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Abstract
The mixed layer height (MLH) plays a key role in the atmospheric numerical simula-
tion and environmental assessment. Although the medium threshold (MT) method for 
retrieving the MLH from lidar turbulence data is promising, the retrieval suffers from 
the interferences of the low-level jets close to the ground under weak thermal convec-
tion conditions and the boundary layer clouds topped on a well-mixed layer under strong 
thermal convection conditions. Here, a robust threshold (RT) method is developed and 
demonstrated to be robust against the interferences. It helps recalibrate the MLH by taking 
account into the influences of the low-level jets and the boundary layer clouds. To evaluate 
the performance of the RT method, a field experiment is conducted with a coherent Dop-
pler wind lidar. In the experiment, the typical turbulence profiles and their MLH retrieval 
results under different thermal convection conditions are analyzed. The diurnal variations 
of the MLH retrieval results by the MT method and the RT method are compared quali-
tatively and quantitatively. The experiment results indicate that the developed method is 
more robust to the interferences and thus more suitable for retrieving the MLH under 
different thermal convection conditions.
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1  Introduction

In the case of fair-weather days, the atmospheric boundary layer (ABL) has a diurnal cycle 
consisting of the mixed layer (ML) also called the convective boundary layer (CBL) during 
daytime and a shallow surface ML, the stable boundary layer (SBL), and the above residual 
layer (RL) during nighttime (Stull 1988; Collaud Coen et al. 2014; Dang et al. 2019; Wang 
et al. 2021). The ML is one of the major components of the ABL in which we live and 
breathe at night. In the mixed layer, the main form of motion is turbulence which is usually 
thermal convectively driven. Thermal convective sources include heat transfer from a warm 
ground surface after sunrise (Stull 1988). Due to the presence of thermal convection turbu-
lence, mass, and energy, such as heat, water vapor, aerosols, and pollutants are vertically 
mixed below the mixed layer top (Luo et al. 2014). The mixed layer height (MLH), defined 
as the height of the mixed layer top, determines the air volume available for the vertical mix-
ing (Seibert et al. 2000). The MLH is thus an essential variable in numerical simulation and 
environmental assessment of the atmosphere (Yang et al. 2017; Su et al. 2020).

Numerous instruments have been applied to measure the MLH. Direct measuring instru-
ments include radiosondes, meteorological towers, tethered balloons, and aircrafts. Remote 
measuring instruments include microwave radiometers, sodars, radars, lidars, and satellites. 
The advantages and shortcomings of the ABL height including the MLH measuring instru-
ments are summarized in Dang et al. (2019), Zhang et al. (2020) while (Seibert et al. 2000) 
only summarize the MLH measuring instruments. Then, the measurement variables can be 
used as tracers such as meteorological variables, aerosol-related variables, and turbulence-
related variables. Based on these tracers, various retrieval methods have been developed, 
including the visual method, the idealized profile method, the threshold method, the gradi-
ent method, the wavelet method, and the variance method. The ABL height retrieval meth-
ods are evaluated in Luo et al. (2014), Collaud Coen et al. (2014), Dang et al. (2019), 
Kotthaus et al. (2023) while Emeis et al. (2008), Li et al. (2017) only evaluate the MLH 
retrieval methods.

Specifically, among these MLH retrieval methods, the visual method has subjective 
errors, while the latter five methods are more common. The idealized profile method is less 
sensitive to local profiles but not suitable for all atmospheric conditions (Steyn et al. 1999; 
Eresmaa et al. 2006). The threshold method is simple, though it suffers from the need to 
define an appropriate threshold value (Dupont et al. 1994). The gradient method is objec-
tive but interfered by noises and multiple layers (Sicard et al. 2006). The wavelet method is 
automated but still interfered by multiple layers (Cohn and Angevine 2000). The variance 
method is less sensitive to noises, though the temporal resolution of the MLH retrieval 
results is lower (Piironen and Eloranta 1995).

