with buoyancy generation.
Similarly, Pozzobon et al. (2023) collected turbulence obser-
vational data from four different height layers over a period
of 10 months based on observational data from a 30 m high
meteorological tower. They conducted an in-depth analysis
of the TKE budget under daytime convective conditions and
nighttime stable conditions and found that the TKE budget
during the daytime was mainly dominated by shear genera-
tion and buoyancy generation, while at night it was mainly
dominated by shear generation and dissipation rate.

From these existing research results, it can be seen that
there are still many challenges in studying the vertical char-
acteristics of the many TKE budget terms. For example, cur-
rent research methods mostly rely on LESs or data from sev-
eral atmospheric layers measured by meteorological towers,
aircraft, and/or sounding equipment, all of which have lim-
ited data continuity and detection height. Although wind pro-
file radar can provide valuable turbulence data, its spatial
and temporal resolution might be insufficient, and its abil-
ity to monitor turbulence under clear sky conditions is lim-
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ited (Solanki et al., 2022). In addition, the research period
is usually during the daytime or afternoon transition period,
usually given in the form of a profile, meaning continuous
vertical spatial feature distributions are lacking. Moreover,
there are relatively few research works based on a single de-
tection method.

How to distinguish and quantify TKE budget terms at dif-
ferent heights accurately and how to integrate these observa-
tional data into climate models effectively are currently hot
research topics. Future research needs to combine more con-
tinuous vertical observational data to gain a deeper under-
standing of the vertical characteristics of atmospheric turbu-
lence and its impact on weather and climate change. In our
previous research, we directly acquired atmospheric turbu-
lence parameters from the perspective of spectral analysis
using coherent wind lidar (Xian et al., 2024b, c). On this
basis, we here propose a detection method for TKE budget
terms based on coherent wind lidar and strict data quality
control, to ensure the accuracy and reliability of the mea-
sured data (Xian et al., 2025). By comparing buoyancy gen-
eration term with data obtained from three-dimensional ultra-
sonic anemometers, we show that the average absolute error
is less than 0.00014 m2 s—3, which verifies the accuracy and
reliability of our method. The proposed method can provide
the spatiotemporal distribution characteristics of parameters
such as TKE, dissipation rate, shear generation, turbulent
transport, and buoyancy generation. Based on this method,
in this study we analyze the vertical structural characteristics
and variation laws of shear generation, buoyancy generation,
turbulent transport, and dissipation rate in the Shenzhen area.

The rest of the paper is organized as follows. In Sect. 2,
we introduce the equipment and data quality control methods
used, as well as the methods for obtaining the various TKE
budget terms based on wind lidar. In Sect. 3, we conduct a
statistical analysis of the spatiotemporal variation character-
istics of the various turbulent TKE budget terms and explore
the variational patterns of each TKE budget term in different
seasons. The main conclusions of this study are presented in
Sect. 4.

2 Instrument, data, and methods

Shenzhen is located south of the Tropic of Cancer (114°E,
22.5°N), with a subtropical maritime climate characterized
by warm and humid weather and abundant rainfall. Accord-
ing to the geographical location of Shenzhen, March, April,
and May are spring; June, July, and August are summer;
September, October, and November are autumn; and Decem-
ber and January and February are winter (Lang et al., 2007).

The  Shiyan  Observation Base  (113.90586°E,
22.65562°N) is located on the outskirts of Shenzhen.
Its unique geographical location makes it an ideal place
for conducting meteorological research. The surrounding
environment of the base has not been disturbed by large
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Figure 1. Installation photograph of the wind lidar.

artificial structures, with agricultural land located 1-2km
northeast, while the terrain in the south and northwest is
relatively flat, mainly composed of forests and lakes. The
base has the tallest meteorological gradient observation
tower in Asia, with a height of 356 m. At the bottom of
the gradient observation tower, a coherent wind lidar is
deployed, as shown in Fig. 1. Given that there are no
obstacles around the base, the collected data have signif-
icant reference value in the field of meteorology (Zhou
et al., 2023). According to the configuration information
provided in Table 1, the parameter configuration of the wind
lidar (DSL-W, Darsunlaser Technology Co., Ltd., Shenzhen,
China) has been recorded in detail. In previous studies, our
research team comprehensively validated the accuracy of
the lidar data, ensuring its reliability in subsequent scientific
research (Xian et al., 2024b).

To ensure the reliability of the observational data, we per-
formed quality control on the TKE budget term data esti-
mated by the wind lidar. For each height level, we calcu-
lated the standard deviation of the data every 30 min and
eliminated data points that deviated from the mean by more
than 3 standard deviations. This is based on the commonly
used “triple standard deviation principle” in statistics, which
means that the probability of data points falling outside the
mean plus or minus 3 standard deviations is very small (close
to 0); any points that are greater than 3 standard deviations
away from the mean are considered outliers. We repeated this
process three times to ensure accurate identification and han-
dling of outliers. For a single profile dataset, if more than
20 % of the data points below 500 m were lost, the entire pro-
file was discarded, and discontinuous or missing values were
estimated using linear interpolation. If the number of lost
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measurements exceeded 20 % within 30 min, we discarded
the data for that period. Overall, this data quality control pro-
cess aims to ensure the accuracy, completeness, and reliabil-
ity of the data through statistical methods.

