Response to Reviewer 1’s Comments
Response: We thank the anonymous reviewer for his/her comprehensive evaluation and thoughtful
comments. We have addressed the reviewers' concern one by one. For clarity purpose, here we have
listed the reviewer' comments in plain font, followed by our response in bold italics.
5
The manuscript described and inter-compared performances of four methods (PM, RM, GMRH, and
GMθ) which were widely used to estimate PBLH from RS data. In general, the study fit the scope of
the journal and the manuscript was well organized. These results shown in the manuscript can be
regarded as a useful reference when selecting boundary layer algorithms. Additionally, there are still
10 several points that need to be clarified before it could be considered for acceptance.
Response: Thanks for the reviewer’s positive comments on our manuscript.

1. In Abstract section, some sentences are not clear enough between Line 19 and Line 25 of Page 1,
such as “PBLH from PM is the lowest under all and SBL classifications, and the highest under CBL
15 and NBL classifications”. Please rephrase or clarify.
Response: We gratefully appreciate for your valuable comment. In Abstract section, we rephrase
the following paragraph:
“Results indicate that SBL is dominant at nighttime, whilst CBL dominates at daytime. Under all
and SBL classifications, PBLH retrieved by RM is typically higher than those retrieved using the
20 other methods. By the contrary, PBLH result retrieved by PM is the lowest. Under CBL and NBL
classifications, PBLH retrieved by PM is the highest. PBLH retrieved by GMθ and GMRH is
relatively low under all classifications. Moreover, the uncertainty analysis shows that the
consistency of PBLH retrieved by different algorithms is more than 80% under CBL and NBL
classifications. By contrast, the consistency of PBLH is less than 60% under SBL classification.”
25

1

2. The study focused on estimating the performances of four PBLH calculation methods. But, in the
Introduction section, the description of the advance of the subject (namely, the various comparison
and estimation of PBLH methods in existing research) is not sufficient enough.
Response: Per your kind suggestion. We have made a further comparative study on the existing
5 PBLH inversion methods, which have been added to the Introduction section in the revised
manuscript.
3. How much data were used in the study obtained from sites of Beijing, Wuhan, Changsha at 0600
UTC? Since the 0600 UTC is afternoon at local, there should be more CBL and NBL cases in these
10 three cities (as shown in Figure 1 and Page 6 Line 1-2).
Response: We gratefully appreciate for your valuable comment. In this study, the RS data of Beijing,
Wuhan and Changsha sites at 0600 UTC accounted for 13.17%, 2.15% and 2.16% of the data of
their respective sites respectively. The proportion of RS data at 0600 UTC is very small, except at
0600 UTC, where CBL is dominant, and from other times as well as the overall time, SBL is still
15 dominant, as shown in Figure 2.

4. In addition to the TIL, have any additional indicators been added to filter data in order to remove
cases under extreme weather conditions? Will the extreme weather, such as rain, snow, fog and storms,
impact on the estimation of the boundary layer for RS data?
20 Response: We gratefully appreciate for your valuable comment. This study focuses on comparing
the performance of the retrieval methods. The presence or absence of cloud rejection and some
weather extremes do not have a significant impact on the evaluation process in this study, as the
evaluation is carried out under the same conditions. Zhang et al. (2020) compared the mean PBLHs
under clear and cloudy conditions and found that the diurnal variation of PBLH is stronger under
25 clear conditions than under cloudy conditions, but the trend of PBLH variation was consistent and
the difference in PBLH was not significant.
2

Reference
Zhang, Y., Sun, K., Gao, Z., Pan, Z., Shook, M.A., and Li, D.: Diurnal Climatology of Planetary
Boundary Layer Height Over the Contiguous United States Derived From AMDAR and
Reanalysis Data, Journal of Geophysical Research: Atmospheres, 125, 2020.
5
5. Whether the performance estimations and the OP method are affected by geographic
location? I noticed that the mean value of PBLH obtained by OP method are lowest or
nearly lowest among the four methods in some cities, such as 57494, 57687, 59758, and 59948.
Response: We gratefully appreciate for your valuable comment. The performance estimations and
10 the OP method are valid for all geographic locations. The reason why the mean value of PBLH
obtained by OP method are lowest or nearly lowest among the four methods in some cities is that in
OP method, when TIL is present, the height of the temperature inversion top is defined as PBLH,
but the other four methods do not take TIL into account. The PBLH of TIL is generally low, and
the proportion of TIL in each time period is relatively large in the four cities of 57494, 57687, 59758
15 and 59948, as shown in Figure 2.

6. It is better to add a flow chart for the OP method as described in section of 3.4.
Response: Per your kind suggestion. We show a flow chart of OP method, as shown below. Due to
this process is very simple, we did not add a picture in the paper.

20
Figure S1. Flow chart of OP method.
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Response to Reviewer 2’s Comments
Response: We thank the anonymous reviewer for his/her comprehensive evaluation and thoughtful
comments. We have addressed the reviewers' concern one by one. For clarity purpose, here we have
listed the reviewer' comments in plain font, followed by our response in bold italics.
5
This study focuses on the performance of four common RS methods under different thermodynamic
stability conditions and proposes an optimal processing flow for the RS data retrieval of PBLH. This
study provides an optimal RS standard value retrieval method for further inversion of the PBLH
through artificial intelligence algorithms. The article has a clear structure and contributes to this area.
10 But in my opinion, there are still some problems should be solved before publishing.
Response: Thanks for the reviewer’s positive comments on our manuscript.

1. For gradient method, the author mentioned that the threshold values of the potential temperature and
RH vertical gradients were set as 0.003 K/m and 0/m, respectively. Why need to set this threshold?
15 Similarly, why was the threshold of Ri set to 0.25, and whether the sensitivity test has been carried
out?
Response: We gratefully appreciate for your valuable comment. Taking the case of May 25, 2019
as an example, as shown in Figure 1 of the response, Figs. 1a and 1c is a vertical gradient image of
potential temperature and RH with no threshold set. It can be seen from the Figs. 1a and 1c that
20 there is an oscillation curve before the local peak of the vertical gradient occurs, which affects the
search for the local peak of the vertical gradient. Therefore, we have found the most appropriate
threshold of 0.003K/m and 0/m through many experiments, which can eliminate the influence of
oscillation on the final result, as shown in Figs. 1b and 1d.
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Figure 1. Vertical gradients of the potential temperature and RH.
The reason why the threshold of Ri set to 0.25 is that Guo et al. (2016) have carried out sensitivity
analysis on the threshold of Ri and indicated that it is appropriate to set it to 0.25.
5
Reference
Guo, J., Miao, Y., Zhang, Y., Liu, H., Li, Z., Zhang, W., He, J., Lou, M., Yan, Y., and Bian, L.: The
climatology of planetary boundary layer height in China derived from radiosonde and
reanalysis
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https://doi.org/10.5194/acp-16-13309-2016, 2016.
2. About the RS data, why did author choose only nine sites for the experiment? Will there be similar
results using data from all sites in the country?
Response: We gratefully appreciate for your valuable comment. The nine sites in China were

15 selected because they are equipped with radar wind profiler, which facilitates the subsequent
comparison of RS observations with radar wind profiler observations for verification. For the
second question, Guo et al. (2021) investigated the global boundary layer height using high-

5

resolution RS data and reanalysis data, which included about 120 stations from China, and the
results of the spatial distribution and diurnal variation of the boundary layer height were similar to
our study.

