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Abstract. Planetary boundary layer height (PBLH) is an important parameter for understanding land–atmosphere 

interactions and for weather, climate, and air quality modeling. Radiosonde-based PBLH estimates can differ substantially 

across diagnostic variables and methods, particularly when stable boundary layers (SBLs) coexist with overlying residual 15 

layers (RLs). We develop an ensemble method that obtains candidate PBLHs from nine radiosonde-based algorithms and 

evaluates their physical support using six consistency scores. These scores assess thermodynamic structure, shear–buoyancy 

conditions, surface-layer similarity, temperature and humidity distributions, gradient contrasts, and wind structure. The 

resulting scores are combined with algorithm-specific quality and agreement among candidate heights to determine each 

candidate's contribution to the final PBLH estimate, while accounting for redundant information shared among related 20 

methods. Convective and neutral boundary layer heights are obtained by weighted averaging, while SBL heights are 

determined by first selecting a layer supported by multiple physical criteria and then averaging estimates within that layer. 

RL tops are detected separately. Applied to 12,266 radiosonde profiles at Beijing station during 2009–2023, the method 

achieves a retrieval rate of 79.41 % at approximately 5 m vertical spacing. Increasing the vertical grid spacing to 25 m raises 

the SBL retrieval rate from 66.55 % to 74.26 %, whereas further coarsening to 100 m reduces it to 14.48 %. At 100 m, 25 

retrieval rates for convective and neutral boundary layers remain above 99 %, but estimated heights shift upward overall. 

The method provides an interpretable framework for PBLH estimation under complex atmospheric conditions and highlights 

the importance of high-resolution observations for identifying shallow stable layers and distinguishing vertically separated 

structures. Such an approach could also strengthen the observational basis for understanding boundary layer processes and 

evaluating their representation in numerical models. 30 

Keywords: planetary boundary layer height; high-resolution radiosondes; ensemble estimation; physical consistency scoring; 

vertical resolution 
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1 Introduction 

The planetary boundary layer connects the surface to the free atmosphere and is the main region of momentum, heat, water 

vapor, and pollutant exchange (Sun et al., 2025). Planetary boundary layer height (PBLH) characterizes the vertical extent of 35 

surface influence and turbulent mixing. It is central to describing land–atmosphere interactions and developing weather, 

climate, and air quality models (Stull, 1988; Zhang et al., 2020). Boundary layer deepening or contraction also changes the 

volume available for vertical dilution of near-surface pollutants, directly affecting pollutant accumulation and dispersion (Su 

et al., 2018). Accurate characterization of PBLH and its variability therefore supports atmospheric process research, 

improved model performance, and the development of a global boundary layer observing system (Teixeira et al., 2025). 40 

Near-surface thermal stability distinguishes the convective boundary layer (CBL), neutral boundary layer (NBL), and stable 

boundary layer (SBL) (Liu and Liang, 2010). Under typical clear-sky conditions, daytime surface heating drives convective 

mixing. After sunset, surface cooling stabilizes the near-surface atmosphere, while remnants of the daytime mixed layer may 

persist aloft as a residual layer (RL) (Smith and Carlin, 2024). Layer-top signatures vary with stratification, and heights 

inferred from thermodynamic, dynamic, and material distributions can differ (Kotthaus et al., 2023; Tan et al., 2025; Su et al., 45 

2026). A pronounced change in a profile may therefore mark the top of the surface-connected boundary layer or a separate 

layer aloft. At night, identifying the SBL and RL tops separately distinguishes the depth of the near-surface stable layer from 

that of the overlying remnant mixed layer. 

Radiosondes provide vertical profiles of temperature, humidity, pressure, and wind, supporting PBLH estimation through 

gradients, parcel ascent, the bulk Richardson number, surface-based inversions, and wind structure. However, these methods 50 

rely on different diagnostic variables and physical criteria, which may yield substantially different PBLH estimates for the 

same sounding. Seidel et al. (2010) compared multiple radiosonde-based methods and found systematic differences of 

several hundred meters, with relative humidity and potential temperature gradient methods generally producing higher 

estimates and the parcel method yielding lower values. Liu and Liang (2010) further highlighted the need to account for 

different physical mechanisms when diagnosing PBLH under varying stability conditions, particularly by considering both 55 

thermodynamic and wind-related criteria in SBLs. Li et al. (2021) compared four methods based on potential temperature 

gradients, relative humidity gradients, parcel ascent, and the bulk Richardson number at nine Chinese stations. They found 

that the bulk Richardson number method generally produced higher estimates under stable conditions, while the agreement 

among methods varied substantially with boundary layer stability. For example, the consistency rate of the potential 

temperature gradient method decreased from 83.96 % and 91.72 % under CBL and NBL conditions, respectively, to 58.35 % 60 

under SBL conditions. Similar discrepancies associated with different diagnostic variables and atmospheric structures have 

also been reported in remote-sensing studies (Wang et al., 2016; Wang et al., 2021; Duncan et al., 2022; Roldán-Henao et al., 

2024). These findings indicate that individual diagnostic variables may capture different aspects of boundary layer structure, 

motivating the integration of complementary thermodynamic and dynamic information for more robust PBLH estimation. 
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Ensemble methods combine complementary estimates to improve PBLH retrieval. Zhang et al. (2022) merged daytime 65 

PBLH estimates using second-resolution radiosondes across China. Using high-resolution soundings collected at Beijing 

station, Chen et al. (2023) combined multiple methods, statistical threshold corrections, and clustering to reduce 

disagreement among individual estimates. Their ensemble achieved a success rate of 62.6 % against lidar-assisted manual 

interpretation, using a maximum deviation of 50 m from the reference height. This exceeded the 33.9 %–56.1 % achieved by 

four individual gradient methods. In remote sensing, Min et al. (2020) developed the Integrated System for Atmospheric 70 

Boundary Layer Height Estimation (ISABLE) using a ceilometer and microwave radiometer. Comparison with 148 

radiosondes yielded a correlation coefficient of 0.72 and a root-mean-square error of 322 m, outperforming the individual 

methods considered. Differences in nocturnal stable-layer identification among instruments nevertheless affected the 

combined estimates. Smith and Carlin (2024) used fuzzy logic to combine complementary observations from multiple 

instruments. Recent studies also integrate remote sensing, surface meteorology, and radiation measurements using machine 75 

learning (Zhang et al., 2025; Caicedo et al., 2025). For ensemble retrievals from individual soundings, the remaining 

challenge is to assess the physical evidence supporting each height estimate and combine estimates of the same layer. 

The multiple interfaces associated with SBL impose additional demands on fusion methods. A nocturnal SBL beneath an RL 

creates two distinct layer tops within the lower atmosphere. Virtual potential temperature can increase sharply near the 

surface, vary weakly through the RL, and increase again across an elevated capping inversion (Kotthaus et al., 2023). Wind 80 

profiles can exhibit similar vertical complexity, with strong shear within or near the shallow SBL and additional wind-speed 

transitions or shear maxima associated with elevated structures, such as low-level jets (Liu and Liang, 2010; Baas et al., 

2009). Similarly, other variables used for PBLH identification may also exhibit multiple distinct features at different heights, 

causing individual diagnostic methods to respond to different vertical structures within the same sounding. Averaging these 

distinct candidate heights can place the combined estimate between recognizable layer boundaries. Chen et al. (2023) 85 

identified multilayer structures, common overestimation, and intermittent SBL turbulence as major challenges for ensemble 

methods. An ensemble method must therefore distinguish estimates associated with the near-surface stable layer from those 

associated with elevated structures before calculating a combined SBL height. 