To improve the atmospheric numerical simulation and environmental assessment, accu-
rate instantaneous MLH from robust techniques is required. Thanks to the recent advances 
in measuring instruments and retrieval methods, diurnal observations of the MLH are 
increasingly possible (Zhang et al. 2020; Kotthaus et al. 2023). In terms of measuring instru-
ments, the high spatiotemporal resolution makes lidar one of the most suitable instruments 
for analyzing the atmosphere boundary layer structure (Chan 2011; Jiang et al. 2022, 2023; 
Xia et al. 2024; Su et al. 2024). Above the mixed layer, an important feature is the entrain-
ment zone, a zone that is not fully mixed and where turbulence intensity decreases towards 
its top (Seibert et al. 2000). Thus, in terms of retrieval methods, the threshold method is suit-
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able when the tracer is turbulence intensity. The MLH can be retrieved from lidar-measured 
turbulence intensity vertical profiles by setting an appropriate turbulence intensity thresh-
old (O’Connor et al. 2010; Vakkari et al. 2015; Borque et al. 2016; Manninen et al. 2018; 
Banakh et al. 2021).

Turbulence intensity is generally characterized by wind velocity variance or turbulent 
kinetic energy dissipation rate (TKEDR) (Stull 1988; Banakh et al. 2021). For wind velocity 
variance, the threshold value for retrieving the MLH is found to vary with different loca-
tions (Tucker et al. 2009; Pearson et al. 2010; Huang et al. 2017; Wang et al. 2019). For 
TKEDR, previous studies suggest 10− 4 m2 s− 3 as a suitable threshold value for retrieving the 
MLH (O’Connor et al. 2010; Vakkari et al. 2015; Borque et al. 2016; Manninen et al. 2018; 
Banakh et al. 2021). In our previous studies, we demonstrate that TKEDR is a good tracer 
(Wang et al. 2021) and the suitable threshold value is constant at both inland and marine 
sites (Wang et al. 2022). Specifically, compared to the tracer of carrier-to-noise ratio (CNR), 
the tracer of TKEDR is demonstrated that is robust to the lidar instability in MLH retrieval 
processes (Wang et al. 2021). The effectiveness of the TKEDR threshold value of 10− 4 m2 
s− 3 is verified by comparison with radiosondes (Wang et al. 2022).

Although the threshold method for retrieving the MLH from lidar-measured TKEDR ver-
tical profiles is promising, the retrieval suffers from profile fluctuations. A medium threshold 
(MT) method is applied in Wang et al. (2021) to reduce the influence of profile fluctuations. 
Nevertheless, the MLH retrieval results by the MT method are sometimes overestimated 
under weak thermal convection conditions and cannot be detected under strong thermal 
convection conditions. To solve the issue, a robust threshold (RT) method is developed here.

In this work, to evaluate the performance of the developed method, a field experiment 
is conducted with a coherent Doppler wind lidar. An observation of TKEDR is then per-
formed. Based on this, the MT method and the RT method are both applied to retrieve MLH 
from the lidar-measured TKEDR vertical profile. After that, the two MLH retrieval results 
are compared qualitatively and quantitatively.

The rest of this paper is organized as follows: Sect. 2 introduces the experimental site, 
instrument, and data. Section 3 describes the MT method and the RT method. Section 4 
presents the diurnal variations of the MLH retrieval results by the MT method and the RT 
method. A statistical comparison of the two MLH retrieval results is also made. Section 5 
gives a conclusion. In this paper, LST (local standard time, LST = UTC + 8) is used.

2  Site, Instrument, and Data

2.1  Experimental Site

Figure 1 shows the elevation map of the ground-based experimental site and the figure of the 
experimental setup. The experiment is conducted at Xilinhot, Xilinguole grassland, China 
(43°54′N, 115°58′E). It is a remote suburban grassland area without any buildings. The ter-
ritory is flat with an average altitude of 988.5 m and a typical temperate continental climate. 
The grassland terrain is favorable for the formation of the low-level jet close to the ground. 
The lidar operates for 14 days during 1–30 September 2019.
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2.2  Coherent Doppler Wind Lidar

In the experiment, a lidar is located on the experimental site. It is an all-fiber coherent 
Doppler wind lidar. The detailed specifications of the lidar are described in Wang et al. 
(2017). This lidar is equipped with a rotatable platform and thus has the capability of full 
hemispheric scanning. During the experiment, the lidar operates in a velocity azimuth dis-
play (VAD) mode. This mode is defined as a conical scanning of the laser beam around the 
vertical axis, with a fixed zenith angle and an azimuth angle that changes from 0 to 360°. 
In this experiment, the elevation angle is set to 60° and the azimuth angle resolution is set 
to 5°. The accumulation time of each radial is 2 s thus the cycle time of one conical scan is 
about 144 s. The radial range resolution is 30 m between 0 and 2.5 km and 60 m between 
2.5 and 5.5 km.