The wind lidar has 355/365 d of available data throughout
2022, for an availability rate of 97 %. To ensure universal-
ity and generalizability of the results, we analyzed the tur-
bulent characteristics only of sunny days and days without
low clouds — resulting in data from 279 d. The number of
data samples per month is shown in Table 2. Of note, the
missing observation days in June and August are due to ad-
verse weather conditions, including continuous cloud cover
and heavy precipitation, rather than data collection issues.
From this, it can be seen that the monitoring data of the wind
lidar are relatively continuous, and the samples have high
representativeness.

The TKE budget equation can be expressed as follows
(Stull, 1988; Nilsson et al., 2016a):
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where E represents the TKE (m2s72), ¢ is the time (s), and
1’ (longitudinal direction), v” (latitudinal direction), and w’
(vertical direction) are the fluctuation values of the three-
dimensional wind speed components u, v, and w, respec-
tively, which vary with height above ground level z. g is
gravitational acceleration, 6,, is the average potential tem-
perature, 0’ is the fluctuation value of the potential temper-
ature 0, pg is the air density, P’ is the fluctuation value of
the air pressure P, and ¢ is the average dissipation rate of
TKE. On the left side of the equation is the tendency term
(Et), while on the right side are the budget terms for shear
generation (S), dissipation rate (D), turbulent transport (7;),
pressure transport (7p), and buoyancy generation (B). Based
on our previous detection method, assuming Tp is ignored
(Kaimal and Finnigan, 1994; Wyngaard, 2010; Pozzobon et
al., 2023), and obtaining dissipation rate through turbulence
inertial subrange spectrum fitting, we obtained the (a) hori-
zontal wind speed, (b) vertical wind speed, (c) TKE, (d) Et,
(e) Ty, (f) D, (g) S, and (h) B with a time resolution of 20 min
and a spatial resolution of 30 m (Xian et al., 2025), as shown
in the various panels in Fig. 2. Because the time resolution
was 20 min, ensuring steady turbulence within this period
was essential. Therefore, we strictly applied a stationarity
test, wherein the average variance over the entire time pe-
riod was required to be similar to the average variance over
shorter time intervals (Xian et al., 2025). Using this method,
we obtained a dataset of TKE budget terms for the entire year
of 2022 in the Shenzhen area. Based on the quality control
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Table 1. Performance parameters of the wind lidar instrument.

J. Xian et al.: Characteristics of turbulence energy budget in Shenzhen based on wind lidar

Metrics

Technical performance requirements

Wind lidar  minimum detection altitude
maximum detection altitude

distance resolution

temporal resolution of wind profile

errors in wind speed
errors in wind direction

range of wind speed measurement
range of wind direction measurement

<30m
3km

30m
0.2Hz (55)
<03m g1
<3°
0-60ms™!
0-360°

Table 2. Number of data samples per month in 2022.

Month Available
days
January (winter) 31
February (winter) 28
March (spring) 23
April (spring) 27
May (spring) 15
June (summer) 11
July (summer) 27
August (summer) 12
September (autumn) 29
October (autumn) 31
November (autumn) 14
December (winter) 31

process, we organized the dataset and analyzed its vertical
characteristics in different seasons.

3 Results and discussion

3.1 Characteristics of the turbulence kinetic energy and
tendency term

Figure 3 shows the spatiotemporal distribution of the aver-
age 24 h TKE for each season in 2022. It can be seen that
the TKE in each season is usually smaller at night and in the
morning, and larger during the day. In addition, the TKE also
exhibits an uneven vertical distribution, decreasing with in-
creasing height due to the weakening of ground friction and
heat supply with increasing height. Furthermore, we present
temporal variation curves of the TKE at a height of 120 m for
the different seasons, as shown in Fig. 4a. From the graph, it
can be seen that the TKE in summer remains the strongest,
reaching 1.7 m?s~2. The maximum TKE values in spring,
autumn, and winter are relatively close, around 1.2 m?Zs2.
Figure 4b shows mean TKE profiles at 13:00 for each season
(all times mentioned in this study are in local time). From the
figure, it can be seen above 600 m that the TKE in autumn is
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the strongest, while the turbulence in summer is strongest be-
low 600 m but rapidly decays above 600 m.

By taking the time derivative of distributions shown in
Fig. 3, we can obtain the 24 h spatiotemporal distribution
of the TKE tendency terms for the four seasons of 2022, as
shown in Fig. 5. From this, it can be seen that during the
period from 20:00 to 07:00 every day, the tendency term is
close to zero, indicating that turbulence tends to stabilize at
night. From 08:00 to 14:00 every day, the tendency term of
the TKE is greater than zero, indicating an increase in the
TKE. From 15:00 to 19:00, the tendency term of the TKE is
less than zero, indicating a decrease in the TKE.