Vertical resolution directly affects the fine boundary layer structures resolved by radiosondes. High-resolution observations 

have supported multiyear height merging and continental-scale dataset development (Zhang et al., 2022; Guo et al., 2024). 90 

Long radiosonde records also support analyses of boundary layer changes and model comparisons (Yue et al., 2021). Seidel 

et al. (2010) compared high-resolution and standard-resolution reports from the same sounding at Koror. Between the 

surface and 4 km, the reports contained 127 and 19 observation levels, respectively. Relative humidity gradients yielded 

heights of 1114 and 3715 m, whereas specific humidity, potential temperature, and refractivity gradients all yielded 1114 m 

in both reports. Thus, resolution changes affect both the structures that can be resolved and the resulting heights, with 95 

impacts that depend on the method. Seidel et al. (2012) further noted that vertical-profile limitations have larger relative 

effects on shallow boundary layers. For ensemble methods with local physical scoring, coarser sampling can alter the 
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observations available around each estimated height and the agreement among methods. Retrieval rates and height changes 

therefore provide complementary measures of resolution effects. 

To address discrepancies among PBLH estimates from different radiosonde-based methods, particularly when multiple 100 

vertical interfaces coexist under stable conditions, we develop an ensemble approach that combines physical consistency 

scoring with layer-aware fusion. We apply the method to 12,266 soundings collected at Beijing station during 2009–2023, 

with an original vertical spacing of approximately 5 m. The analysis evaluates retrieval rates and representative layered 

structures, then examines interannual, seasonal, and observation-time variations in PBLH and independently detected RL-top 

heights. Downsampling the same soundings quantifies how reduced resolution changes individual height estimates, physical 105 

scores, and final ensemble estimates. Section 2 describes the observations, method, and downsampling design. Section 3 

presents retrieval performance, height distributions, and resolution responses. Section 4 summarizes the main conclusions. 

2 Data and methods 

2.1 Radiosonde observations and sample composition 

We use second-resolution radiosonde observations from Beijing station (54511) during 2009–2023. The Beijing 110 

Meteorological Observatory is located north of the South Fifth Ring Road in Daxing District, Beijing, at an elevation of 31.5 

m. Observations include air temperature, pressure, specific humidity, and horizontal wind components. The original vertical 

spacing is approximately 5 m. Minor interpolation between neighboring observation heights regularizes the profiles onto a 5 

m grid. This grid derives from dense original observations rather than interpolation from sparse mandatory pressure levels. 

The analysis covers 20–3,500 m, and all heights are above ground level (AGL). 115 

Original UTC timestamps are converted to Beijing Time (BJT, UTC+8). Nominal operational times of 08, 14, and 20 BJT 

correspond to typical launch times of approximately 07:15, 13:15, and 19:15 BJT. Additional summer afternoon soundings 

began around 2010. After selecting the study years and removing duplicate observation times, the dataset contains 12,266 

profiles. These comprise 5,466, 1,307, and 5,475 profiles at 08, 14, and 20 BJT, respectively, plus 18 at other times. The 14 

BJT soundings predominantly represent enhanced warm-season observations: 1,223 of 1,307 profiles occur in June–August 120 

(93.6 %), with none in 2009. 

2.2 Overall workflow and boundary layer classification 

Profiles are first classified by near-surface thermal stability, and applicable algorithms are then used to identify possible 

layer-top heights (Fig. 1). Each height returned by an individual algorithm is termed a candidate height and is accompanied 

by an internal quality measure and structural attributes. Six physical consistency scores evaluate the observed evidence 125 

supporting each candidate. CBLs and NBLs use direct weighted averaging of applicable primary candidates. For SBLs, 

nearby candidates are grouped and their physical support is evaluated to select a layer before averaging the primary 
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candidates within it. Once a valid SBL height is established, an independent search identifies the overlying RL, yielding 

separate SBL-top and RL-top heights. 

 130 
Figure 1. Workflow of the ensemble method. 

Boundary layer classification uses virtual potential temperature to characterize the thermal stratification of moist air: 

𝜃v = 𝑇 (
𝑝0

𝑝
)

𝜅d

(1 + 0.61𝑞),  𝑝0 = 1000 hPa, 𝜅d = 0.286.   (1) 

Here, T is absolute temperature, p is pressure, and q is specific humidity in kilograms per kilogram. The near-surface virtual 

potential temperature gradient is estimated using the Theil–Sen slope over 20–100 m. Slopes below −0.002 K m⁻¹ indicate 135 

CBLs, slopes above 0.002 K m⁻¹ indicate SBLs, and all remaining cases are NBLs. Organizing height diagnosis by near-

surface stability follows Liu and Liang (2010) and Li et al. (2021). The height window and thresholds are specified for this 

study. 

Conditional reassessment addresses two groups susceptible to shallow near-surface structures. Profiles initially classified as 

SBLs at 14 BJT are reassessed over 20–200 m using the same thresholds, better representing the broader afternoon low-level 140 

stratification. Initially neutral profiles at routine observation times are reassessed when solar elevation does not exceed 15°. 

Reclassification as SBL requires a surface-based air-temperature inversion and a shallow layer containing that inversion 

candidate. The layer must have support from at least two primary-candidate physical categories, satisfy the layer-dominance 
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criterion, and lie at or below 300 m. Other profiles retain NBL classification and direct fusion. Appendix A provides the 

thresholds and low-level data checks. 145 

Each algorithm uses only valid levels of its required variables. Gradients are calculated using height-defined local smoothing 

and finite differences, without bridging gaps exceeding the permitted spacing. Routine smoothing on the native grid uses a 

second-order Savitzky–Golay filter (Savitzky and Golay, 1964), with diagnostic-specific scales retained. Local wind spikes 

and widespread anomalies are treated separately. Local anomalies invalidate only wind information used by affected 

candidates or scores; widespread anomalies invalidate wind-dependent diagnostics. Original wind values are not replaced. 150 

Appendix A specifies the windows, actual smoothing spans, and quality control rules. 

2.3 Candidate height algorithms 

Nine algorithms extract candidate heights from distinct layer-top signatures in temperature, humidity, and wind profiles. Let 

hj denote candidate j and Qj ∈ [0,1] its internal structural quality. Depending on the algorithm, Qj reflects peak prominence, 

reference-layer support, inversion depth and warming, inflection persistence, or jet completeness. Table 1 summarizes the 155 

diagnostic variables, structural criteria, and candidate roles; Appendix B (Table B1) provides the quality mappings. Primary 

candidates contribute to final height weighting. Diagnostic candidates assist structural identification and can contribute to 

SBL layer-support scores. 

Table 1. Overview of the nine candidate algorithms. 

ID 
Variable or 

method 
Structural criterion CBL NBL SBL 

A1 
Virtual potential 

temperature gradient 

Prominent positive-gradient peak; additional stable-layer 

termination transition retained for SBLs 
P P D 

A2 
Specific humidity 

gradient 
Prominent drying-gradient peak P P D 

A3 
Bulk Richardson 

number 

First persistent threshold crossing of the buoyancy-to-

wind-difference ratio 
P P P 

A4 Parcel method 
First intersection of near-surface reference and 

environmental virtual potential temperature 
P — — 

A5 

Surface-based air-

temperature 

inversion 

Top of a continuous surface-based inversion — — P 

A6 

Haar wavelet of 

virtual potential 

temperature 

Prominent response to a positive jump across multiple 

scales 
P P — 

A7 
Maximum vector 

wind shear 
Midpoint of the plateau in maximum shear magnitude P P P 
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ID 
Variable or 

method 
Structural criterion CBL NBL SBL 

A8 
Wind-speed 

inflection 

Curvature sign reversal with persistent structure on both 

sides 
D P P 

A9 Low-level jet 
Lowest jet core satisfying core-speed and two-sided 

speed-decrease criteria 
— D P 

Note: P denotes a primary candidate, D denotes a diagnostic candidate, and — denotes not applicable. SBL primary 160 

candidates comprise thermodynamic (A5), combined thermodynamic–dynamic (A3), and dynamic (A7, A8, and A9) 

categories. 