5 Reference
Guo, J., Zhang, J., Yang, K., Liao, H., Zhang, S., Huang, K., Lv, Y., Shao, J., Yu, T., and Tong, B.:
Investigation of near-global daytime boundary layer height using high-resolution radiosondes:
First results and comparison with ERA-5, MERRA-2, JRA-55, and NCEP-2 reanalyses,
Atmospheric Chemistry and Physics Discussions, 1-39, https://doi.org/10.5194/acp-2021-257,
10

2021.
3. Section 1: In the third part of the introduction, only a few methods compared in this paper are
described in the description of the existing RS data retrieval methods of PBLH, which should be
described more comprehensively.

15 Response: Per your kind suggestion. We have made a further comparative study on the existing RS
data retrieval methods of PBLH, which have been added to the Introduction section in the revised
manuscript.
4. P4-L18-19: This article studies PBLH retrieval method based on RS data. What is the role of radar
20 wind profiler here?
Response: We gratefully appreciate for your valuable comment. As in the answer to the second
question, the purpose of adding the radar wind profile here is to show that the nine sites selected for
this study are equipped with a radar wind profiler, so that the RS data can be compared with the
radar wind profiler for verification of the boundary layer height observations in the future.
25
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5. P6-L6: Although there is an explanation for the abbreviation of GMθ in the abstract, what does the
θ refers to here, should be explained again.
Response: Per your kind suggestion. We have added an explanation of the meaning of θ in the
revised manuscript
5
6. P6-L19: Does the “rib” here refer to the Richardson number? If so, “b” should be in the form of
subscript. And the specific meaning of rib needs to be explained.
Response: Per your kind suggestion. The “rib” in this context does refer to the Richardson number.
We have changed “b” to the standard subscript form according to your suggestion and explained it
10 in detail
7. Figure 2: Why is the proportion of various categories not 100% at All time? At different times, the
proportion of different categories is relative to all the cases of a site, or relative to the effective cases?
Response: We gratefully appreciate for your valuable comment. The reason why the total percentage
of each category at all times is not 100% is that we have excluded some cases with abnormal data
15 and not all cases are valid. The proportion of different categories at different times is calculated
relative to all cases at a site.

8. Section 3.3: This section analyzes the consistency of different algorithms under various
classification conditions, and finds out the reasons for the inconsistency. However, we notice that the
20 inconsistency ratio under SBL classification is higher than that under other classification conditions.
It is suggested to make a key explanation for the high inconsistency ratio under SBL classification.
Response: Per your kind suggestion. We have further analyzed and explained the causes of the high
inconsistency ratio of various algorithms under SBL classification in Section 3.3 of the revised
manuscript.
25
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10 Abstract. Radiosonde (RS) is widely used to detect the vertical structures of the planetary boundary
layer (PBL), and numerous methods have been proposed for retrieving PBL height (PBLH) from RS
data. However, an algorithm that is suitable under all atmospheric conditions does not exist. This study
evaluates the performance of four common PBLH algorithms under different thermodynamic stability
conditions based on RS data collected from nine sites in January–December 2019. The four RS
15 algorithms are the potential temperature gradient method (GMθ), relative humidity (RH) gradient
method (GMRH), parcel method (PM) and Richardson number method (RM). Atmospheric conditions
are divided into convective boundary layer (CBL), neutral boundary layer (NBL) and stable boundary
layer (SBL) on the basis of the potential temperature profile. Results indicate that SBL is dominant at
nighttime, whilst CBL dominates at daytime. Under all and SBL classifications, PBLH retrieved byvia
20 RM is typically higher than those retrieved using the other methods.; onBy the contrary, PBLH result
retrieved byvia PM is the lowest. Under CBL and NBL classifications, PBLH retrieved byvia PM is
the highest. PBLH retrieved byusing GMθ and GMRH is relatively low under allvarious classifications.
Moreover, the uncertainty analysis shows that the consistency of PBLH retrieved byusing different
algorithms is more than 80% under CBL and NBL classifications. By contrast, the consistency of
25 PBLH is less than 60% under SBL classification. The average profiles and standard deviations of wind
speed and potential temperature under consistent and inconsistent conditions are also investigated. The
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results indicate that consistent cases are typically accompanied by evident atmospheric stratification,
such as a large gradient in the potential temperature profile or a low-level jet in the wind speed profile.
These findingresults indicate that the reliability of the PBLH results retrieved from RS data is affected
by the structure of the boundary layer. Overall, GMθ and RM are appropriate for CBL condition. GMθ
5 and PM are recommended for NBL condition. GMθ and GMRH are robust for SBL condition. This
comprehensive comparison provides a reference for selecting the appropriate algorithm when
retrieving PBLH from RS data.

1 Introduction
The planetary boundary layer (PBL) is the lowest layer of the atmosphere. Its vertical structure have
10 ais of highly significant in the study of the environment and climate (Stull, 1988; Garratt et al., 1982;
Guo et al., 2016; Wang et al., 2021). The structure of PBL is considerably greatly affected by
topography, season and weather (Eresmaa et al., 2006; Guo et al., 2016). Moreover, the PBL height
(PBLH) is directly related to the accumulation and diffusion of pollutants, and it can also be used as
the input parameter of atmospheric chemical models and weather forecast systems (Liu et al., 2020;
15 Shi et al., 2020; Zhang et al., 2021). The continuous observation of PBLH is conducive to investigating
the spatial and temporal distributions of pollutants and further optimising pollution simulation (Liu et
al., 2018; Seibert et al., 2000; Yu et al., 2021). Therefore, monitoring PBLH is important (Seidel et al.,
2010).
In recent years, various instruments have been developed to observe the structure of PBL. These
20 instruments include the radiosonde (RS), radar wind profiler, microwave radiometer, lidar, and and
ceilometer and satellite (Emeis et al., 2004; Guo et al., 2016; 2021; Liu et al., 2019; Aryee et al., 2020;
Jiang et al., 2020; Liu et al., 2018). In accordance with the principle of observation, these instruments
can be divided into threethreefour categories. RS and microwave radiometers can invert the vertical
structure of the boundary layer by detecting atmospheric thermodynamic profiles (e.g. temperature and
9