2.3  Lidar Data

The main lidar data for retrieving the MLH is TKEDR. After one conical scan of the lidar, a 
TKEDR vertical profile is obtained. Specifically, for each radial velocity measurement, the 
aerosol backscatter is first mixed with a local oscillator, resulting in a Doppler signal from 
which radial wind velocity can be measured. The ratio of Doppler signal power to noise 
power is CNR which determines the accuracy of radial velocity measurement. Since veloc-
ity variance mainly depends on CNR, only the radial velocity measurements with CNR 
larger than − 35 dB (velocity variance smaller than 0.2 m/s) are used for wind vector deter-
mination (Wang et al. 2017). Secondly, for one conical scan, the wind vector, including 
horizontal wind speed, horizontal wind direction, and vertical wind speed, is determined 
by the filtered sine wave fitting method (Banakh et al. 2010). The percentage of good radial 
velocity measurements among all measurements over one conical scan is the maximum of 
the filtering function (Q). To ensure the reliability of wind vectors, the condition of Qmax 
larger than 40% need be satisfied (Banakh et al. 2015). Thirdly, TKEDR, which represents 
the rate of energy cascades from large to small eddies within the inertial subrange (Borque 
et al. 2016), is determined by fitting the azimuth structure function of radial wind velocity 
to a model prediction. The detailed algorithm is described in Smalikho and Banakh (2017).

Fig. 1  Elevation map of the experimental site and the figure of the experimental setup
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3  Methodology

3.1  MT Method for Retrieving the MLH

Figure 2 gives two typical TKEDR profiles and their MLH retrieval results under two 
moderate thermal convection conditions, while Fig.  3 presents two profiles under weak 
and strong thermal convection conditions respectively. For each row, from left to right are 
profiles of CNR, Haar wavelet covariance transform of the CNR, horizontal wind speed, 
TKEDR and its MLH retrieval result by the MT method, and the same TKEDR and its MLH 
retrieval result by the RT method. MLHMT and MLHRT denoted by black circles and pink 
circles are the MLH retrieval results by the MT method and the RT method, respectively.

The CNR, which represents aerosol concentration, is a measure of aerosol backscatter 
intensity. There is usually a rapid increase in a CNR profile at the cloud base, resulting in a 
local minimum in its Haar wavelet covariance transform profile (Baars et al. 2008). Thus, 
the Haar wavelet covariance transform ( Wf ) of CNR is calculated here to identify the cloud 
base. The Haar function is defined as:
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 where z is height, a is function dilation, and b is center position. The covariance transform 
of the function is defined as Brooks (2003):

Fig. 2  Profiles of lidar data and their MLH retrieval results on 2 September 2019: a1 CNR and its b1 Haar 
wavelet covariance transform, c1 horizontal wind speed, d1 TKEDR base 10 logarithm and MLHMT by 
the MT method (black circle), e1 the same TKEDR base 10 logarithm and MLHRT by the RT method 
(pink circle) under one moderate thermal convection condition. a2–e2 is under the other moderate ther-
mal convection condition
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 where f (z) is range-corrected CNR, zb and zt are bottom and top heights of selected 
range.

In theory, for an appropriate threshold, the TKEDR is less than the threshold above 
the MLH and vice versa. Figure  2d1 gives an ideal TKEDR profile, which is relatively 
smooth, in moderate thermal convection. The suggested TKEDR threshold of 10− 4 m2 s− 3 
in O’Connor et al. (2010, Vakkari et al. (2015), Borque et al. (2016), Manninen et al. (2018), 
Banakh et al. (2021) is used and hence an MLH of 2.49 km is obtained.

In practice, the retrieval suffers from the interference of profile fluctuations when TKEDR 
profiles are non-ideal. For example, as seen in Fig. 2d2, there is an outlier caused by profile 
fluctuations. If the threshold is directly used, the MLH would be mistakenly located at the 
height of the outlier. An MT method is applied (Wang et al. 2021) to exclude the outlier. 
In detail, step1, find the median zmed of all heights with TKEDR less than the thresh-
old. Step2, find the MLH, which is the maximum of all heights below zmed with TKEDR 
more than the threshold. As a result, the outlier is excluded, and the MLHMT is successfully 
located at 2.44 km.