We extracted data at a height of 120m and obtained
time variation curves and the corresponding extreme value
changes in the TKE tendency terms in the different seasons
at a height of 120 m, as shown in Fig. 6. From Fig. 6a, it can
be seen that the strongest enhancement effect on TKE is at
10:00 and the strongest weakening effect is at 15:00 or 16:00.
The peak of the turbulence tendency term is highest in sum-
mer, followed by autumn and spring, and is weakest in win-
ter. Similarly, the turbulence tendency term in autumn is the
largest of the four seasons. This corresponds to the seasonal
characteristics seen in the behavior of the TKE mentioned
earlier.

Next, we extracted and summarized the maximum and
minimum values of the tendency term for each season, which
are plotted in Fig. 6b. We can observe that the TKE tendency
term transitions around 14:00 for each season. To investigate
which TKE budget term causes this change, we further differ-
entiated the buoyancy generation terms, B and S, at a height
of 120 m over time, and obtained their rates of change, B’ and
S’, as shown in Fig. 6¢ and d. From the graphs, we can see
that the tendency term of B exhibits the same symmetry as
found for the TKE tendency term, while the shear generation
term has no obvious pattern, indicating that the main reason
for the symmetry of the turbulence tendency term is due to
the buoyancy generation term, B. In order to explain these
seasonal characteristics of the TKE and tendency terms, the
seasonal features of the buoyancy generation term, shear gen-
eration term, turbulent transport term, and dissipation rate
were further analyzed.
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Figure 2. Temporal and spatial distributions of the (a) horizontal wind speed, (b) vertical wind speed, (¢) TKE, (d) tendency term, (e) tur-
bulent transport term, (f) dissipation rate, (g) shear generation term, and (h) buoyancy generation term on 21 September 2022.
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Figure 3. A 24 h spatiotemporal distribution map of the TKE in different seasons: (a) spring, (b) summer, (¢) autumn, and (d) winter.
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(d) winter.

3.2 Characteristics of the buoyancy generation term

Figure 7 shows the spatiotemporal distribution of the 24 h
buoyancy generation term for the four seasons in 2022. It
can be seen that the buoyancy generation term shows a rel-
atively obvious daily variation pattern, with smaller values
at night and in the morning (generally negative or close to
zero) and larger values during the day. Additionally, it can be
observed that the impact of the height of the buoyancy gen-
eration varies with the seasons, with the highest in autumn
and the lowest in winter. Among all seasons, the longest du-
ration of positive buoyancy generation during the daytime is
in summer (from 08:00 to 22:00). This indicates that during
this period, turbulence is generated and develops, as mea-
sured with the buoyancy generation term. This indicates that

Atmos. Chem. Phys., 25, 8427-8441, 2025

when the buoyancy generation term in summer is used as the
turbulence generation term, its effect time is longer. Figure 8a
shows time-varying curves of the buoyancy generation term
at a height of 120 m in the different seasons. From this, it can
be seen that there is not much difference in the values of the
buoyancy generation term during the daytime in the differ-
ent seasons, indicating that the strongest TKE in summer is
not due to buoyancy generation. Furthermore, we provide a
buoyancy generation term for the different seasons and their
distribution profiles with height at 13:00 local time (LT), as
shown in Fig. 8b. In this figure, it can be seen that the buoy-
ancy generation term is strongest in autumn above 600 m,
which provides a reason why the TKE has the greatest im-
pact on height in autumn.
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3.3 Characteristics of the shear generation term

Figure 9 shows the spatiotemporal distribution of the shear
generation term over 24 h for the four seasons in 2022, which
is always positive throughout the day. In terms of magnitude,
it usually reaches a maximum during lunchtime. In addition,
the shear generation term has significant nighttime behavior
in summer. Figure 10 shows the spatiotemporal distribution
of the horizontal wind speed over 24 h in the different seasons

https://doi.org/10.5194/acp-25-8427-2025

of 2022. From this, it can be seen that the nighttime low-level
jet is more pronounced in summer than in the other seasons,
which is consistent with our previous research on the char-
acteristics of the low-level jet in the Pearl River Delta (Qiu
et al., 2023). Therefore, we can conclude that the shear gen-
eration term in summer is significant during the nighttime
due to the climate characteristics of the region, which pro-
duce more low-level jets in summer. Figure 11a shows time-
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varying curves of the shear generation term at a height of
120 m for the different seasons in 2022. From this, it can be
seen that the shear generation term in summer is larger than
in other seasons, similar to the behavior seen in Fig. 4a. Fur-
thermore, we have plotted the shear generation term for the
different seasons and their distribution profiles with height
at 13:00LT, as shown in Fig. 11b. It can be seen that be-
low 600 m, the shear generation term is highest in summer,
corresponding to the strongest TKE below 600m in sum-
mer (Fig. 4b). From this, we can see that we have identified
the reason for the strongest turbulence in summer, which is
caused by the generation of shear. In addition, above 600 m,
the shear generation term is strongest in autumn. From this,
we can see that another reason why TKE has the greatest im-
pact at height in autumn is shear generation.