humidity) (Guo et al., 2016; Zhang et al., 2018).;. Lou et al. (2019) investigated the relationship
between aerosol and PBLH under different thermodynamic conditions using summertime RS data
from China for the period from 2014 to 2017. Radar wind profilers can detect the vertical distribution
of the atmospheric wind field and calculate PBLH through the variation of the atmospheric dynamic
5 structure (Liu et al., 2020).;. Solanki et al. (2021) revealed the seasonally contrasting features of PBLH
variation based on theused radar wind -profiler measurements obtained from rural mountainous and
adjoining urban-plain landscapes of Beijing. Lidars and ceilometers observe the vertical structure of
the boundary layer through the extinction properties of aerosols in the boundary layer (Haeffelin et al.,
2012; Schween et al., 2014; Liu et al., 2018).;. based on integrated observations from a Doppler Wind
10 lidar in the center of Beijing, Yang et al. (2020) characterized the entire diurnal cycle of urban PBLH
in December 2016 based on the Doppler Wind lidar observations in the center of Beijing, and
investigated the effects of PBLH and turbulence intensity on pollutant diffusion. These instruments
provide us with good tools for observing the boundary layer.
Given its high detection accuracy and strong anti-interference capability, RS has been widely used in
15 detecting PBLH (Seidel et al., 2012). PBLH is traditionally retrieved fromthrough the height-resolved
observation of RS data, such as the profiles of temperature, humidity and wind speed (Kursinski et al.,
1997; Zhang et al., 2018). Retrieval methods include surface-based inversion, relative humidity (RH)
gradient method (GMRH), potential temperature gradient method (GMθ), Richardson number method
(RM), and the and the parcel method (PM), elevated temperature inversion method (T), refractivity
20 inversion method (N), and specific humidity method (Q). (Seidel et al., 2010; Seidel et al., 2012).
Surface-based inversion, which was proposed by Bradley et al. (1993), is a clear indicator of a stable
boundary layer.; The inversionits top can also be defined as PBLH. The maximum level of the vertical
potential temperature gradient was determined as the current PBLH, indicating a transition from the
lower region with less stable convection to the upper region with more stable convection (Stull, 1988;
25 Garratt, 1994; Oke, 1995). Similarly, the minimum level of the vertical RH gradient was defined by
10

Seidel et al. (2010) as the current PBLH. In RM, the ratio of buoyancy-related turbulence to mechanical
shear-related turbulence is calculated to obtain the Richardson number (Ri), which determines the
current PBLH as the lowest level when Ri crosses a critical value of 0.25 (Vogelezang and Holtslag,
1996). The basic idea of PM is to follow the dry adiabatic process, starting at the surface with the
5 measured or expected (maximum) temperature up to its intersection with the temperature profile from
the most recent RS data. PM determines the PBLH as the equilibrium level of a hypothetical rising
parcel of air representing a thermal (Holzworth, 1964). The aforementioned algorithms enhance the
understanding of PBLH inversion from RS data. However, no algorithm is suitable for all atmospheric
conditions. In addition, with the application of artificial intelligence (AI) technology to the boundary
10 layer research, RS data are required to provide reliable PBLH results as standard values (Rieutord et
al., 2020). Therefore, evaluating the performance of various algorithms under different atmospheric
conditions is important (Krishnamurthy et al., 2020).
In thise current study, the performance of four common RS algorithms is evaluated under different
thermodynamic stability conditions based on RS data collected from January to December 2019.
15 Moreover, the reasons for the differences amongst the algorithms under different atmospheric
conditions are analysed. Lastly, the optimal processing (OP) flow for the RS data retrieval of PBLH is
proposed. The remainder of this paper is organised as follows. Section 2 introduces RS data, the
classification technique used in PBLH definition and comparison and the retrieval methods. Section 3
objectively introduces and discusses the results of the study. Finally, conclusions are drawn in Section
20 4.
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2 Materials and data
2.1 RS observations
An L-band RS is an active measuring instrument that can provide fine-resolution profiles of
temperature, humidity, wind speed and wind direction (Guo et al., 2009; Zhang et al., 2018). The L5 band RS of the China Meteorological Administration is typically launched two times a day at 0000
and 1200 Coordinated Universal Time (UTC) (Guo et al., 2016). Additional RS is launched at 0600
UTC in the some major Beijing (54511), Wuhan (57494) and Changsha (57687) sites, mostly to
improve the prediction capability of high-impact weather in China (Zhang et al., 2018). Here, nine
sites equipped with RS and radar wind profilers arewere used, as shown in Fig. 1. The name, longitude
10 and latitude, altitude and other information of each site are provided in Table 1. With the exception of
the Urumqi site (51463), which has an altitude of approximately 0.9 km, most of the sites are located
in low- and medium-level land. The RS data from the nine sites arewere obtained from January to
December 2019.
In addition, the PBLH estimates are sensitive to the vertical resolution of RS data (Seidel et al., 2010).;
15 Tthus, considering whether to resample or not is necessary when processing RS data. Following the
previous RS data processing in China (Liu and Liang, 2010; Zhang et al., 2018; Su et al., 2020), the
original L-band RS data were are resampled at an interval of 5 hPa from the second reading.
Furthermore, RS data with an adjacent height difference greater than 200 m than the original data were
are deleted to improve the accuracy of the analysis results. After data screening, the number of samples
20 from each site was is approximately 700, as shown in Fig. 1.
2.2 Classification of thermodynamic stability condition
In accordance with the thermodynamic stability structure, PBL can be divided into three types:
convective boundary layer (CBL), neutral boundary layer (NBL) and stable boundary layer (SBL) (Liu
12

and Liang, 2010; Zhang et al., 2018). CBL refers to atmosphere heated by the ground. Atmospheric
turbulence is strong in CBL, and unstable stratification occurs. NBL refers to the neutral stratification
of the entire atmosphere from bottom to top. Buoyancy in NBL exerts an extremely weak effect on
turbulent motion, and it can be disregarded. SBL is formed via inversion stratification accompanied
5 by ground radiation cooling. It typically occurs at night, and it is also known as the nocturnal boundary
layer (Stull, 1988; Zhang et al., 2016; Zhang et al., 2020).
According to previous studies (Liu and Liang, 2010; Zhang et al., 2020), the PBL types are classified
by calculating the potential temperature difference (PTD) between the fifth and second sample points
from the surface (Liu and Liang, 2010; Zhang et al., 2020). The threshold value of PTD is set as 0.1
10 K. Moreover, SBL has to be determined further by using the third and first sample points from the
surface. In particular, if PTD5−2 > 0.1 K and PTD3−1 > 0 K, then PBL is identified as SBL; if PTD5−2
< −0.1 K, then PBL is identified as CBL. Other cases can be regarded as NBL (Zhang et al., 2020).
The classification results of the nine selected sites are presented in Fig. 1. For all the sites, SBL is the
dominant PBL type (i.e. more than 400 samples). This result is attributed to the fact that the detection
15 time of RS in China is at night, which is conducive to the formation of SBL (Nieuwstadt, 1984; Poulos
et al., 2002).
2.3 Methodology for estimating PBLH
In thise current study, four common methods are used to retrieve PBLH from RS data: GMθ, GMRH,
PM and RM.
20 The gradient method is to find the local gradient change of the profiles to retrieve the PBLH. GMθ is
similar to GMRH. They analyse the vertical gradient profile of potential temperature (θ) and RH, find
the minimum local peak value that exceeds the threshold value. Then, they by setting the threshold
value, determine the height corresponding to the minimum local peak value as PBLH (Seidel et al.,
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2010; Stull, 1988; Garratt, 1994; Oke, 1995). and set Tthe threshold values of the GMθ and GMRH are
set as 0.003 K/m and 0/m, respectively (Seidel et al., 2010; Stull, 1988; Garratt, 1994; Oke, 1995).
In PM, the PBLHheight of PBL is defined as the height from the adiabatic rising air mass to neutral
buoyancy under the CBL and NBL classification conditions (Stull, 1988). In accordance with Liu and
5 Liang (2010), PBLH is more difficult to retrieve under SBL than under CBL and NBL conditions.
Moreover, SBL turbulence can be generated using two major mechanisms: buoyancy forcing and shear
driving. If buoyancy forcing-derived and wind shear-derived PBLH are simultaneously generated, then
minimum height is estimated as PBLH for SBL.
RM has been proven to be a reliable method for calculating PBLH (Seidel et al., 2012; Vogelezang
10 and Holtslag, 1996). On the basis of previous studies (Guo et al., 2016), the corresponding height
where the Richardson number (rib) exceeds the critical value of 0.25 is estimated as PBLH in this e
current study when the Richardson number (rib ) exceeds the critical value of 0.25.
For all the inversion methods, PBLH results are limited within 0.15–3 km to avoid the influences of
surface noise and high clouds. In addition, a surface-based temperature inversion layer (TIL) is a clear
15 indicator of SBL, wherein inversion retrieval height can define PBLH (Bradley et al., 1993; stull, 1989).
Seibert et al. (2000) indicated that the temperature inversion structure differs from the boundary layer
structure assumed by the four methods. Therefore, if TIL is found in a sounding, then the four methods
are not evaluated.