Besides, the retrieval suffers from the other interferences of low-level jets and boundary 
layer clouds. The two interferences usually occur under weak and strong thermal convection 
conditions, respectively.

At midnight, thermal convection is weak, and low-level jets are often observed. At this 
time, thermal convection turbulence is weak. Low-level jet turbulence is rare inside jet 
streams, while it is usually found near jet streams (Brooks 2003). As an example of weak 

Fig. 3  Profiles of lidar data and their MLH retrieval results on 2 September 2019: a1 CNR and its b1 Haar 
wavelet covariance transform, c1 horizontal wind speed, d1 TKEDR base 10 logarithm and MLHMT by 
the MT method (black circle), e1 the same TKEDR base 10 logarithm and MLHRT by the RT method 
(pink circle) under a weak thermal convection condition. a2–e2 is under a strong thermal convection 
condition
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thermal convection, Fig. 3d1 gives a TKEDR profile interfered by low-level jet turbulence. 
As seen in Fig. 3c1, a low-level jet with a maximum wind speed of 12.6 m/s occurs between 
about 0–0.9 km. The minimum TKEDR at the layer of the maximum wind speed is about 
10− 5.5 m2 s− 3. The low-level jet turbulence is then formed above the jet stream, leading to an 
accidental increase in the TKEDR profile from about 10− 5.5 to 10− 4.5 m2 s− 3 between about 
0.5–0.9 km. One can see that the MLHMT is overestimated at 0.91 km which is the height of 
the low-level jet turbulence. It indicates that the MT method is inapplicable when there is a 
low-level jet close to the ground under weak thermal convection conditions.

At noon, boundary layer clouds are often observed under strong thermal convection con-
ditions. Thermal convection turbulence is dominant because thermal bubbles are the basic 
form of turbulence (Zhang et al. 2020). On the top of a well-mixed layer, boundary layer 
clouds are usually formed. As an example of strong thermal convection, Fig. 3d2 gives a 
TKEDR profile interfered by a boundary layer cloud. As seen in Fig. 3a2, there is a rapid 
increase in the CNR profile at about 3 km, resulting in a local minimum of less than − 0.1 
in its Haar wavelet covariance transform profile as seen in Fig. 3b2. The height of the cloud 
base is identified by the local minimum. The error of TKEDR estimation increases rapidly 
above the cloud, resulting in the lack of TKEDR estimation above about 3 km as seen in 
Fig. 3d2. Due to the lack of TKEDR estimation, the MLHMT cannot be detected. It indicates 
that the MT method is inapplicable when there is a boundary layer cloud topped on a well-
mixed layer under strong thermal convection conditions.

Fig. 4  Workflow of the RT method
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In summary, Fig. 2d1 and d2 indicate that the MT method is applicable for retrieving the 
MLH under moderate thermal convection conditions but Fig. 3d1 and d2 indicate that the 
MT method is inapplicable under weak and strong thermal convection conditions.

3.2  RT Method for Retrieving the MLH

To resist the interferences of low-level jets and boundary layer clouds, an RT method is 
developed here. The MLH retrieval process of the RT method takes account into the inter-
ferences of the low-level jets under weak thermal convection conditions and the bound-
ary layer clouds under strong thermal convection conditions, which helps recalibrate the 
retrieval result. The workflow of the RT method is shown in Fig. 4.

Firstly, the lidar data including CNR and TKEDR ( ϵ ) profiles are input.
Secondly, the suggested ϵ  threshold of 10− 4 m2 s− 3 in O’Connor et al. (2010), Vakkari 

et al. (2015), Borque et al. (2016), Manninen et al. (2018), Banakh et al. (2021) is used. If 
there is ϵ  less than the threshold, the workflow is as follows:

Step 1. Find the median zmed
(t=0) of all heights with ϵ  less than the threshold.