3.4 Characteristics of the turbulent transport term

Figure 12 shows the 24 h spatiotemporal distribution of the
turbulent transport term for the four seasons in 2022. Unlike
the characteristics of the TKE, buoyancy, and shear gener-
ation terms mentioned earlier, the turbulent transport term
exhibits a negative value near the ground throughout the day
and a zero or positive value at high altitudes. We note that
previous research based on tower base observations have
shown that the turbulent transport term is negative near the
ground (Nilsson et al., 2016a). However, due to limitations in
current observation methods, previous studies were unable to
observe the turbulent transport term at high altitudes directly.
From the results presented here, not only can we intuitively
see that the turbulent transport term at high altitudes is pos-
itive in the different seasons, but we can also intuitively see
its spatiotemporal distribution.

Figure 13a shows temporal variation curves of the turbu-
lent transport term at a height of 120 m in the different sea-
sons. From this, it can be seen that turbulent transport has
the smallest effect in autumn and the largest effect in sum-
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mer. Figure 13b shows height distribution profiles of the tur-
bulent transport term in the different seasons at each day at
13:00 LT. From this, it can be seen that above 360 m, the tur-
bulent transport term in all seasons is positive, and above
780 m, it tends to be consistent. At around 600 m, it can be
seen that the turbulent transport term in summer begins to de-
crease, which is similar to the rapid decay of the TKE curve
around 600 m in summer. This indicates that above 600 m,
the inflow of turbulent energy begins to decrease, resulting
in a decrease in the TKE.

Figure 14 shows variation curves of the spatial derivatives
of the turbulent transport term, buoyancy generation term,
and shear generation term, as well as a comparison and the
corresponding correlations in their continuous changes over
1 year at a height of 120 m. From this, it can be seen that there
is a significant correlation (R > 0.76) between the rate of
change in the buoyancy and shear generation terms in space
and the turbulent transport term.

3.5 Characteristics of the dissipation rate

Figure 15 shows the spatiotemporal distribution of the 24 h
dissipation rate for the four seasons of 2022. It can be seen
that during the day, due to solar radiation heating the surface,
an unstable boundary layer forms, which contains strong
turbulent motion and a high dissipation rate. At night, the
surface is cooled by the ground emitting infrared radiation,
which leads to the formation of a stable boundary layer with
weak turbulence and a low dissipation rate. Similar to the
shear generation that has a significant nighttime effect in
summer, the dissipation rate also exhibits a relatively large
characteristic in summer. In order to clarify the factors that
cause this large dissipation rate, we calculated the correla-
tion between it and the shear generation and buoyancy gen-
eration terms, as shown in Fig. 16. From this plot, it can be
seen that the dissipation rate term is significantly correlated
with the shear generation term at night (R > 0.9) but not with
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the buoyancy generation term (R < 0.4). Thus, we determine
that the increase in the nighttime dissipation rate is caused by
shear generation.

Figure 17a shows time-varying curves of the dissipation
rate at a height of 120 m for the four seasons in 2022. From
this, we find that the dissipation rate in summer is higher
than in the other seasons, while the dissipation rate in winter
is higher than that in spring and autumn, and not significantly
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different from that in summer. Figure 17b shows distribution
profiles of the dissipation rate with height for the four sea-
sons in 2022 at 13:00 each day. From this, it can be seen that
the dissipation rate is strongest above 600 m and it has the
greatest effect in autumn. Correspondingly, in Fig. 4b, the
TKE is strongest in autumn above 600 m, indicating that the
dissipation rate is proportional to the TKE at high altitudes.
Considering the positive value of the turbulent transport term

Atmos. Chem. Phys., 25, 8427-8441, 2025
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above 360 m, it can be inferred that the dissipation rate term
is the only factor that dominates energy dissipation at heights
above 360 m during the daytime. Below 360 m, TKE is not
directly proportional to the dissipation rate because the trans-
port of turbulence acts as a form of dissipation. In addition,
it can be observed from the graph that the dissipation rate
reaches a maximum near the ground, which is different from
what was found in previous studies and deserves further in-
vestigation (Zhou et al., 1985).

Figure 18 shows the daytime changes in the TKE budget
terms at different heights in the boundary layer for the dif-
ferent seasons. We first categorized the TKE budget terms

Atmos. Chem. Phys., 25, 8427-8441, 2025

into two groups according to positive (including zero) and
negative values, which were designated as generation and
dissipation terms, respectively. Subsequently, we calculated
the contribution rate of each budget term within its corre-
sponding category by determining its proportion. From this,
it can be seen that below 600 m in the four seasons, the buoy-
ancy generation term is the most important, contributing up
to 60 % of the entire TKE budget. In summer and winter,
above 570 m, the contribution of the shear generation term
is equivalent to that of the buoyancy term. In spring, sum-
mer, and autumn, turbulent transport plays a very important
role at altitudes of about 360 m, contributing up to 20 % and
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being an energy inflow process that cannot be ignored. This
result has important reference significance for improving pa-
rameterization schemes of the boundary layer. In the previ-
ous section, we analyzed the buoyancy and shear generation
terms and concluded that they are the reasons for the highest
impact height of TKE in autumn. From Fig. 18c, we can fur-
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ther see that the contribution of the buoyancy generation term
reaches 60 %, which is much larger than the 20 % contribu-
tion of the shear generation term. Therefore, we can conclude
that the reason for the high-altitude impact of TKE in autumn
is buoyancy generation.