3 Results and discussion
20 The frequency of different PBL types was is investigated in this section. Moreover, PBLH results
obtained using different methods were are compared with one another. Then, the reasons for the
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differences amongst the algorithms under different atmospheric conditions were are analysed. Lastly,
an OP flow for the RS data inversion retrieval of PBLH was is proposed.
3.1 Frequency of different PBL types
The frequency of different PBL types at the nine selected sites was is calculated in accordance with
5 the vertical distribution of potential temperature, as illustrated in Fig. 2. Notably, TIL actually belongs
to SBL (Seibert et al., 2000). The four methods are not evaluated when TIL is present; thus, the
frequency of TIL is also calculated. For the nine selected sites, TIL and SBL account for more than
60%, and even 90% in Jinan (54727) and Changsha (57687). This result indicates that the atmosphere
is in a stable state in most RS observations. From the perspective of observation time, SBL and TIL
10 dominate at 0000 and 1200 UTC, whilst CBL is dominant at 0600 UTC. This finding is attributed to
the influence of sunlight.; that is, t The high surface heat flux during the day is conducive to the
formation of CBL, whilst the low heat flux at night is conducive to the formation of SBL (Nieuwstadt,
1984; Stull, 1988; Poulos et al., 2002). Moreover, SBL and NBL can form under certain meteorological
conditions during the day and even occur in the afternoon (Medeiros et al., 2005). Overall, the
15 proportions of CBL, NBL and SBL are similar across these stations, except in Urumqi (51463) and
Sansha (59981). In the Urumqi (51463) site, CBL can account for 20%, even in the absence of daytime
(0600 UTC) detection data. CBL is mostly concentrated at 1200 UTC. This result is attributed to the
geographical location of Urumqi, where sunset occurs after 1200 UTC during spring and summer (Guo
et al., 2019). In the Sansha (59981) site, which is set up on an island, NBL at 1200 UTC can account
20 for 20%, and TIL is less than 5%. This finding indicates that the boundary layer structure is mostly
affected by sea breeze.

15

3.2 Intercomparison of PBLH results
Fig.ure 3 shows the quartile of PBLH and the average PBLH of the four methods in three time intervals
each day under the four categories. The sample numbers of CBL, NBL and SBL is 374, 918 and 3340,
respectively. PBLH exhibits evident diurnal variation, particularly in the All classification (Fig. 3a).
5 PBLH at noon (0600 UTC) is significantly higher than those at other times (the median is
approximately 1 km), whilst PBLH results in the morning (0000 UTC) and evening (1200 UTC) are
significantly lower than that at noon. This finding is attributed to the strong solar radiation at noon,
causing the boundary layer to develop fully at daytime, whilst weak solar radiation leads to maintaining
PBLH at a low level; the average height is approximately 0.5 km (Zhang et al., 2016). This finding is
10 similar to that of Guo et al. (2016), who indicated that PBLH is typically less than 1 km at daytime
and less than 0.5 km at night. The comparison of the PBLH results obtained using different methods
indicates that the mean PBLH retrieved via RM is typically higher than those retrieved using the other
methods under All and SBL classifications, and the mean PBLH retrieved using GMθ and GMRH is
relatively low. The mean PBLH retrieved using RM is the highest at 0000 and 0600 UTC under CBL
15 and NBL classifications. Moreover, the mean PBLH retrieved using PM is the lowest under All and
SBL classifications and the highest under CBL and NBL classifications. Similarly, PM mixing heights
are lower than those of the other methods (Seidel et al., 2010).
3.3 Uncertainty analysis
Fig.ure 4 presents two case studies of PBLH determination using the four different methods under
20 CBL classification. The first case is at the Beijing (54511) station at 0000 UTC on 10 June 2019 (Figs.
4a–4c). The PBLH results of GMθ and GMRH are the same (0.26 km) and similar to those of PM and
RM (0.29 km). From the wind speed and temperature profiles (Fig. 4c), evident low-level jets and
uplifted inversion layers are observed. The second case is at the Urumqi (51463) station at 1200 UTC
on 05 August 2019 (Figs. 4d–4f). PBLH retrieved using GMθ and PM is approximately 2.1 km, which
16