A1 and A2 identify positive virtual potential temperature gradient peaks and negative specific humidity gradient peaks, 

respectively. Peak prominence selects interfaces with distinct warming or drying signals. For SBLs, A1 additionally records 

stable-layer termination transitions as thermodynamic evidence for layer selection. 165 

A3 characterizes the relative effects of buoyancy and wind shear using the bulk Richardson number: 

Rib(𝑧) =
𝑔

𝜃v,r

[𝜃v(𝑧) − 𝜃v,r](𝑧 − 𝑧r)

[𝑢(𝑧) − 𝑢r]2 + [𝑣(𝑧) − 𝑣r]2
.   (2) 

Here, g is gravitational acceleration, u and v are horizontal wind components, and subscript r denotes the near-surface 

reference layer. The reference layers are 20–100 m for CBL/NBL and 20–50 m for SBL, with critical values of 0.25 and 0.35, 

respectively. Searching upward from the reference layer identifies the first threshold exceedance lasting at least 15 m. The 170 

height is determined by linear interpolation between adjacent valid levels. Locations with squared wind differences below 

0.01 m² s⁻² are excluded. The reference layer and critical value govern the response to different stratification regimes 

(Vogelezang and Holtslag, 1996; Seidel et al., 2012). 

A4 uses the mean virtual potential temperature over 20–50 m plus 0.05 K as the near-surface parcel reference. The first 

intersection with the environmental virtual potential temperature profile defines the candidate height. This reference supports 175 

mixed-layer diagnosis from individual profiles and follows the parcel concept used to estimate maximum mixing depth from 

daily maximum surface temperature (Holzworth, 1964). A5 identifies surface-based inversions using air temperature. The 

inversion must extend continuously from the lowest analysis level, span at least 20 m, and produce cumulative warming of at 

least 0.2 K. Its termination height provides the thermodynamic SBL candidate. 

A6 uses a Haar response defined as the upper-half-window mean minus the lower-half-window mean: 180 

𝑊(𝑎, ℎ) =
2

𝑎
[∫ 𝜃v

ℎ+𝑎/2

h

(𝑧) d𝑧 − ∫ 𝜃v

ℎ

h−a/2

(𝑧) d𝑧] .   (3) 

Here, a is wavelet scale, h is window-center height, and z is the vertical coordinate. Scales of 50, 100, 200, and 350 m are 

evaluated only where both window halves have complete observational support. Positive peaks require a response of at least 

0.1 K and prominence of at least 0.05 K. Qualifying peaks from all four scales are pooled, and the height of the most 
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prominent peak becomes the A6 candidate. Ties favor the smaller scale. This selects the interface with the strongest local 185 

contrast among jumps of different thicknesses, rather than averaging peak heights across scales. The zero-mean kernel 

removes constant background values, while thickness normalization permits comparison across scales. Following the 

multiscale structural approach of Davis et al. (2000) and Brooks (2003), we apply Haar responses to positive virtual potential 

temperature jumps. 

A7, A8, and A9 identify maximum vector wind shear, wind-speed inflections, and low-level jets, respectively. A7 uses the 190 

midpoint of the maximum-shear plateau, with quality determined by prominence relative to the local background and 

proximity to search boundaries. A8 requires a sign reversal in the second wind-speed derivative across finite-depth regions, 

supported by first-derivative and wind-speed-change criteria. The selected inflection maximizes the product of first-

derivative magnitude and curvature change. Its quality combines two-sided sign consistency and normalized wind-speed 

change. A9 selects the lowest complete jet core, requiring core speed of at least 8 m s⁻¹ and decreases of at least 2 m s⁻¹ both 195 

above and below. Low-level jets represent important nocturnal boundary layer dynamics (Baas et al., 2009). Together with 

shear and inflections, they complement temperature and humidity diagnostics. 

2.4 Physical consistency scoring 

The six scores assess complementary aspects of the structure supporting each candidate height hj (Table 2). Each Cij ∈ [0,1] 

maps a thermal, dynamic, or distributional feature to a common support scale. Most scores compare local windows around 200 

the candidate; CSIM instead combines a near-surface profile fit with the candidate's h/L. Higher values indicate stronger 

support under the specified mapping, rather than a probability that the height is correct. Three quantities have distinct roles: 

Qj describes the quality of the structure identified by the candidate algorithm, Cij evaluates the associated physical evidence, 

and qij describes the observational support for that evaluation. The computability indicator aij excludes scores with 

insufficient support; these are missing rather than zero. Section 2.5 combines the scores and quality measures while reducing 205 

shared information. 

Table 2. Overview of the six physical consistency scores. 

Symbol Name Information used Structure receiving higher scores 

CE 
Thermodynamic 

structure 

Virtual potential temperature θv: 

median gradients and temperature 

differences between the lower and 

upper windows 

CBL: weak gradient below and warming above; 

SBL: stable gradient weakening upward; NBL: 

weak gradient below and a gradient change 

CTKE 
Shear–buoyancy 

environment 

Horizontal wind u, v and virtual 

potential temperature θv: S² and 

stable/unstable components of N² 

CBL: shear/unstable-stratification contrast and 

stable cap; SBL: shear contrast and stable 

stratification; NBL: shear contrast 

CSIM 
Surface-layer 

similarity 

Near-surface wind speed U and virtual 

potential temperature differences: 

joint fit and candidate h/L 

Good profile fit together with h/L within the 

regime-specific scoring range 
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Symbol Name Information used Structure receiving higher scores 

CENT 

Distributional 

information 

entropy 

Virtual potential temperature θv and 

specific humidity q: normalized 

entropies using common bins above 

and below 

Greater upper-window entropy, averaged across 

temperature and humidity 

CGD 
Local gradient 

sharpness 

Virtual potential temperature gradient: 

cross-interface change relative to 

gradient variability in a guarded local 

background 

A gradient change that stands out from 

surrounding variability 

CWS Wind structure 

Vector shear from horizontal wind u, 

v: local/background magnitude ratio 

and upper–lower vector difference 

Locally enhanced shear and/or a change in shear 

magnitude or direction across the candidate 

Note: All scores range from 0 to 1. Appendix C provides the complete mappings, observational support requirements, and 

baseline weights (Table C1). 

The thermodynamic structure score CE tests the thermal transition expected for each regime using windows extending from 210 

25 to 200 m below and above the candidate, bounded by the available profile. For CBLs, it favors a weak lower-window 

gradient and an upward increase in virtual potential temperature, representing a mixed-layer-to-cap transition. For SBLs, it 

favors positive gradients below and weaker gradients above, identifying the termination of a stable layer. For NBLs, it 

combines a weak lower-window gradient with a change across the candidate. These are local structural tests, not averages 

over the entire boundary layer. 215 

The shear–buoyancy environment score CTKE uses 

𝑆2 = (
∂𝑢

∂𝑧
)

2

+ (
∂𝑣

∂𝑧
)

2

,  𝑁2 =
𝑔

𝜃v

∂𝜃v

∂𝑧
.   (4) 

Here, S² is squared vector wind shear magnitude and N² is squared buoyancy frequency, both in s⁻². Motivated by shear 

production and buoyancy effects in the turbulent kinetic energy (TKE) budget, the score evaluates mean-profile 

environments associated with turbulence. For CBLs, it favors stronger combined shear and unstable-stratification signals 220 

below the candidate and stronger stable stratification above. For SBLs, it combines a decrease in shear across the candidate 

with the presence of stable stratification in the two windows. For NBLs, it uses the shear contrast alone. The resulting 

indicators are mapped to [0,1] as detailed in Appendix C2. The score summarizes how well the observed shear and 

stratification match these regime-specific patterns. It is based on gradients of mean wind and virtual potential temperature, so 

it represents environmental conditions for turbulence rather than turbulent energy or its production rate (Mahrt, 2014; 225 

Grachev et al., 2013). 