Atmos. Chem. Phys., 25, 8427-8441, 2025
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4 Conclusion

In this study, we used wind lidar to estimate atmospheric tur-
bulence energy to reveal the seasonal characteristics of the
turbulent energy process, and its various components, in the
boundary layer over the Shenzhen area. We revealed that the
TKE tendency term in the Shenzhen area transitions around
14:00, which is mainly caused by buoyancy generation. At
the same time, we found that the TKE in the Shenzhen area
is strongest in summer and has the highest height in autumn.
By analyzing the characteristics of the buoyancy and shear
generation terms, we revealed that the strongest turbulence
in Shenzhen during summer is caused by shear generation,
while the largest TKE component in autumn is buoyancy
generation.

Regarding the turbulent transport term, it is positive during
the daytime at heights above 360 m throughout the four sea-
sons; such transport enhances the TKE. In spring, summer,
and autumn, turbulent transport plays a very important role
at altitudes of about 360 m, contributing up to 20 % of the
total TKE budget, and is an energy inflow process that can-
not be ignored. At the same time, it was found that there is a
significant correlation between the rates of change in the tur-
bulent transport term, shear generation term, and buoyancy
generation term in space. Our results indicate that near the
ground, buoyancy is the main generation process of TKE,
contributing up to 60 %. Above 570 m, the role of shear gen-
eration gradually becomes prominent, comparable to buoy-
ancy generation. Regarding the dissipation rate, it is the only
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dissipation process active above 360 m during the day. At the
same time, we found that there are seasonal differences in the
vertical characteristics of the dissipation rate in the Shenzhen
area, with maximum values near the ground in spring, sum-
mer, and autumn seasons. This is different from the results of
previous studies and deserves further exploration.

While our study provides valuable insights, there are lim-
itations to consider. The data were collected under specific
weather conditions (sunny days without low clouds), which
may not fully represent all atmospheric scenarios. Addition-
ally, the dissipation rate near the ground exhibited seasonal
differences, with maximum values observed in spring, sum-
mer, and autumn, which contrasts with some previous studies
and warrants further investigation.

This study not only enriches our understanding of the ver-
tical structure of atmospheric turbulence but also provides
new observational data and theoretical support for the pa-
rameterization of turbulence energy budget terms in climate
models. These findings contribute to improving the predic-
tive ability of atmospheric dynamic processes, which is of
great significance for meteorological observations, forecast-
ing, and disaster prevention and reduction. One limitation of
the current study is that the analysis does not fully account
for complex weather conditions, such as precipitation and
extensive cloud cover. This aspect might limit the general-
izability of our findings to idealized scenarios in which clear
weather conditions prevail. Future studies should examine a
broader range of meteorological conditions, including signif-
icant weather disturbances, to enhance the robustness and ap-
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plicability of turbulence analyses across diverse atmospheric
environments.

Data availability. The data used to generate the figures of this pa-
per are available at https://doi.org/10.5281/zenodo.13624484 (Xian
et al., 2024a).

Author contributions. JX and HY: conceptualization; JX and
NZ: methodology; JX: software; ZQ: validation; ZC and NZ: for-
mal analysis; HY and ZQ: investigation; CL and HR: resources;
HR: data curation; JX: writing — original draft preparation; HY and
NZ: writing — review and editing; XL: visualization; supervision;
HY and NZ: project administration and funding acquisition.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. We thank Shenzhen Darsunlaser Technol-
ogy Co., Ltd.

Financial support. This work was supported by a Shenzhen Ba-
sic Research General Project (no. JCYJ20240813163803006), the
Key Laboratory of Urban Meteorology of the China Meteorologi-
cal Administration (LUM-2024-03), the National Natural Science
Foundation of China (NSFC; grant nos. U2342221 and 42275065),
the Key Innovation Team of China Meteorological Administration
(grant no. CMA2024ZD04), and the China Postdoctoral Science
Foundation (grant no. 2024M751378).

Review statement. This paper was edited by Geraint Vaughan
and reviewed by Tao Deng and two anonymous referees.

References

Barman, N., Borgohain, A., Kundu, S. S., Roy, R., Saha, B.,
Solanki, R., Kumar, N., and Raju, P. L. N.: Daytime Tem-
poral Variation of Surface-Layer Parameters and Turbulence
Kinetic Energy Budget in Topographically Complex Terrain
Around Umiam, India, Bound.-Lay. Meteorol., 172, 149-166,
https://doi.org/10.1007/s10546-019-00443-6, 2019.

Canut, G., Couvreux, F., Lothon, M., Legain, D., Piguet, B.,
Lampert, A., Maurel, W., and Moulin, E.: Turbulence fluxes
and variances measured with a sonic anemometer mounted

Atmos. Chem. Phys., 25, 8427-8441, 2025

J. Xian et al.: Characteristics of turbulence energy budget in Shenzhen based on wind lidar

on a tethered balloon, Atmos. Meas. Tech., 9, 4375-4386,
https://doi.org/10.5194/amt-9-4375-2016, 2016.