differs from that retrieved using GMRH and RM (approximately 1 km). In the wind speed profile, wind
shear appears at the height of the two PBLH results. Fig.ure 5 illustrates the case studies of PBLH
determination under NBL classification at the Qingdao (54857) station at 0000 UTC on 10 June 2019
(Figs. 5a–5c) and at the Beijing (54511) station at 0000 UTC on 15 March 2019 (Figs. 5d–5f). The
5 PBLH results determined using the four methods in the first case are consistent (i.e. approximately
0.25 km), whilst the PBLH results determined using the four methods in the second case are
significantly different. PBLH retrieved using GMθ and PM is approximately 1.45 km, whilst the results
of GMRH and RM are approximately 0.3 km. Similar to the CBL cases, evident uplifted inversion
layers are observed in the first case (Fig. 5c). In the second case, the existence of a low-level jet at the
10 height of the two PBLH results is reported. Lastly, the case studies under SCBL classification are
presented in Fig. 6. The first case is at the Urumqi (51463) station at 0000 UTC on 23 February 2019.
The second case is at the Beijing (54511) station at 0000 UTC on 10 November 2019. Similar to the
previous cases, evident uplifted inversion layers are noted when PBLH is retrieved using the four
methods. These results indicate that the reliability of PBLH results retrieved from RS data is affected
15 by the structure of the boundary layer.
To investigate the effect of the boundary layer structure, we define consistency to evaluate PBLH
results obtained using different methods. For each sample, if the heights determined by more than three
methods are similar (i.e. the height difference is less than 0.3 km), then the PBLH results obtained
using these methods are determined to be consistent. Otherwise, the PBLH results are determined to
20 be inconsistent. In addition, if the PBLH result is unavailable, then it is defined as an invalid value
(nan). In this manner, we generate statistics on the consistency of all the algorithms under all the
classification conditions. The statistical results are provided in Table 2. Under CBL condition, GMθ
achieves the highest consistency, accounting for 83.96%, whereas GMRH presents the lowest
consistency, accounting for 74.06%. The consistency of the two other methods is approximately 80%.
25 For NBL classification, GMθ also exhibits the highest consistency, accounting for 91.72%, whereas
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RM demonstrates the lowest consistency, accounting for 69.50%. Under SBL condition, the
consistency of GMθ, GMRH, PM and RM is 58.35%, 57.87%, 49.34% and 28.47%, respectively.
Moreover, the PBLH results retrieved using different methods are also evaluated under TIL condition.
In this classification, the temperature inversion height is regarded as the standard value and compared
5 with the results retrieved using the four methods. The retrieval results of GMRH and GMθ exhibit the
highest consistency (above 90%). These results indicate that the consistency of PBLH retrieved using
GMθ and GMRH is higher than those retrieved using other methods. These findings are consistent with
those of Seidel et al. (2010). Simultaneously, under NBL and SBL classifications, the proportion of
effective PBLH results for GMθ, GMRH and PM is extremely high, and the proportion of invalid values
10 (nan) is less than 1%. By contrast, the proportion of invalid values for RM is 18.30% and 63.47%
under NBL and SBL classifications, respectively. This finding indicates that GMθ, GMRH and PM are
more effective than RM under NBL and SBL conditions. Under TIL conditions, 95.95% of the PBLH
results from RM are defined as nan. This finding may be attributed to the formation of TIL being
frequently related to the radiative cooling of the surface. When TIL occurs, turbulence is weak, and
15 thus, the probability of using RM to retrieve PBLH is small (Seidel et al., 2012).
In accordance with the aforementioned consistency, the average profiles and standard deviations of
the wind speed and potential temperature of consistent and inconsistent cases under CBL, NBL and
SBL classifications are presented in Fig. 7. Under CBL classification, the mean wind speed profile of
consistent cases is similar to that of inconsistent cases (Fig. 7a), whilst the mean potential temperature
20 profile of consistent cases has a larger gradient than that of inconsistent cases (Fig. 7d). This
phenomenon also occurs in NBL classification (Figs. 7b and 7e). By contrast, the mean wind speed
profile of consistent cases differs from that of inconsistent cases under SBL classification (Fig. 7c),
and an evident low-level jet (0.3–0.4 km) is observed in the mean wind speed profile of consistent
cases. The mean potential temperature profile of consistent cases is in accord with that of inconsistent
25 cases (Fig. 7d). The mean potential temperature profile of consistent cases exhibits an evident gradient
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under CBL and NBL classifications, and the mean wind speed profile of consistent cases has an
apparent obvious low-level jet under SBL classification. As can be seenCombined with the results
infrom Table 2, the consistency of the differentvarious methods under the SBL classification is
relatively low compared to the other classification conditions. This may be due tois caused by the fact
5 that there is no obvious potential temperature gradient in the potential temperature profile under SBL
condition, as shown in (Fig. 7f), which will directly lead to a large uncertainty difference in the
inversion of the PBLH fromby the GMθ and GMRH. These results indicate that consistent cases are
typically accompanied by noticeable atmosphere stratification, such as a large gradient in the potential
temperature profile or a low-level jet in the wind speed profile. Liu et al. (2020) compared PBLH from
10 RS and a radar wind profiler. They pointed out that the height difference between PBLH from RS and
from the radar wind profiler is evident when the vertical structure of the atmosphere presents no evident
stratification.
3.4 Optimisation process
In accordance with the preceding uncertainty analysis, we can propose the OP flow for PBLH inversion
15 from RS data. For RS data, the first step is to confirm the structure type of the boundary layer on the
basis of the potential temperature and temperature profile. The appropriate method is then selected for
different types of boundary layer. Considering the effective inversion number and consistency in Table
2, GMθ and RM are recommended for use under CBL condition. Under NBL condition, GMθ and PM
exhibit the highest consistency, and thus, are recommended for use. Under SBL condition, GMθ and
20 GMRH exhibit similar performance and are recommended for use. When TIL is present, the height of
the temperature inversion top (TIH) is defined as PBLH.
Fig.ure 8 shows the quartiles and average values of PBLH for each method and OP at the nine selected
sites. Here, the OP of RS data is the use of GMθ under CBL, NBL and SBL classification conditions,
and the temperature inversion height is regarded as PBLH under TIL condition. With the exception of
19

the Sansha (59981) site, PM and RM overestimate PBLH in each site relative to OP, whilst GMθ,
GMRH and OP have similar PBLH. PBLH determined using OP is in the average level of the four other
methods and relatively stable. This finding is consistent with that of Aryee et al. (2020), who indicated
that the gradient method is superior to RM and other methods and can produce extremely low
5 deviations and high statistical correlation coefficients. Fig.ure 8 shows evident regional differences in
PBLH. The PBLH results of the Urumqi site (51463) in Northwest China and the Beijing site (54511)
in North China are significantly higher than 0.5 km. In particular, the average PBLH of the Urumqi
(51463) and Beijing (54511) sites is higher than those of other sites when RM is used, and the number
of average PBLH results is 0.98 km and 0.82 km, respectively. In the inland and coastal areas of
10 southeast China, the average PBLH is generally lower than 0.5 km, even in Sanya (59948), where the
average PBLH is approximately 0.3–0.4 km. Such regional differences are due to various reasons, and
certain differences exist in the dominant mechanisms of PBL development in various regions. For
example, in the Urumqi site (51463) in Northwest China, net radiation is significantly lower than that
in the south. This phenomenon is due to the dry climate, which makes the surface latent heat flux
15 caused by evapotranspiration small.; thus, Mmost of the heat is transported to the atmosphere through
sensible heat, which is conducive to the development of PBL (Wang and Wang, 2014; Guo et al.,
2019). By contrast, high soil moisture can cause a relatively shallower diurnal PBL over the southeast
coast (Mcgrath-Spangler and Denning, 2012). This result is consistent with the analysis based on RS
data and the reanalysis data from January 2011 to July 2015 of Guo et al. (2016).