The surface-layer similarity score CSIM first estimates near-surface similarity parameters, then evaluates each candidate 

through its h/L. Wind speed and virtual potential temperature differences are fitted jointly using integrated Monin–Obukhov 
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similarity theory (MOST). Only friction velocity u* and λ = 1/L are free parameters; the virtual potential temperature scale is 

derived from them: 230 

𝑈(𝑧) =
𝑢∗

𝜅
[ln

𝑧

𝑧0

− 𝜓m(𝑧𝜆) + 𝜓m(𝑧0𝜆)] ,   (5) 

𝜃v(𝑧) − 𝜃v(𝑧r) =
𝜃v∗

𝜅
[ln

𝑧

𝑧r

− 𝜓h(𝑧𝜆) + 𝜓h(𝑧r𝜆)] ,  𝜃v∗ =
𝑢∗

2𝜃v𝜆

𝜅𝑔
.   (6) 

Here, κ = 0.4 is the von Kármán constant, z0 is 0.1 m, and zero-plane displacement is zero. The functions ψm and ψh are 

integrated stability corrections for momentum and heat. Joint robust fitting normalizes residuals by 1 m s⁻¹ for wind speed 

and 0.5 K for virtual potential temperature. Fitting uses 20–100 m, with one extension to 20–200 m after failure. Following 235 

residual, parameter-boundary, and condition-number checks, the same accepted fit supplies L and fit quality for the profile's 

candidates. The score is the geometric mean of candidate-specific h/L support and fit quality. Thus, near-surface similarity 

and candidate-height compatibility both contribute. Integrated relations follow Businger et al. (1971), Paulson (1970), and 

Dyer (1974), with stable functions from Cheng and Brutsaert (2005). Equation (6) links the fitted parameters and 

temperature scale; Sect. 2.5 reduces shared-variable redundancy (Baas et al., 2006). 240 

The distributional information entropy score CENT measures how virtual potential temperature and specific humidity occupy 

common value bins in the lower and upper windows. Normalized Shannon entropy uses layer-thickness weighting (Shannon, 

1948). Concentration in a few bins gives lower entropy, whereas more even occupancy gives higher entropy. The score 

favors an upward increase in entropy, averaged across the two variables. It supplies distributional evidence complementary 

to signed gradients, with the same directional mapping used for all three regimes. 245 

CGD tests whether a gradient change stands out from surrounding variability. It compares median virtual potential 

temperature gradients within 25 m on either side of the candidate and scales their absolute difference by robust background 

variability 50–250 m away on both sides. The intervening 25–50 m buffer zones limit contamination by the interface. Larger 

contrasts receive higher scores regardless of sign; CE separately assesses the regime-specific thermal pattern. 

CWS combines two wind-structure signals: locally enhanced vector shear relative to its background, and a change in shear 250 

magnitude or direction between the lower and upper background regions. Each component increases with its respective 

contrast, and their mean gives the score. Unlike CTKE, this score emphasizes local shear prominence and vector structure 

rather than regime-dependent shear–buoyancy conditions. Appendix C provides all mappings, support requirements, and 

empirical scales. 

2.5 Score integration and ensemble height estimation 255 

Score weights combine regime-specific baseline weights bi, computability aij, support quality qij, and redundancy reduction 

ρij: 
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𝑟𝑖𝑗 = 𝑏𝑖𝑎𝑖𝑗𝑞𝑖𝑗𝜌𝑖𝑗 ,  𝑃𝑗 = 𝑄𝑗 ∑ 𝜔𝑖𝑗

𝑖

𝐶𝑖𝑗 .   (7) 

The values rij are first normalized across available scores, then subject to physical-family caps to obtain ωij. The 

thermodynamic family, comprising CE, CENT, and CGD, has a total weight cap of 0.50. The dynamic family, CTKE and CWS, 260 

has a cap of 0.40, and the similarity family, CSIM, has a cap of 0.20. Excess weight is redistributed proportionally to other 

available families with remaining capacity. If available family caps sum to less than 1, the corresponding weight deficit is 

retained. Scores directly sharing a criterion with candidate generation receive a reduction factor of 0.5; all others receive 1. 

Multiplication by internal candidate quality Qj then gives candidate support Pj. 

CBLs and NBLs require at least two primary candidates with positive support. Their fused height is calculated as 265 

𝑤𝑗 =
𝑃𝑗

2exp[−(ℎ𝑗 − 𝑚)2/(2𝑠2)]

∑ 𝑃𝑘
2

𝑘 exp[−(ℎ𝑘 − 𝑚)2/(2𝑠2)]
,   ℎ = ∑ 𝑤𝑗

𝑗

ℎ𝑗 .   (8) 

Here, m is the median candidate height, s = max(1.4826 MAD, 50 m), and MAD is the median absolute deviation. The 

exponential term represents height consensus, while Pj² represents physical structural support. Together, they determine each 

primary candidate's contribution to the fused height. 

For SBLs, primary candidates are first sorted by height and grouped into candidate layers spanning no more than 150 m. 270 

Each layer must contain at least two primary candidates representing at least two physical categories: thermodynamic (A5), 

combined thermodynamic–dynamic (A3), and dynamic (A7, A8, A9). This requirement provides joint support from different 

physical information. Diagnostic candidates A1 and A2 can be attached to layers whose centers lie within 150 m. The layer-

support score sums the maximum squared candidate support within each category: 

𝐹ℓ = ∑ max
𝑗∈ℒℓ∩𝑓

𝑓

𝑃𝑗
2.   (9) 275 

Here, ℓ indexes candidate layers, Lℓ is the candidate set in layer ℓ, and f denotes physical category. Taking the maximum 

within each category controls redundant responses from similar methods. A single qualifying layer is selected directly. With 

multiple qualifying layers, the highest score must be at least 1.25 times the second highest; otherwise, no layer is selected. 

Primary candidates in the selected layer are combined using Eq. (8). Here, m and MAD become the Pj²-weighted median and 

median absolute deviation. Selecting a layer before averaging prevents estimates of vertically separated structures from 280 

being combined into a single SBL height. 

The spread of the ensemble height estimates is defined as 

𝜎ℎ = [∑ 𝑤𝑗

𝑗

(ℎ𝑗 − ℎ)2]

1/2

.   (10) 
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where σh is the weighted dispersion of participating candidate heights around the final height, describing their agreement. 

2.6 Residual layer identification 285 

Under stable stratification, a near-surface SBL and an overlying RL can coexist with distinct top heights. The capping 

inversion above an RL can identify its top (Kotthaus et al., 2023). We therefore report the fused SBL-top height as the 

current PBLH and the independently detected RL-top height as a separate structural parameter. This distinguishes near-

surface stable-layer depth from the vertical extent of the overlying residual layer. 

RL detection is performed only when a valid SBL height is available. The complete virtual potential temperature profile over 290 

20–3,500 m is first smoothed using an actual span of 100 m. Searching then begins 50 m above the SBL top, so changes in 

the search boundary do not alter smoothing at the full-profile boundary. A candidate RL must contain a near-neutral core at 

least 200 m thick, with absolute virtual potential temperature gradients no greater than 0.0015 K m⁻¹. Within 300 m above 

the core, a stable cap must have a median gradient of at least 0.002 K m⁻¹ over at least 25 m. The cap must also lie at least  

100 m above the SBL top. The search proceeds upward and records the first qualifying structure and its top height. 295 

2.7 Vertical downsampling and algorithm adaptation 

The same 12,266 profiles are sampled onto uniform grids of 25, 50, and 100 m and a surface-plus-mandatory-pressure-level 

grid. Uniform grids start at the lowest valid observation and select original observations near target heights. Mandatory 

levels are 1,000, 925, 850, 700, and 500 hPa, where they fall within the valid observation range. Values are interpolated in 

log-pressure coordinates, with the surface point retained. All levels remain subject to the 20–3,500 m analysis range. The 300 

four groups yield 49,064 coarse-grid records, all retaining the 5 m boundary layer classifications. This enables comparison of 

candidate diagnosis and height fusion responses to reduced resolution. 