Step 2. Find MLH(t), which is the maximum of all heights below zmed
(t) with ϵ  more 

than the threshold.
Step 3. Find the minimum ϵ min

(t) of all ϵ  below MLH(t). Set MLHRT equal to MLH(t) 
if ϵ min

(t) > 10−4.5 m2 s−3 is satisfied. Otherwise, update zmed
(t+1) as MLH(t), and then 

repeat Steps 2 and 3. Considering the minimum TKEDR at the layer of the maximum wind 
speed in the low-level jet is between about 10−4.5 and 10−5.5 m2 s−3 during this observation 
and having tested multiple limit values, a lower limit of 10−4.5 m2 s− 3 is used here. The lower 

Fig. 5  Profiles of lidar data and their MLH retrieval results: a1 CNR and its b1 Haar wavelet covariance 
transform, c1 horizontal wind speed, d1 TKEDR base 10 logarithm and MLHMT by the MT method (black 
circle), e1 the same TKEDR base 10 logarithm and MLHRT by the RT method (pink circle) under a weak 
thermal convection condition on 27 September 2019. a2–e2 is under another weak thermal convection 
condition on 28 September 2019
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limit is used to identify whether the MLH(t) is overestimated at the height of low-level jet 
turbulence. As a result, in Fig. 3e1, the MLHRT is successfully located at 0.13 km.

Thirdly, if there is no ϵ  less than the threshold, the workflow is as follows:
Find the maximum detectable height zmax of ε.
Calculate the Haar wavelet covariance transform ( Wf ) of CNR (Brooks 2003). The Wf  

calculated here is to identify boundary layer clouds.
In the case of boundary layer clouds, the cloud height is the boundary layer height (Li et 

al. 2017). Set MLHRT equal to zmax if Wf < −0.1 is satisfied just below zmax. An upper 
limit of −0.1 (Baars et al. 2008) is used to identify cloud bases. In other words, the upper 
limit is used to identify whether there is a boundary layer cloud at zmax. As a result, in 
Fig. 3e2, the MLHRT is successfully obtained at 3.07 km.

Finally, the MLHRT is output.
The reason for the MLHRT difference between Fig. 3e1 and e2 is that Fig. 3e1 corresponds 

to a shallow surface ML at midnight whereas Fig. 3e2 corresponds to a fully developed ML 
at noon. Figures 2e1, e2 and 3e1, e2 indicate that the RT method is suitable for retrieving the 
MLH under different thermal convection conditions including weak and strong thermal con-
vection conditions. To further evaluate the RT method, Fig. 5 gives the other two low-level 
jet cases under weak thermal convection conditions. As seen in Fig. 5c1, c2, the low-level 
jets with a maximum wind speed of 16.0 m/s are both observed. In Fig. 5d1, d2, the MLHMT 
are overestimated at 0.60 km and 0.36 km which are the heights of the low-level jet turbu-
lences, whereas the MLHRT are successfully located at 0.16 km and 0.13 km in Fig. 5e1, e2.

4  Experimental Results and Discuss

4.1  Diurnal Variations of the MLH Retrieval Results by the MT Method and the RT 
Method

Figure 6 presents a two-day continuous observation of TKEDR and its MLH retrieval 
results. The short data missing results from the suspension of lidar for cleaning the tele-
scope. From top to bottom are diurnal variations of CNR as shown in Fig. 6a, horizontal 
wind speed in Fig. 6b, horizontal wind direction in Fig. 6c, vertical wind speed in Fig. 6d, 
TKEDR and its MLH retrieval result by the MT method in Fig. 6e1, and the same TKEDR 
and its MLH retrieval result by the RT method in Fig. 6e2. Wind direction is defined as 0° 
for northerly horizontal wind and rotates clockwise. Positive vertical wind speed denotes 
downward wind. The sunrise time is marked by red upward triangles, and the sunset time is 
by blue downward triangles. The MLHMT and the MLHRT are still denoted by black circles 
and pink circles, respectively (Fig. 5).