20 5 Summary and conclusions
The performance of four common PBLH retrieval algorithms is evaluated under different
thermodynamic stability conditions on the basis of the RS data of nine sites in China from January to
December 2019. The reasons for the differences amongst the algorithmsmethods under varying

20

atmospheric conditions are analysed. Finally, the OP flow of PBLH retrieval based on RS data is
proposed.
In accordance with the vertical distribution of the potential temperature profile, the frequency of
different PBL types in the nine selected sites are calculated. The results show that SBL and TIL are
5 dominant, particularly at 0000 and 1200 UTC, whilst CBL is dominant at 0600 UTC. Moreover, by
comparing PBLH retrieved using different methods under varying conditions, the mean PBLH
retrieved using RM is typically higher than those retrieved using the other methods under All and SBL
conditions, and the mean PBLH retrieved using PM is the lowest. By contrast, the mean PBLH
retrieved using PM is the highest under CBL and NBL classifications. The mean PBLH retrieved using
10 GMθ and GMRH is relatively low. Then, an uncertainty analysis is conducted for the consistent and
inconsistent special cases of the four methods under different classification conditions. The results
show that under CBL and NBL conditions, PBLH retrieved using different methods is consistent in
most cases (more than 80%). By contrast, the consistency of PBLH is less than 60% under SBL
condition. GMθ exhibits the highest consistency under all conditions, and GMRH and PM are more
15 effective than RM under NBL and SBL conditions. Meanwhile, the average profiles and standard
deviations of the wind speed and potential temperature of consistent and inconsistent cases under CBL,
NBL and SBL classifications are analysed. The results indicate that consistent cases are typically
accompanied by evident atmosphere stratification, such as a large gradient in the potential temperature
profile or a low-level jet in the wind speed profile. Finally, the OP flow for the RS data retrieval of
20 PBLH is proposed. GMθ and RM are recommended for use under CBL condition. GMθ and PM exhibit
the highest consistency and are appropriate for NBL condition. GMθ and GMRH are robust for SBL
condition. When TIL is present, the height of the temperature inversion top is defined as PBLH.
The results of this study help in understanding the performance of PBLH retrieval methods and the
characteristics of PBL in China. It provides a reliable process for inverting boundary layer heightPBLH
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results from RS data. Future work will explore the application of AI algorithms to boundary layer
inversion.
Data availability
The L-band radiosonde data used in this paper can be provided for non-commercial research purposes
5 upon request (Dr. Boming Liu: liuboming@whu.edu.cn).
Author contributions
The study was completed with close cooperation between all authors. H. Li and B. Liu conceived the
idea of this manuscript; H. Li, X. Ma and B. Liu conducted the data analyses and co-wrote the
manuscript; X. Ma, S. Jin, Y. Ma, Y. Zhao and W. Gong discussed the experimental results, and all
10 coauthors helped reviewing the manuscript.
Competing interests.
The authors declare that they have no conflict of interest.
Acknowledgements.
This work was financially supported by the National Natural Science Foundation of China under grant
15 42001291, 41801261, 41827801 and Project funded by the China Postdoctoral Science Foundation
2020M682485.
References
Ao, C., Chan, T., Iijima, B., Li, J., Mannucci, A., Teixeira, J., Tian, B., and Waliser, D.: Planetary
boundary layer information from GPS radio occultation measurements, GRAS SAF Workshop
20

on Applications of GPSRO Measurements, 123-131, https://www.ecmwf.int/node/15416, 2008.
Aryee, J., Amekudzi, L., Preko, K., Atiah, W., and Danuor, S.: Estimation of planetary boundary laye
r height from radiosonde profiles over West Africa during the AMMA field campaign: Intercom

22

parison of different methods, Scientific African, 7: 00228, https://doi.org/10.1016/j.sciaf.2019.e
00228, 2020.
Bonner, W. D.: Climatology of the low level jet, Monthly Weather Review, 96, 833-850, https://doi.o
rg/10.1175/1520-0493(1968)096<0833:cotllj>2.0.co;2, 1968.
5 Bradley, R. S., Keimig, F. T., and Diaz, H. F.: Recent changes in the North American Arctic boundar
y layer in winter, Journal of Geophysical Research: Atmospheres, 98, 8851-8858, https://doi.org
/10.1029/93jd00311, 1993.
Emeis, S., Münkel, C., Vogt, S., Müller, W. J., and Schäfer, K.: Atmospheric boundary-layer structur
e from simultaneous sodar, rass, and ceilometer measurements, Atmospheric Environment, 38
10

(2), 273-286, https://doi.org/10.1016/j.atmosenv.2003.09.054, 2004.
Eresmaa, N., Karppinen, A., Joffre, S.M., Rasanen, J., and Talvitie, H.: Mixing height determination
by ceilometer, Atmospheric Chemistry and Physics, 6, 1485-1493, https://doi.org/10.5194/acp-6
-1485-2006, 2006.
Garratt, J.R., Wyngaard, J.C., and Francey, R.J.: Winds in the atmospheric boundary layer-prediction

15

and observation, Journal of Atmospheric Sciences, 39, 1307-1316, https://doi.org/10.1175/1520
-0469(1982)039<1307:WITABL>2.0.CO;2, 1982;
Garratt, J.R.: Review: the atmospheric boundary layer, Earth-Science Reviews, 37, 89-134, https://do
i.org/10.1016/0012-8252(94)90026-4, 1994.
Guo, J., Miao, Y., Zhang, Y., Liu, H., Li, Z., Zhang, W., He, J., Lou, M., Yan, Y., and Bian, L.: The

20

climatology of planetary boundary layer height in China derived from radiosonde and reanalysis
data, Atmospheric Chemistry and Physics, 16, 13309-13319, https://doi.org/10.5194/acp-16-13
309-2016, 2016.

23

Guo, J., Zhang, X., Che, H., Gong, S., An, X., Cao, C., Guang, J., Zhang, H., Wang, Y., and Zhang,
X.: Correlation between PM concentrations and aerosol optical depth in eastern China, Atmosph
eric Environment, 43, 5876-5886, https://doi.org/10.1016/j.atmosenv.2009.08.026, 2009.
Guo, J., Li, Y., Cohen, J. B., Li, J., Chen, D., Xu, H., Liu, L., Yin, J., Hu, K., and Zhai, P.: Shift in th
5

e Temporal Trend of Boundary Layer Height in China Using Long‐Term (1979–2016) Radioson
de Data, Geophysical Research Letters, 46, 6080-6089, https://doi.org/10.1029/2019gl082666, 2
019.
Guo, J., Liu, B., Gong, W., Shi, L., Zhang, Y., Ma, Y., Zhang, J., Chen, T., Bai, K., Stoffelen, A., Le
euw, G., and Xu, X.: First comparison of wind observations from ESA's satellite mission Aeolus

10

and ground-based radar wind profiler network of China, Atmospheric Chemistry and Physics, 2
1(4), 2945-2958, https://doi.org/10.5194/acp-2020-869, 2021.
Hong, Q., Liu, C., Hu, Q., Xing, C., Tan, W., Liu, H., Liu, J. Evolution of the vertical structure of air
pollutants during winter heavy pollution episodes: The role of regional transport and potential
sources. Atmospheric Research, 228, 206-222, 2019.

15 Holzworth, G.C.: Estimates of mean maximum mixing depths in the contiguous United States, Mont
hly Weather Review, 92, 235-242, https://doi.org/10.1175/1520-0493(1964)092<0235:eommm
d>2.3.co;2, 1964.
Haeffelin, M., Angelini, F., Morille, Y., Martucci, G., Frey, S., Gobbi, G.P., Lolli, S., O’Dowd, C. D.,
Sauvage, L., Xueref-Rémy, I., Wastine, B., and Feist, D. G.: Evaluation of Mixing-Height Retri
20

evals from Automatic Profiling Lidars and Ceilometers in View of Future Integrated Networks i
n Europe, Boundary Layer Meteorology, 143, 49-75, https://doi.org/10.1007/s10546-011-9643z, 2012.