Coarse grids retain the main physical thresholds and fusion architecture. Minimum observation counts, finite-difference 

spacing, and finite-depth support for A8 are adapted to grid spacing (Appendix D, Table D1). On uniform coarse grids, 

routine smoothing requires at least three points and uses a first-order polynomial when only three points are used. A5 retains 305 

a second-order filter with at least five points, giving actual smoothing spans of 100, 200, and 400 m on complete 25, 50, and 

100 m grids, respectively. RL smoothing spans 100 m on the 25 and 50 m grids and 200 m on the 100 m grid, where at least 

three points are required. If sequential SBL clustering yields no qualifying layer, complete primary-candidate windows 

spanning 150 m are enumerated to identify combinations omitted by sequential partitioning. Existing qualifying layers retain 

the original selection rule. Overlapping windows that share primary candidates and do not identify a unique layer are 310 

recorded as unresolved. Mandatory-level records retain individual algorithm candidates and subsequent scores; RL detection 

is restricted to uniform grids. 
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3 Results and analysis 

3.1 Overall results and representative cases 

3.1.1 Retrieval rates and algorithm availability 315 

Table 3 lists annual observation and retrieval counts. Annual inputs at 08 and 20 BJT each range from approximately 362 to 

367 profiles, providing stable coverage throughout the study period. The 14 BJT sample varies with enhanced warm-season 

sounding schedules. The 18 profiles at other times are included in overall retrieval statistics, while height distributions are 

analyzed separately for the three main observation times. 

Table 3. Annual sample counts during 2009–2023. 320 

Year 08 BJT 14 BJT 20 BJT Other times All times 

2009 364/304 0/0 365/296 0/0 729/600 

2010 364/279 82/81 364/265 0/0 810/625 

2011 363/294 77/77 365/265 5/3 810/639 

2012 366/299 78/78 365/287 3/3 812/667 

2013 365/301 92/92 365/288 0/0 822/681 

2014 365/264 87/87 365/262 0/0 817/613 

2015 365/263 99/99 365/276 2/2 831/640 

2016 366/273 92/90 366/249 2/1 826/613 

2017 362/259 93/92 362/260 4/3 821/614 

2018 365/265 92/91 364/282 0/0 821/638 

2019 362/261 110/108 365/281 1/1 838/651 

2020 366/302 95/94 366/276 0/0 827/672 

2021 364/313 92/91 365/293 0/0 821/697 

2022 364/304 123/123 367/293 1/0 855/720 

2023 365/310 95/93 366/268 0/0 826/671 

Total 5466/4291 1307/1296 5475/4141 18/13 12266/9741 

Note: Each cell gives the number of soundings/PBLH retrievals. A value of 0/0 indicates no observations at that time in the 

given year. Years are calendar years. 

The 5 m observations yield 9,741 PBLH estimates from 12,266 input profiles, an overall retrieval rate of 79.41 % (Table 4). 

CBL and NBL retrievals number 2,417 and 2,301, respectively. For SBLs, 5,023 of 7,548 profiles yield heights, a retrieval 

rate of 66.55 %. Among the 2,525 SBL profiles without a result, 2,501 (99.05 %) lack a qualifying candidate layer. The 325 

remaining 24 do not yield a selected layer because the highest layer-support score is less than 1.25 times the second highest. 
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SBL retrieval therefore depends primarily on joint support from different candidate categories within the same layer; 

unresolved competition among multiple layers accounts for only a small fraction. 

Table 4. PBLH retrievals and RL detections from 5 m observations. 

Grouping Group Inputs PBLH retrievals Retrieval rate (%) RL detections 

By regime CBL 2417 2417 100.00 Not performed 

By regime NBL 2301 2301 100.00 Not performed 

By regime SBL 7548 5023 66.55 3246 

By time 08 BJT 5466 4291 78.50 1066 

By time 14 BJT 1307 1296 99.16 2 

By time 20 BJT 5475 4141 75.63 2173 

By time Other 18 13 72.22 5 

Overall All 12266 9741 79.41 3246 

CBLs and NBLs have abundant candidate availability (Fig. 2a). Availability exceeds 95 % for A1, A2, A3, and A6, with A1 330 

and A6 exceeding 99 %. A4 reaches 98.97 % for CBLs and A8 reaches 95.09 % for NBLs; A7 reaches 79.19 % and 78.66 %, 

respectively. For SBLs, A3 and A8 remain available in 96.41 % and 95.65 % of profiles, whereas A5 and A9 reach 68.19 % 

and 49.67 %. Diagnostic candidates A1 and A2 reach 99.48 % and 98.56 %. These contrasts reflect the different structural 

requirements of individual methods. Bulk Richardson numbers and wind-speed inflections apply to a broad range of profiles, 

whereas continuous surface-based inversions and complete jets require more specific structures. Complementarity among 335 

methods allows fusion to exploit valid information under different stratification conditions. 
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Figure 2. Candidate availability and score computability by boundary layer regime. (a) Availability of the nine candidate 

algorithms. (b) Computability of the six physical consistency scores. Candidate availability counts profiles with positive-quality 

candidates; score computability counts primary-candidate records with positive quality. D denotes diagnostic candidates; — 340 
denotes not applicable or no available result. 

Score computability further distinguishes the regimes (Fig. 2b). In CBLs and NBLs, all scores except CSIM exceed 93 % 

computability, providing broad support for candidate weighting. For SBLs, CGD and CWS reach 73.74 % and 73.24 %, 

respectively. Limited observational depth below shallow candidates makes local interface-to-background comparisons more 

difficult. CSIM is computable for 37.59 %, 84.45 %, and 39.98 % of CBL, NBL, and SBL records, respectively. Near-neutral 345 

profiles more commonly support the integrated similarity relations. Weight integration across available scores 

accommodates these differences in observational support. 

3.1.2 Representative convective and neutral boundary layers 

At 14 BJT on 16 July 2019, virtual potential temperature is relatively uniform from near the surface to approximately 1.3 km, 

with stronger gradients above. Wind speed also changes slope near this height (Fig. 3a). A1, A3, and A4 cluster at 1,323–350 

1,329 m, with final weights of 32.2 %, 31.7 %, and 36.0 %, respectively. Together, they determine a CBL height of 1,325.8 

m (Fig. 3b, c). Specific humidity gradients, wavelet responses, and wind shear also identify higher interfaces. Fusion 

concentrates weight on the mixed-layer top jointly identified by thermodynamic gradients, parcel ascent, and the bulk 

Richardson number, preserving its distinct physical position. 
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At 08 BJT on 31 May 2019, virtual potential temperature and specific humidity change near 0.4 km, while low-level wind 355 

speed increases with height (Fig. 3d). A1, A2, A3, and A6 cluster at 410–440 m. Their respective weights of 19.1 %, 32.8 %, 

29.4 %, and 18.7 % yield a fused height of 424.9 m (Fig. 3e, f). A7 shear and A8 wind-speed inflection candidates lie at 

1,460 and 2,740 m, respectively. Both are NBL primary candidates, but the height-consensus term reduces their final weights 

to nearly zero. These cases show how physical scoring combined with height consensus emphasizes a layer top supported by 

multiple criteria and moderates contributions from distant primary candidates. 360 
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Figure 3. Height fusion for representative CBL and NBL cases. CBL at 14 BJT on 16 July 2019: (a) virtual potential temperature, 

specific humidity, and wind-speed profiles; (b) candidate heights; (c) physical scores and final weights. NBL at 08 BJT on 31 May 

2019: (d) three-variable profiles; (e) candidate heights; (f) physical scores and final weights. Black horizontal lines indicate fused 

PBLH. Filled circles and open squares indicate primary and diagnostic candidates, respectively. Shading denotes scores, right-365 
hand bars show normalized height weights, and — denotes missing scores. 
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3.1.3 A representative stable boundary layer and residual layer identification 

The profile at 20 BJT on 23 October 2019 contains a shallow stable layer and distinct structures aloft (Fig. 4). A3, A5, and 

A7 yield 110, 85, and 110 m, respectively, forming the only qualifying layer within a 150 m span. They provide combined 

thermodynamic–dynamic, air-temperature inversion, and wind-shear support. Within-layer fusion yields 102.0 m. The A5 370 

height of 85 m more closely represents surface-based inversion termination, whereas A3 and A7 are slightly higher. These 

differences have a clear physical interpretation within the same shallow layer and can be meaningfully combined through 

weighting. 