Caughey, S. J. and Wyngaard, J. C.: Turbulence kinetic-energy bud-
get in convective conditions, Q. J. Roy. Meteor. Soc., 105, 231—
239, 1979.

Chou, S. H., Atlas, D., and Yeh, E. N.: Turbulence in a
convective marine atmospheric boundary-layer, J. At-
mos. Sci., 43, 547-564, https://doi.org/10.1175/1520-
0469(1986)043<0547:- TTACMA>2.0.CO;2, 1986.

Darbieu, C., Lohou, F., Lothon, M., Vila-Guerau de Arellano, J.,
Couvreux, E., Durand, P., Pino, D., Patton, E. G., Nilsson, E.,
Blay-Carreras, E., and Gioli, B.: Turbulence vertical structure
of the boundary layer during the afternoon transition, Atmos.
Chem. Phys., 15, 10071-10086, https://doi.org/10.5194/acp-15-
10071-2015, 2015.

Deardorff, J. W.: Three-dimensional numerical study of turbulence
in an entraining mixed layer, Bound.-Lay. Meteorol., 7, 199-226,
1974.

Elguernaoui, O., Reuder, J., Li, D., Maronga, B., Paskyabi,
M. B., Wolf, T., and Esau, I.: The Departure from Mixed-
Layer Similarity During the Afternoon Decay of Turbu-
lence in the Free-Convective Boundary Layer: Results from
Large-Eddy Simulations, Bound.-Lay. Meteorol., 188, 259-284,
https://doi.org/10.1007/s10546-023-00812-2, 2023.

Endoh, T., Matsuno, T., Yoshikawa, Y., and Tsutsumi, E.:
Estimates of the turbulent kinetic energy budget in the
oceanic convective boundary layer, J. Oceanogr., 70, 81-90,
https://doi.org/10.1007/s10872-013-0215-3, 2014.

Frenzen, P. and Vogel, C. A.: The turbulent kinetic-energy budget
in the atmospheric surface-layer — a review and an experimen-
tal reexamination in the field, Bound.-Lay. Meteorol., 60, 49-76,
https://doi.org/10.1007/BF00122061, 1992.

Guo, J., Zhang, J., Yang, K., Liao, H., Zhang, S., Huang, K., Lv,
Y., Shao, J., Yu, T., Tong, B., Li, J., Su, T., Yim, S. H. L., Stof-
felen, A., Zhai, P., and Xu, X.: Investigation of near-global day-
time boundary layer height using high-resolution radiosondes:
first results and comparison with ERA5, MERRA-2, JRA-55,
and NCEP-2 reanalyses, Atmos. Chem. Phys., 21, 17079-17097,
https://doi.org/10.5194/acp-21-17079-2021, 2021.

Heilman, W. E., Clements, C. B., Zhong, S., Clark, K. L., and
Bian, X.: Atmospheric Turbulence, in: Encyclopedia of Wild-
fires and Wildland-Urban Interface (WUI) Fires, edited by:
Manzello, S. L., Springer International Publishing, Cham, 1-17,
https://doi.org/10.1007/978-3-319-51727-8_137-1, 2018.

Jensen, D. D., Price, T. A., Nadeau, D. F.,, Kingston, J., and Pardy-
jak, E. R.: Coastal Wind and Turbulence Observations during the
Morning and Evening Transitions over Tropical Terrain, J. Appl.
Meteorol. Clim., 56, 3167-3185, https://doi.org/10.1175/JAMC-
D-17-0077.1, 2017.

Kaimal, J. C., Wyngaard, J. C., Haugen, D. A., Cote, O.
R., Izumi, Y., Caughey, S. J.,, and Readings, C. J.: Tur-
bulence Structure in Convective Boundary-Layer, J. At-
mos. Sci., 33, 2152-2169, https://doi.org/10.1175/1520-
0469(1976)033<2152:TSITCB>2.0.CO;2, 1976.

Kaimal, J. C. and Finnigan, J. J.: Atmospheric bound-
ary layer flows, Atmospheric boundary layer flows,
https://doi.org/10.1093/0s0/9780195062397.001.0001, 1994.

Lang, C., Tao, S., Wang, X. J., Zhang, G., Li, J., and Fu, J. M.:
Seasonal variation of polycyclic aromatic hydrocarbons (PAHs)

https://doi.org/10.5194/acp-25-8427-2025


https://doi.org/10.5281/zenodo.13624484
https://doi.org/10.1007/s10546-019-00443-6
https://doi.org/10.5194/amt-9-4375-2016
https://doi.org/10.1175/1520-0469(1986)043<0547:TIACMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1986)043<0547:TIACMA>2.0.CO;2
https://doi.org/10.5194/acp-15-10071-2015
https://doi.org/10.5194/acp-15-10071-2015
https://doi.org/10.1007/s10546-023-00812-2
https://doi.org/10.1007/s10872-013-0215-3
https://doi.org/10.1007/BF00122061
https://doi.org/10.5194/acp-21-17079-2021
https://doi.org/10.1007/978-3-319-51727-8_137-1
https://doi.org/10.1175/JAMC-D-17-0077.1
https://doi.org/10.1175/JAMC-D-17-0077.1
https://doi.org/10.1175/1520-0469(1976)033<2152:TSITCB>2.0.CO;2
https://doi.org/10.1175/1520-0469(1976)033<2152:TSITCB>2.0.CO;2
https://doi.org/10.1093/oso/9780195062397.001.0001

J. Xian et al.: Characteristics of turbulence energy budget in Shenzhen based on wind lidar 8441

in Pearl River Delta region, China, Atmos. Enviro., 41, 8370—
8379, https://doi.org/10.1016/j.atmosenv.2007.06.015, 2007.