24

Jiang, Y., Xin, J., Zhao, D., Jia, D., and Dai, L. Analysis of differences between thermodynamic and
material boundary layer structure: comparison of detection by ceilometer and microwave radiom
eter, Atmospheric Research, 105179, https://doi.org/10.1016/j.atmosres.2020.105179, 2020.
Ji, X., Liu, C., Xie, Z., Hu, Q., Dong, Y., Fan, G., Liu, J. Comparison of mixing layer height inversion
5

algorithms using lidar and a pollution case study in Baoding, China. Journal of Environmental
Sciences, 79, 81-90, 2019.
Krishnamurthy, R., Newsom, R.K., Berg, L.K., Xiao, H., Ma, P., and Turner, D.D.: On the estimatio
n of boundary layer heights: A machine learning approach, Atmospheric Measurement Techniqu
es Discussions, 1-34, https://doi.org/10.5194/amt-2020-439, 2020.

10 Kursinski, E.R., Hajj, G.A., Schofield, J.T., Linfield, R.P., and Hardy, K.R.: Observing Earth's atmos
phere with radio occultation measurements using the Global Positioning System, Journal of Geo
physical Research: Atmospheres, 102, 23429-23465, https://doi.org/10.1029/97jd01569, 1997.
Liu, B., Ma, Y., Gong, W., Zhang, M., and Yang, J.: Study of continuous air pollution in winter over
Wuhan based on ground-based and satellite observations, Atmospheric Pollution Research, 9, 15
15

6-165, https://doi.org/10.1016/j.apr.2017.08.004, 2018.
Liu, B., Ma, Y., Gong, W., Zhang, M. and Shi, Y.: The relationship between black carbon and atmos
pheric boundary layer height, Atmospheric Pollution Research, 10, https://doi.org/10.1016/j.apr.
2018.06.007, 2019.
Liu, B., Ma, Y., Liu, J., Gong, W., Wang, W., and Zhang, M.: Graphics algorithm for deriving atmos

20

pheric boundary layer heights from CALIPSO data, Atmospheric Measurement Techniques, 11,
5075-5085, https://doi.org/10.5194/amt-11-5075-2018, 2018.
Liu, B., Ma, Y., Shi, Y., Jin, S., Jin, Y., and Gong, W.: The characteristics and sources of the aerosol
s within the nocturnal residual layer over Wuhan, China, Atmospheric Research, 241, 104959, h
ttps://doi.org/10.1016/j.atmosres.2020.104959, 2020.
25

Liu, B., Guo, J., Gong, W., Shi, Y., and Jin, S.: Boundary layer height as estimated from Radar wind
profilers in four cities in China: Relative contributions from Aerosols and surface features, Rem
ote Sens., 12, 1657, https://doi.org/10.3390/rs12101657, 2020.
Lou, M., Guo, J., Wang, L., Xu, H., Chen, D., Miao, Y., Lv, Y., Li, Y., Guo, X., and Ma, S.: On the r
5

elationship between aerosol and boundary layer height in summer in China under different therm
odynamic conditions, Earth and Space Science, 6, 887-901, https://doi.org/10.1029/2019ea0006
20, 2019.
Liu, S., Liang. X.Z.: Observed diurnal cycle climatology of planetary boundary layer height, Journal
of Climate, 23(21), 5790-5809, https://doi.org/10.1175/2010jcli3552.1, 2010.

10 Mcgrath-Spangler, E.L., Denning, A.S.: Estimates of North American summertime planetary bounda
ry layer depths derived from space-borne lidar, Journal of Geophysical Research Atmospheres,
117, D15, https://doi.org/10.1029/2012jd017615, 2012.
Medeiros, B., Hall, A., and Stevens, B.: What Controls the Mean Depth of the PBL?, Journal of Clim
ate, 18, 3157-3172, https://doi.org/10.1175/jcli3417.1, 2005.
15 Nieuwstadt, F.T.M.: The turbulent structure of the stable, nocturnal boundary layer, Journal of Atmos
pheric Sciences, 41, 2202–2216, https://doi.org/10.1175/1520-0469(1984)041<2202:TTSOTS>
2.0.CO;2, 1984.
Oke, T.R.: The heat island of the urban boundary layer: characteristics, causes and effects, Wind clim
ate in cities, 81-107, https://doi.org/10.1007/978-94-017-3686-2_5, 1995.
20 Poulos, G.S., Blumen, W., Fritts, D.C., Lundquist, J.K., Sun, J., Burns, S.P., Nappo, C., Banta, R., N
ewsom, R., Cuxart, J., Terradellas, E., Balsley, B., and Jensen, M.: CASES-99: A Comprehensiv
e Investigation of the Stable Nocturnal Boundary Layer, Bulletin of the American Meteorologic
al Society, 83, 555-581, 2002.

26

Rieutord, T., Aubert, S., and Machado, T.: Mixing height derivation from aerosol lidar using machine
learning: KABL and ADABL algorithms, Atmospheric Measurement Techniques Discussions,
1-27, https://doi.org/10.5194/amt-2020-78, 2020.
Schween, J.H., Hirsikko, A., Löhnert, U., and Crewell, S.: Mixing-layer height retrieval with ceilome
5

ter and Doppler lidar: from case studies to long-term assessment, Atmospheric Measurement Te
chniques, 7, 3685-3704, https://doi.org/10.5194/amt-7-3685-2014, 2014.
Seibert, P., Beyrich, F., Gryning, S., Joffre, S., Rasmussen, A., and Tercier, P.: Review and intercom
parison of operational methods for the determination of the mixing height, Atmospheric environ
ment, 34, 1001-1027, https://doi.org/10.1016/S1352-2310(99)00349-0, 2000.

10 Seidel, D.J., Ao, C.O., and Li, K.: Estimating climatological planetary boundary layer heights from ra
diosonde observations: Comparison of methods and uncertainty analysis, Journal of Geophysica
l Research, 115, D16, https://doi.org/10.1029/2009jd013680, 2010.
Seidel, D.J., Zhang, Y., Beljaars, A., Golaz, J., Jacobson, A.R., and Medeiros, B.: Climatology of the
planetary boundary layer over the continental United States and Europe, Journal of Geophysical
15

Research: Atmospheres, 117, D17, https://doi.org/10.1029/2012jd018143, 2012.
Smith, E. K. and Weintraub, S.: The constants in the equation for atmospheric refractive index at radi
o frequencies, Proceedings of the IRE, 41, 1035-1037, https://doi.org/10.6028/jres.050.006, 195
3.
Sokolovskiy, S., Kuo, Y. H., Rocken, C., Schreiner, W., Hunt, D., and Anthes, R.: Monitoring the at

20

mospheric boundary layer by GPS radio occultation signals recorded in the open‐loop mode, G
eophysical research letters, 33, https://doi.org/10.1029/2006gl025955, 2006.
Solanki, R., Guo, J., Li, J., Singh, N., Guo, X., Han, Y., Lv, Y., Zhang, J., and Liu, B.: AtmosphericBoundary-Layer-Height Variation over Mountainous and Urban Sites in Beijing as Derived fro