The independently detected RL top is 975 m, approximately 873 m above the SBL top, producing a clearly separated two-

layer structure. Low-level A3, A5, and A7 jointly provide buoyancy–shear, surface-based inversion, and wind-shear 375 

information, whereas higher A8 and A9 candidates primarily provide dynamic information. Layer selection therefore places 

the current SBL near 100 m. The overlying near-neutral layer and its cap then identify the RL. Separate shallow-SBL and 

deep-RL outputs preserve both the nocturnal near-surface stable layer and remnants of the earlier mixed layer. 
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Figure 4. SBL fusion and RL identification at 20 BJT on 23 October 2019. (a) Full-height virtual potential temperature, specific 380 
humidity, and wind-speed profiles. (b) Candidate heights. (c) Low-level enlargement of the three profiles. (d) Physical scores and 

final weights. Black dashed, purple dashed, and blue dotted lines indicate the fused SBL top, independently detected RL top, and 

A5 air-temperature inversion top, respectively. Shading and bars follow Fig. 3. 
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3.2 Distributions and variability of boundary layer and residual layer heights 

3.2.1 Interannual variability 385 

CBLs, NBLs, and SBLs exhibit distinct height scales throughout 2009–2023 (Fig. 5). At 08 BJT, annual median CBL 

heights range from 425.3 to 609.5 m, fluctuating around 500 m. NBL medians range from 554.6 to 1,156.5 m, with greater 

interannual variability. SBL medians remain between 68.6 and 114.8 m, consistently representing shallow near-surface 

layers. Near-surface stability classification thus captures persistent structural differences, with each regime exhibiting a 

different amplitude of interannual height variability. 390 

At 20 BJT, annual median NBL heights range from 968.2 to 1,672.3 m and exceed their 08 BJT counterparts in every year. 

SBL medians at the same time range from 67.1 to 116.1 m. At both times, SBL medians peak in 2012 and subsequently 

decrease overall. Most years after 2014 lie near 70–85 m. Annual median CBL heights at 20 BJT vary from 501.0 to 1,408.6 

m, a much wider range than at 08 BJT. Small annual sample sizes may partly explain this variability. The annual 20 BJT 

CBL sample ranges from only 2 to 41 profiles, allowing a few deep mixed-layer events to strongly influence the median. 395 

Annual median RL-top heights range from 1,350 to 2,045 m at 08 BJT and from 1,130 to 1,515 m at 20 BJT, with morning 

values higher every year. The separation between shallow SBLs and kilometer-scale RLs persists throughout the study 

period, demonstrating a consistent statistical distinction between near-surface stable and overlying residual structures. 

Interannual fluctuations also differ among boundary layer regimes and RLs. This may reflect different responses to surface 

cooling, mechanical mixing, and previous convective mixing. SBLs more directly reflect near-surface stable-layer 400 

development, whereas RLs retain information about earlier structures in the deeper atmosphere. 
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Figure 5. Annual median heights at 08 and 20 BJT. (a) CBL. (b) NBL. (c) SBL. (d) RL top. Blue and orange represent 08 and 20 

BJT, respectively. Open symbols indicate fewer than 20 valid observations in the corresponding annual group. 

3.2.2 Seasonal differences among boundary layer regimes 405 

Seasonal statistics primarily use routine 08 and 20 BJT observations. Spring, summer, and autumn comprise March–May, 

June–August, and September–November, respectively. Winter combines December of the preceding year with January–

February of the current year; complete winters during 2010–2023 are used. The lower row of Fig. 6 instead pools all seasons 

at each observation time. The 14 BJT sample predominantly comprises enhanced warm-season observations. Box plots 

include all valid heights and describe distributions using medians and interquartile ranges. 410 

Pooling routine 08 and 20 BJT observations gives seasonal median SBL heights of approximately 74–80 m, far below CBL 

and NBL heights (Fig. 6a–c). SBL seasonality appears mainly in distribution width. The summer upper quartile exceeds its 
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winter counterpart, while winter boxes are more concentrated at shallow heights. Thus, typical SBL depths remain below 

100 m throughout the year, whereas the occurrence of deeper stable layers varies seasonally. 

 415 
Figure 6. Seasonal and observation-time distributions of PBLH by regime. (a–c) Seasonal CBL, NBL, and SBL distributions, 

pooling 08 and 20 BJT. (d–f) Distributions at 08, 14, and 20 BJT, using all seasons at each time. Boxes show interquartile ranges, 

black lines show medians, and whiskers extend to the most distant observations within 1.5 interquartile ranges. Numbers indicate 

valid sample counts. All valid heights enter the box-plot statistics; outlier points are omitted. The 14 BJT sample predominantly 

represents the warm season. 420 

Routine-time CBLs yield 408, 747, 68, and 27 valid results in spring, summer, autumn, and winter, with median heights of 

571.4, 523.5, 654.4, and 1,353.1 m, respectively. CBLs occur mainly in spring and summer at routine observation times, but 

winter occurrences correspond to deeper mixed layers. Occurrence frequency and height conditional on occurrence therefore 

have different seasonal patterns. Median NBL heights also rise from 966.1 m in spring and 993.7 m in summer to 1,158.1 m 

in autumn and 1,320.3 m in winter. Seasonal median SBL heights vary much less. Deeper cold-season CBLs and NBLs may 425 
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reflect stronger mechanical mixing and different synoptic conditions. Near-surface stability grouping separates these 

structures from numerous shallow SBLs, revealing distinct vertical scales within the same season. 

3.2.3 Differences among observation times 

Height distributions across the three observation times differ sharply among regimes (Fig. 6d–f). Median CBL heights are 

514.7, 1,385.7, and 939.4 m at 08, 14, and 20 BJT, respectively. The afternoon maximum and evening heights exceeding 430 

morning values are consistent with daytime mixed-layer growth and persistence of deeper mixed structures during evening 

decay. Median NBL heights are 852.6, 1,310.4, and 1,290.2 m, showing comparable afternoon and evening scales. SBL 

medians are 82.0 and 73.7 m at 08 and 20 BJT, respectively, concentrated near the surface. SBLs at 14 BJT are uncommon: 

only four valid heights are obtained, with a median of 196.2 m. Reduced surface heating under greater cloud cover offers one 

possible explanation for afternoon stable layers. Zhang et al. (2018) similarly found that approximately 70 % of afternoon 435 

SBLs in enhanced summer soundings across China occurred under overcast conditions. 

Further seasonal grouping of routine observations shows higher NBL medians at 20 than at 08 BJT in every season. Evening 

versus morning medians are 1,240.8 versus 816.9 m in spring, 1,273.9 versus 732.7 m in summer, 1,386.3 versus 1,020.7 m 

in autumn, and 1,504.6 versus 1,150.4 m in winter (Fig. 7b). CBLs likewise have higher evening medians in all four seasons 

(Fig. 7a). This morning–evening contrast is consistent with persistence of deeper daytime mixed structures into the evening, 440 

supporting a continuing influence of earlier mixing on evening boundary layer structure. 

SBLs show the opposite morning–evening contrast to CBLs and NBLs: 08 BJT medians exceed 20 BJT values in every 

season, most strongly in summer (Fig. 7c). Summer median and upper-quartile heights are 100.0 and 279.7 m at 08 BJT, 

compared with 72.1 and 122.6 m at 20 BJT. Morning SBLs span a wider height range and include more deep stable layers. 