Lenschow, D. H.. Model of height variation of turbulence
kinetic-energy budget in unstable planetary boundary-layer,
J. Atmos. Sci., 31, 465-474, https://doi.org/10.1175/1520-
0469(1974)031<0465:MOTHVO0>2.0.CO;2, 1974.

Li, J., Dou, J. X., Lenschow, D. H., Zhou, M. Y., Meng, L. H.,
Qiu, X. B., Pan, Y. B., and Zhang, J. J.: Analysis of Bound-
ary Layer Structure, Turbulence, and Flux Variations before
and after the Passage of a Sea Breeze Front Using Meteo-
rological Tower Data, J. Meteorol. Res.-PRC, 37, 855-877,
https://doi.org/10.1007/s13351-023-3057-y, 2023.

Meng, D., Guo, J., Guo, X., Wang, Y., Li, N., Sun, Y., Zhang, Z.,
Tang, N., Li, H., Zhang, F., Tong, B., Xu, H., and Chen, T.:
Elucidating the boundary layer turbulence dissipation rate us-
ing high-resolution measurements from a radar wind profiler net-
work over the Tibetan Plateau, Atmos. Chem. Phys., 24, 8703—
8720, https://doi.org/10.5194/acp-24-8703-2024, 2024.

Nilsson, E., Lohou, F., Lothon, M., Pardyjak, E., Mahrt, L., and Dar-
bieu, C.: Turbulence kinetic energy budget during the afternoon
transition — Part 1: Observed surface TKE budget and boundary
layer description for 10 intensive observation period days, At-
mos. Chem. Phys., 16, 8849-8872, https://doi.org/10.5194/acp-
16-8849-2016, 2016a.

Nilsson, E., Lothon, M., Lohou, F., Pardyjak, E., Hartogensis,
0., and Darbieu, C.: Turbulence kinetic energy budget during
the afternoon transition — Part 2: A simple TKE model, At-
mos. Chem. Phys., 16, 8873-8898, https://doi.org/10.5194/acp-
16-8873-2016, 2016b.

Pozzobon, A. E. D., Acevedo, O. C., Puhales, F. S., Oliveira, P. E.
S., Maroneze, R., and Costa, F. D.: Observed Budgets of Tur-
bulence Kinetic Energy, Heat Flux, and Temperature Variance
Under Convective and Stable Conditions, Bound.-Lay. Meteo-
rol., 187, 619-642, https://doi.org/10.1007/s10546-023-00788-z,
2023.

Puhales, F. S., Rizza, U., Degrazia, G. A., and Acevedo, O.
C.: A simple parameterization for the turbulent kinetic en-
ergy transport terms in the convective boundary layer de-
rived from large eddy simulation, Physica A, 392, 583-595,
https://doi.org/10.1016/j.physa.2012.09.028, 2013.

Qiu, Z. X., Xian, J. H,, Yang, Y. X., Lu, C., Yang, H. L., Hu,
Y. Y., Sun, J. Q., and Zhang, C. S.: Characteristics of Coastal
Low-Level Jets in the Boundary Layer of the Pearl River Es-
tuary, Journal of Marine Science and Engineering, 11, 1128,
https://doi.org/10.3390/jmse11061128, 2023.

Solanki, R., Guo, J,, Lv, Y., Zhang, J., Wu, J., Tong, B., and Li,
J.: Elucidating the atmospheric boundary layer turbulence by
combining UHF radar wind profiler and radiosonde measure-
ments over urban area of Beijing, Urban Climate, 43, 101151,
https://doi.org/10.1016/j.uclim.2022.101151, 2022.

https://doi.org/10.5194/acp-25-8427-2025

Song, L., Deng, T., Li, Z.-N., Wu, S., He, G.-W., Li, F., Wu, M.,
and Wu, D.: Retrieval of boundary layer height and its influ-
ence on PMj 5 concentration based on LiDAR observation over
Guangzhou, J. Trop. Meteorol., 27, 303-318, 2021.

Stull, R. B.: An Introduction to Boundary Layer Meteorology,
Springer Netherlands, https://doi.org/10.1007/978-94-009-3027-
8, 1988.

Therry, G. and Lacarrere, P.: Improving the eddy kinetic-
energy model for planetary boundary-layer description, Bound.-
Lay. Meteorol., 25, 63—88, https://doi.org/10.1007/BF00122098,
1983.