As seen in Fig. 6e1, there are two obvious diurnal variations in both TKEDR and its 
MLH retrieval results. In general, turbulence sources include wind shear production and 
buoyancy production (Moeng and Sullivan 1994). Wind shear production arises from the 
shear close to the ground wind or is associated with low-level jets at night (Banta et al. 2006; 
Manninen et al. 2018). During the daytime, buoyancy production is the dominant turbulence 
source (Oke 2002). After sunrise, thermal convection turbulence develops gradually forced 
by solar radiation, and boundary layer clouds are usually formed in the upper portion of the 
mixed layer.
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In the nighttime of the two days, low-level jets are both observed during 0000–1000 LST 
on 2 September and during 0000–0600 LST on 3 September as seen in Fig. 6b. The hori-
zontal wind speed is in the range of 10–15 m/s. The corresponding horizontal wind direction 
and vertical wind speed are relatively stable as seen in Fig. 6c, d. The first half of the low-
level jet on 2 September, which occurs close to the ground and under weak thermal convec-
tion conditions, may interfere with the MLH retrieval. Take 2 September as an example, 
the sunrise time is 0554 LST, while the sunset time is 1902 LST, and the TKEDR reaches 
its peak at about 1400 LST. As seen in Fig.  6e1, the low-level jet turbulence is formed 
above the jet stream away from the ground, while the thermal convection turbulence close 
to the ground is weak before sunrise, resulting in an accidental increase in the TKEDR. It 

Fig. 6  Diurnal variations of lidar data and their MLH retrieval results during 2–3 September 2019: a 
CNR, b Horizontal wind speed, c horizontal wind direction, d vertical wind speed, e1 TKEDR base 10 
logarithm and MLHMT by the MT method (black circle), e2 the same TKEDR base 10 logarithm and 
MLHRT by the RT method (pink circle)
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is noticeable that the MLHMT in Fig. 6e1 is overestimated at the height of the low-level jet 
turbulence whereas the MLHRT in Fig. 6e2 is successfully located at the near-surface.

In the daytime of 2 September, boundary layer clouds are observed during 1300–1700 
LST at about 3 km as seen in Fig. 6a. The boundary layer cloud, which occurs topped on 
a well-mixed layer and under strong thermal convections, may interfere with the MLH 
retrieval. As seen in Fig. 6e1, the TKEDR cannot be detected above the cloud. Note that the 
MLHMT in Fig. 6e1 cannot be detected due to the lack of TKEDR estimation whereas the 
MLHRT in Fig. 6e2 is successfully obtained.

4.2  Statistical Comparison of the MLH Retrieval Results by the MT Method and the 
RT Method

As seen in Fig. 6a and b, the low-level jet is often observed during 0000–1200, 1800–2400 
LST, and the boundary layer cloud is during 1200–1800 LST. To further compare the perfor-
mance of the MT method and the RT method, the MLHMT and the MLHRT are both classified 
into the two time periods.

Figure 7 shows the statistical distribution of the MLHMT and the MLHRT. The ordinate 
is the occurrence of MLH retrieval results in the range of 0 and 4 km. The MLHMT and the 
MLHRT are denoted by black columns and pink columns, respectively. As shown in Fig. 7a, 
compared to the MLHMT, the occurrence of MLHRT at the near-surface is larger. Corre-
spondingly, the mean of the MLHRT in this time period is 0.39 km which is 0.1 km lower 
than the MLHMT. It demonstrates the improved reliability of the RT method in correcting 
the overestimated MLHMT interfered by low-level jets. In Fig. 7b, the occurrence of MLHRT 
in the range of 3–4 km is larger. The mean of the MLHRT is 2.96 km which is 0.3 km higher 
than the MLHMT. It demonstrates the improved reliability of the RT method in filling the 
undetected MLHMT interfered by boundary layer clouds. In a word, Figs. 6b and 7a validate 
the capability of the RT method in resisting the interferences of low-level jets and boundary 
layer clouds.

Fig. 7  Statistical comparison of MLHMT (black column) and MLHRT (pink column) in 14 fair weather 
days during 1–30 September 2019: a 0000–1200, 1800–2400 LST including 10 low-level jet cases, b 
1200–1800 LST including 11 boundary layer cloud cases
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5  Conclusion

A robust threshold method for retrieving the MLH from lidar-measured TKEDR vertical 
profiles under different thermal convection conditions is developed and demonstrated. To 
evaluate the anti-interference of the developed method, an observation is performed with a 
ground-based lidar. The experiment results indicate that the developed method is not only 
workable under moderate thermal convection conditions but also works well under weak 
and strong thermal convection conditions. Such a developed method is expected to con-
tribute to improving the accuracy of atmospheric numerical simulation and environmental 
assessment.

In this work, the performance of the RT method is evaluated in fair weather at single site. 
To comprehensively evaluate the performance of the RT method, not only fair weather but 
also other weathers at different sites are needed in further studies.
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