27

m Radar Wind-Profiler Measurements, Boundary-Layer Meteorology, 1-20, https://doi.org/10.1
007/s10546-021-00639-9, 2021.
Stull R B.: An introduction to boundary layer meteorology, Kluwer Academic Publishers, 1988.
Su, T., Li, J., Li, C., Xiang, P., Lau, A. K. H., Guo, J., Yang, D., and Miao, Y.: An intercomparison o
5

f long‐term planetary boundary layer heights retrieved from CALIPSO, ground‐based lidar, a
nd radiosonde measurements over Hong Kong, Journal of Geophysical Research: Atmospheres,
122, 3929-3943, https://doi.org/10.1002/2016jd025937, 2017.
Su, T., Li, Z., Zheng, Y., Luan, Q., and Guo, J.: Abnormally Shallow Boundary Layer Associated Wi
th Severe Air Pollution During the COVID‐19 Lockdown in China, Geophysical Research Lette

10

rs, 47, 20, https://doi.org/10.1029/2020gl090041, 2020.
Shi, Y., Liu, B., Chen, S., Gong, W., Ma Y., Zhang, M., Jin, S., and Jin Y.: Characteristics of aerosol
within the nocturnal residual layer and its effects on surface PM2.5 over China, Atmospheric E
nvironment, 241, 117841, https://doi.org/10.1016/j.atmosenv.2020.117841, 2020.
Vogelezang, D., Holtslag, A.A.: Evaluation and model impacts of alternative boundary-layer height f

15

ormulations, Boundary-Layer Meteorology, 81, 245-269, https://doi.org/10.1007/bf02430331, 1
996.
Wang, W., He, J., Miao, Z., & Du, L. Space–Time Linear Mixed-Effects (STLME) model for mappin
g hourly fine particulate loadings in the Beijing–Tianjin–Hebei region, China. Journal of Cleane
r Production, 292, 125993, 2021.

20 Wang, X., Wang, K.: Estimation of atmospheric mixing layer height from radiosonde data, Atmosph
eric Measurement Techniques, 7(6), 1701-1709, https://doi.org/10.5194/amt-7-1701-2014, 2014.
Yang, Y., Fan, S., Wang, L., Gao, Z., Zhang, Y., Zou, H., Miao, S., Li, Y., Huang, M., and Yim, S. H.
L.: Diurnal evolution of the wintertime boundary layer in urban Beijing, China: Insights from D

28

oppler Lidar and a 325-m meteorological tower, Remote Sensing, 12, 3935, https://doi.org/10.33
90/rs12233935, 2020.
Yu, L., Zhang, M., Wang, L., Lu, Y., and Li, J.: Effects of aerosols and water vapour on spatial-temp
oral variations of the clear-sky surface solar radiation in China, Atmospheric Research, 248, 105
5

162, https://doi.org/10.1016/j.atmosres.2020.105162, 2021.
Zhang, M., Jin, S., Ma, Y., Fan, R., Wang, L., Gong, W., and Liu, B.: Haze events at different levels
in winters: A comprehensive study of meteorological factors, Aerosol characteristics and direct r
adiative forcing in megacities of north and central China, Atmospheric Environment, 245, 1180
56, https://doi.org/10.1016/j.atmosenv.2020.118056, 2021.

10 Zhang, W., Guo, J., Miao, Y., Liu, H., Zhang, Y., Li, Z., and Zhai, P.: Planetary boundary layer heigh
t from CALIOP compared to radiosonde over China, Atmospheric Chemistry and Physics, 16, 9
951-9963, https://doi.org/10.5194/acp-16-9951-2016, 2016.
Zhang, W., Guo, J., Miao, Y., Liu, H., Song, Y., Fang, Z., He, J., Lou, M., Yan, Y., Li, Y., and Zhai,
P.: On the Summertime Planetary Boundary Layer with Different Thermodynamic Stability in C
15

hina: A Radiosonde Perspective, Journal of Climate, 31, 1451-1465, https://doi.org/10.1175/jclid-17-0231.1, 2018.
Zhang, Y., Sun, K., Gao, Z., Pan, Z., Shook, M.A., and Li, D.: Diurnal Climatology of Planetary Bou
ndary Layer Height Over the Contiguous United States Derived From AMDAR and Reanalysis
Data, Journal of Geophysical Research: Atmospheres, 125, https://doi.org/10.1029/2020jd03280

20

3, 2020.

29

Table 1. Summary of RS launch locations and durations of soundings from each site.
Site number

Site

Longitude

Latitude

Elevation (m)

51463
54511
54727
54857
57494
57687
59758
59948
59981

Urumqi
Beijing
Jinan
Qingdao
Wuhan
Changsha
Haikou
Sanya
Sansha

87.7
116.5
117.5
120.3
114.1
112.8
110.3
109.6
112.3

43.8
39.8
36.7
36.1
30.6
28.1
20.0
18.2
16.8

936
31
264
75
24
120
65
364
6
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Total Observation
Period
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019
01/2019—12/2019

Table 2. Consistency statistics of algorithms under different classification conditions.
Type
CBL
NBL
SBL
TIL

Consistency

GMθ

GMRH

PM

RM

Consistent
Inconsistent
Nan
Consistent
Inconsistent
Nan
Consistent
Inconsistent
Nan
Consistent
Inconsistent
Nan

83.96%
13.37%
02.67%
91.72%
7.41%
00.87%
58.35%
41.23%
00.42%
94.85%
04.86%
00.29%

74.06%
24.60%
01.34%
84.97%
14.49%
00.54%
57.87%
41.35%
00.78%
90.40%
09.60%
00.00%

80.48%
14.97%
04.55%
86.93%
12.09%
00.98%
49.34%
50.66%
00.00%
55.58%
44.42%
00.00%

80.75%
16.31%
02.94%
69.50%
12.20%
18.30%
28.47%
08.05%
63.47%
03.07%
00.98%
95.95%
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Figure 1. Geographic distribution of RS sites (black dots). The text label represents the number of
total cases (blue), CBL cases (orange), NBL cases (yellow) and SBL cases (white).
5
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Figure 2. Statistics of the classification number of the nine selected sites at different times. The red,
orange, green and blue squares represent CBL, NBL, TIL and SBL, respectively.
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Figure 3. Daily quartile and average values height of PBLH under (a) all conditions, (b) CBL, (c) NBL
and (d) SBL. For each method, the 25th, 50th and 75th percentile values are shown in coloured, white
and grey bars, respectively. The solid black dots represent the average PBLH.
5
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Figure 4. Case studies of PBLH determination from (a) GMθ (blue) and GMRH (orange), (b) PM (blue)
and RM (orange) and (c) profiles of temperature (blue) and wind speed (orange) under CBL
classification. (d), (e) and (f) are same as (a), (b) and (c) but in different cases.
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Figure 5. Same description as that in Figure 4, but under NBL classification.
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Figure 6. Same description as that in Figure 4, but under SBL classification.
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Figure 7. Mean (solid line) and standard deviation (shadow) profiles of wind speed and potential
temperature in (a, d) CBL, (b, e) NBL and (c, f) SBL classifications.
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Figure 8. Quartile and average heights of PBLH for various methods at the nine selected sites. For
each method, the 25th, 50th and 75th percentile values are shown in coloured, white and grey bars,
respectively. The solid black dots represent the annual average heights.
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