This may reflect different developmental stages. Newly established evening stable layers are generally shallow, whereas 445 

overnight cooling and dynamic adjustment can produce thicker layers in profiles that remain stable in the morning. 

3.2.4 Residual layer heights and their relationship to stable boundary layers 

The algorithm detects 3,246 RLs, equivalent to 64.62 % of the 5,023 valid SBL retrievals and 43.00 % of all 7,548 SBL 

input profiles. The former proportion describes RL detection after a successful SBL-height retrieval. The latter describes 

joint retrieval of both heights among all SBL inputs. Approximately two-thirds of valid SBL profiles also contain a detected 450 

RL, demonstrating broad coverage of multilayer structures through joint diagnosis. Routine-time observations yield 3,239 

RLs, including 1,066 at 08 BJT and 2,173 at 20 BJT. Their median top heights are 1,700 and 1,250 m, respectively, far 

above the corresponding SBLs. 

RL tops are higher at 08 than at 20 BJT in all seasons (Fig. 7d). Morning medians are 1,795, 1,650, 1,725, and 1,545 m in 

spring, summer, autumn, and winter, respectively. Corresponding evening medians are 1,290, 1,155, 1,282.5, and 1,210 m. 455 

Morning RL detections are less frequent but higher, showing that morning–evening differences involve both detection 
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frequency and vertical position. Separate SBL-top and RL-top statistics distinguish changes in near-surface stable-layer 

depth from changes in overlying residual structures, rather than conflating them as a single PBLH variation. 

 
Figure 7. Seasonal PBLH and RL-height distributions at 08 and 20 BJT. (a) CBL. (b) NBL. (c) SBL. (d) RL. Blue and orange 460 
boxes represent 08 and 20 BJT, respectively. Numbers indicate valid sample counts; box-plot definitions follow Fig. 6. 

3.3 Effects of reduced vertical resolution 

3.3.1 Retrieval rates and retention of shallow stable layers 

The 25, 50, and 100 m grids yield 10,323, 7,672, and 5,791 PBLH retrievals, corresponding to overall rates of 84.16 %, 

62.55 %, and 47.21 %. Regime-specific rates use all input profiles in the corresponding regime as denominators. SBLs 465 

dominate changes in total retrieval counts (Fig. 8a). Their retrieval rate rises from 66.55 % at 5 m to 74.26 % at 25 m, then 
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falls to 39.14 % at 50 m and 14.48 % at 100 m. CBLs and NBLs retain complete retrievals at 25 and 50 m and reach 99.30 % 

and 99.87 %, respectively, at 100 m. Sampling at 50–100 m therefore weakens shallow stable-layer identification far more 

than CBL or NBL retrieval. 

To track existing shallow-layer results, valid 5 m SBLs are grouped by height, and continued PBLH retrieval is assessed on 470 

each coarse grid (Fig. 8b). The 3,405 samples at or below 100 m represent 67.79 % of valid 5 m SBLs. Their retention rates 

are 91.89 %, 39.27 %, and 12.45 % at 25, 50, and 100 m, respectively. For the 100–200 m group, corresponding rates are 

90.82 %, 53.47 %, and 20.16 %. At 100 m grid spacing, samples originally exceeding 500 m retain a rate of 28.04 %. 

Retention increases with original layer depth at both 50 and 100 m, identifying shallow SBLs as the structures most readily 

lost under coarse sampling. As layer depth approaches sampling spacing, observations rapidly lose the ability to resolve 475 

inversion tops, wind transitions, and backgrounds on both sides simultaneously. 

The 25 m grid retains 4,531 valid 5 m SBL retrievals and adds 1,074 results from profiles without a 5 m retrieval, for a net 

increase of 582. Moderate coarsening changes local gradient fluctuations, actual smoothing spans, and candidate quality. 

Some profiles that previously lacked joint support consequently form qualifying layers, while 492 existing retrievals are lost. 

The initial increase and subsequent decline in retrieval counts reflect competing effects. Moderate coarsening can strengthen 480 

candidate consensus for some structures, whereas further coarsening makes shallow-layer information loss dominant. 

 
Figure 8. PBLH retrieval rates and SBL retention under different vertical resolutions. (a) Retrieval rates for CBL, NBL, and SBL; 

SBL uses the left axis and CBL/NBL the right axis. (b) Coarse-grid retention grouped by 5 m SBL height. Retrieval rates use all 

inputs within each regime as denominators. Retention rates use valid 5 m retrievals in each height group. All grids share the same 485 
boundary layer classifications. 
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Mandatory pressure levels provide some individual-algorithm heights, but observational support for local scoring becomes 

the bottleneck for complete fusion. A3 produces 1,946, 2,178, and 7,394 raw candidates for CBLs, NBLs, and SBLs, 

respectively; CBL A4 produces 2,383. None receives positive support in subsequent scoring, leaving no complete fusion 

retrievals. Thus, bulk Richardson number and parcel methods can estimate heights from sparse levels, whereas local physical 490 

assessment of interfaces and surrounding backgrounds requires denser observations. 

3.3.2 Resolution response of fused heights 

To compare heights for identical profiles, Fig. 9 uses 2,400 CBLs, 2,298 NBLs, and 531 SBLs with retrievals at all four 

resolutions. Differences are defined as coarse-grid height minus 5 m height. Median CBL differences are 35.4, 104.4, and 

235.6 m at 25, 50, and 100 m, respectively; corresponding NBL differences are 17.3, 78.8, and 212.8 m. Both regimes shift 495 

upward overall as grids coarsen, with broader difference distributions. Together with retrieval rates above 99 %, these results 

show that the main CBL/NBL resolution response is a shift in height rather than widespread retrieval loss. 

For the common SBL sample, median height differences are 21.6, 94.2, and 241.9 m at 25, 50, and 100 m, respectively. 

Median absolute differences are 36.8, 107.9, and 241.9 m. From 25 to 100 m grid spacing, the median upward shift increases 

by approximately an order of magnitude. Combined with sharply declining shallow-SBL retention, this reveals a dual effect 500 

of reduced resolution. Many shallow layers lose qualifying candidate support, while retained retrievals shift upward overall. 

 
Figure 9. PBLH differences between coarse and 5 m grids for identical profiles. (a) CBL. (b) NBL. (c) SBL. Each regime uses the 

common set of profiles retrieved at all four resolutions; sample counts are shown. Differences are coarse-grid minus 5 m heights. 

Horizontal dashed lines indicate zero difference. Box-plot definitions follow Fig. 6; points show observations beyond the whiskers. 505 
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This overall upward shift agrees with the high- and low-resolution radiosonde comparison of Seidel et al. (2010). Additional 

observation levels help capture parcel intersections and inversion transitions at lower heights, whereas sparse sampling can 

shift these features upward. Our regime-specific results further show that nearly complete CBL/NBL retrieval and sharply 

declining SBL retrieval can both accompany positive height responses. Different stratification regimes therefore respond 

differently to the same sampling change. 510 

3.3.3 Resolution responses of candidate identification and physical scoring 

Candidate availability responds to coarsening according to the structure diagnosed by each algorithm (Fig. 10a). SBL A5 

availability falls from 68.19 % at 5 m to 64.73 %, 54.16 %, and 44.49 % at 25, 50, and 100 m, respectively. Diagnostic A2 

availability decreases from 98.56 % to 91.12 %, 83.96 %, and 68.96 %, and A9 also declines. Surface-based inversions, local 

drying transitions, and complete jets thus depend more strongly on dense observations. In contrast, A3 and A7 each retain 515 

99.75 % positive-quality candidate availability at 100 m, while A8 reaches 97.03 %. These methods preserve broad 

candidate availability, but their ability to combine with other evidence within the same layer weakens substantially. 