Wyngaard, . C. Turbulence in the Atmo-
sphere,  Cambridge  University = Press, New  York,
https://doi.org/10.1017/CB09780511840524, 2010.

Xian, J., Yang, H., and Zhang, N.: Turbulent Energy Budget Anal-
ysis Based on Coherent Wind Lidar Observations, Zenodo [data
set], https://doi.org/10.5281/zenodo.13624484, 2024a.

Xian, J., Lu, C., Lin, X., Yang, H., Zhang, N., and Zhang, L.: Di-
rectly measuring the power-law exponent and kinetic energy of
atmospheric turbulence using coherent Doppler wind lidar, At-
mos. Meas. Tech., 17, 1837-1850, https://doi.org/10.5194/amt-
17-1837-2024, 2024b.

Xian, J., Luo, H. Y., Lu, C., Lin, X. L., Yang, H. L., and Zhang, N.:
Characteristics of the atmospheric boundary layer height: A per-
spective on turbulent motion, Sci. Total Environ., 919, 170895,
https://doi.org/10.1016/j.scitotenv.2024.170895, 2024c.

Xian, J., Qiu, Z., Luo, H., Hu, Y., Lin, X., Lu, C., Yang, Y., Yang,
H., and Zhang, N.: Turbulent energy budget analysis based on
coherent wind lidar observations, Atmos. Chem. Phys., 25, 441-
457, https://doi.org/10.5194/acp-25-441-2025, 2025.

Yus-Diez, J., Udina, M., Soler, M. R., Lothon, M., Nilsson,
E., Bech, J., and Sun, J.: Nocturnal boundary layer turbu-
lence regimes analysis during the BLLAST campaign, Atmos.
Chem. Phys., 19, 9495-9514, https://doi.org/10.5194/acp-19-
9495-2019, 2019.

Zeman, O. and Tennekes, H.: Parameterization of turbulent en-
ergy budget at top of daytime atmospheric boundary-layer,
J. Atmos. Sci., 34, 111-123, https://doi.org/10.1175/1520-
0469(1977)034<0111:POTTEB>2.0.CO;2, 1977.

Zhou, M. Y., Lenschow, D. H., Stankov, B. B., Kaimal, J. C.,
and Gaynor, J. E.: Wave and turbulence structure in a shal-
low baroclinic convective boundary-layer and overlying inver-
sion, J. Atmos. Sci., 42, 47-57, https://doi.org/10.1175/1520-
0469(1985)042<0047:WATSIA>2.0.CO;2, 1985.

Zhou, Q. J., Li, L., Chan, P. W.,, Cheng, X. L., Lan, C. X., Su,
J. C., He, Y. Q., and Yang, H. L.: Observational Study of
Wind Velocity and Structures during Supertyphoons and Con-
vective Gales over Land Based on a 356-m-High Meteorolog-
ical Gradient Tower, J. Appl. Meteorol. Clim., 62, 103-118,
https://doi.org/10.1175/JAMC-D-22-0013.1, 2023.

Atmos. Chem. Phys., 25, 8427—-8441, 2025


https://doi.org/10.1016/j.atmosenv.2007.06.015
https://doi.org/10.1175/1520-0469(1974)031<0465:MOTHVO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1974)031<0465:MOTHVO>2.0.CO;2
https://doi.org/10.1007/s13351-023-3057-y
https://doi.org/10.5194/acp-24-8703-2024
https://doi.org/10.5194/acp-16-8849-2016
https://doi.org/10.5194/acp-16-8849-2016
https://doi.org/10.5194/acp-16-8873-2016
https://doi.org/10.5194/acp-16-8873-2016
https://doi.org/10.1007/s10546-023-00788-z
https://doi.org/10.1016/j.physa.2012.09.028
https://doi.org/10.3390/jmse11061128
https://doi.org/10.1016/j.uclim.2022.101151
https://doi.org/10.1007/978-94-009-3027-8
https://doi.org/10.1007/978-94-009-3027-8
https://doi.org/10.1007/BF00122098
https://doi.org/10.1017/CBO9780511840524
https://doi.org/10.5281/zenodo.13624484
https://doi.org/10.5194/amt-17-1837-2024
https://doi.org/10.5194/amt-17-1837-2024
https://doi.org/10.1016/j.scitotenv.2024.170895
https://doi.org/10.5194/acp-25-441-2025
https://doi.org/10.5194/acp-19-9495-2019
https://doi.org/10.5194/acp-19-9495-2019
https://doi.org/10.1175/1520-0469(1977)034<0111:POTTEB>2.0.CO;2
https://doi.org/10.1175/1520-0469(1977)034<0111:POTTEB>2.0.CO;2
https://doi.org/10.1175/1520-0469(1985)042<0047:WATSIA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1985)042<0047:WATSIA>2.0.CO;2
https://doi.org/10.1175/JAMC-D-22-0013.1

	Abstract
	Introduction
	Instrument, data, and methods
	Results and discussion
	Characteristics of the turbulence kinetic energy and tendency term
	Characteristics of the buoyancy generation term
	Characteristics of the shear generation term
	Characteristics of the turbulent transport term
	Characteristics of the dissipation rate

	Conclusion
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