Among 7,548 SBL profiles at 100 m, 3,230 lack qualifying layers because scorable primary candidates represent fewer than 

two categories. This group includes 957 profiles with fewer than two scorable primary candidates. Another 3,224 profiles 

contain different candidate categories, but their vertical separation exceeds the qualifying-layer span. Coarsening therefore 520 

causes losses through two main pathways: reduced observational support around candidates and increasing separation of 

interfaces identified by different methods. Increasing A7 availability alongside declining final SBL retrieval further 

demonstrates the distinction between a local shear extremum and convergence of multiple physical indicators at the same 

height. 

Pairing raw candidates from the same profile and algorithm shows median A5 height differences increasing to 20, 60, and 525 

145 m at 25, 50, and 100 m, respectively. A5 thus exhibits one of the strongest upward shifts among SBL candidates (Fig. 

10b). At 100 m, the median A3 difference is approximately 64 m, A1 and A2 differences are approximately 40 m, and A7 

differences are negative. Differences in both direction and magnitude show that diagnosed structures do not move uniformly 

under coarse sampling. Their changing relative positions subsequently alter the composition of within-layer candidates. 
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 530 
Figure 10. Resolution responses of candidate algorithms. (a) Changes in candidate availability relative to 5 m, in percentage points. 

(b) Median candidate height differences relative to 5 m, in meters. Within each boundary layer regime, columns represent 25, 50, 

and 100 m. Heights are paired using raw candidates from the same profile and algorithm. A dash (—) indicates not applicable or 

no paired results. 

3.3.4 A shallow stable boundary layer case illustrating resolution effects 535 

The case at 20 BJT on 25 January 2019 illustrates how these changes propagate into final heights (Fig. 11). On the 5 m grid, 

A3, A5, and A7 yield 55, 80, and 75 m, respectively. These three physical categories support the same shallow layer, 

producing a fused height of 70.0 m. At 25 m, all three candidates lie at 70 m, preserving the shallow-layer height. Weights 

nevertheless change: the final A5 weight increases from approximately 33.5 % to 85.0 %. 
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At 50 m, A3 and A7 remain at 70 m, while A5 shifts to 120 m. The three candidates still occupy one qualifying layer, but 540 

reduced quality and scoring contributions from A3 and A7 raise the A5 weight to 99.84 %. The fused height consequently 

increases to 119.9 m. Weight concentration amplifies the influence of the upward-shifting inversion top on final PBLH, 

showing that candidate position and weighting jointly determine the resolution response. 

At 100 m, only a few observations describe the low-level inversion, and A5 no longer provides a valid candidate. A7 shifts 

to 170 m and A3 to 562.8 m, while wind-structure candidates remain aloft. Vertical separation among scorable primary 545 

candidates leaves each candidate layer with only one physical category, eliminating the fused retrieval. This case traces a 

progression from shallow-height retention through dominant-weight concentration to qualifying-layer loss, illustrating how 

dense observations support shallow-SBL identification. 
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Figure 11. Downsampling of a shallow SBL at 20 BJT on 25 January 2019. (a–d) Air-temperature profiles. (e–h) Wind-speed 550 
profiles. Columns show 5, 25, 50, and 100 m resolution, respectively. Thin gray lines show 5 m reference profiles; symbols indicate 

coarse-grid observation points. Thin horizontal lines mark candidate heights, and thick horizontal lines mark fused PBLH. A1t 

denotes an additional thermodynamic transition. The plotted range is 0–650 m; Fig. E1 in Appendix E shows candidates over the 

full height range. 

RL detections also initially increase and then decline: 3,246, 4,004, 2,051, and 593 RLs are identified at 5, 25, 50, and 100 m, 555 

respectively. Each grid searches independently above its final SBL height. RL counts therefore respond jointly to valid SBL 

availability, persistence of the near-neutral core, and resolution of the cap. At 25 m, more SBL retrievals and altered 
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representation of local structure increase RL detections. At 50–100 m, detections decline as observational support for near-

surface layers and elevated caps weakens. Resolution effects thus extend across both near-surface SBL and overlying RL 

height diagnoses. 560 

4 Conclusions 

Using high-resolution radiosonde observations collected at Beijing station during 2009–2023, we developed an ensemble 

method that combines nine PBLH retrieval algorithms with six physical consistency scores. The method was applied to 

12,266 soundings with approximately 5 m vertical spacing, and its performance and sensitivity to vertical resolution were 

examined. The main conclusions are as follows. 565 

(1) The proposed method integrates candidate-level physical assessment with explicit vertical-layer selection. Six 

consistency scores evaluate the thermodynamic, dynamic, and vertical structural support for each candidate height. These 

scores are combined with candidate quality and height agreement to determine fusion weights, while accounting for 

overlapping information among related diagnostics. For CBLs and NBLs, physically supported candidates are combined 

through robust weighted averaging. For SBLs, candidate heights are first grouped into vertical layers, and layer selection 570 

requires support from multiple physical categories. Within-category support is consolidated to prevent several related 

methods from dominating the selection simply through their number. Only candidates within the selected layer contribute to 

the final SBL height. This framework addresses both the physical credibility of individual estimates and their attribution to 

distinct vertical structures, reducing the risk of averaging heights associated with different interfaces. 

(2) The ensemble method provides PBLH estimates across different stability regimes while distinguishing shallow SBLs 575 

from elevated residual structures. The 5 m observations yield 9,741 PBLH estimates, corresponding to an overall retrieval 

rate of 79.41 %. All CBL and NBL profiles return results, while the SBL retrieval rate is 66.55 %. Representative cases 

demonstrate that the layer-selection strategy can identify shallow stable layers near 100 m without combining their heights 

with elevated candidates. A separate structural search identifies overlying RL tops near 1 km in these cases. Among SBL 

profiles without a valid result, 99.05 % fail to form a qualifying candidate layer, indicating that sufficient support from 580 

distinct physical categories within the same layer is the primary constraint on SBL retrieval. 

(3) The retrieved heights exhibit distinct temporal variations across boundary layer regimes, with a clear separation between 

shallow SBLs and elevated RLs. Afternoon CBLs have a median height of 1,385.7 m. CBL and NBL median heights are 

consistently higher at 20 than at 08 BJT across all seasons, whereas SBLs show the opposite pattern. Seasonal SBL medians 

remain within 74–80 m, with broader height distributions during summer mornings. The method detects 3,246 RLs, 585 

accounting for 64.62 % of valid SBL profiles. Median RL-top heights reach 1,700 and 1,250 m at 08 and 20 BJT, 

respectively, compared with SBL medians of 82.0 and 73.7 m. These results demonstrate the value of separately 

characterizing near-surface stable layers and elevated residual structures in long-term boundary layer analyses. 
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(4) Vertical resolution affects both the availability and the estimated positions of boundary layer heights, with particularly 

strong impacts on shallow SBLs. At 100 m resolution, CBL and NBL retrieval rates remain above 99 %, but their estimated 590 

heights shift upward overall. For soundings successfully retrieved at all four resolutions, median height differences relative 

to 5 m reach 235.6 and 212.8 m for CBLs and NBLs, respectively. The SBL retrieval rate initially increases from 66.55 % at 

5 m to 74.26 % at 25 m, before declining to 39.14 % and 14.48 % at 50 and 100 m. Only 12.45 % of SBLs originally 

retrieved at or below 100 m retain valid estimates at 100 m resolution. Candidate-level analyses show that coarser resolution 

alters the detected interface positions, reduces observational support for physical scoring, changes the relative alignment of 595 

candidates, and redistributes fusion weights. These interacting effects explain why resolution changes propagate through the 

entire retrieval process rather than merely limiting the precision of individual height estimates. 

Overall, the proposed method provides an interpretable framework for integrating multiple radiosonde-based PBLH 

estimates through physical consistency assessment and layer-aware fusion. The results highlight the importance of high-

resolution observations not only for identifying shallow stable layers but also for distinguishing vertically separated 600 

structures. However, the present evaluation is limited to a single station, and the applicability of the empirical parameters 

and fusion criteria to different climatic and surface conditions remains to be established. Future studies involving multiple 

stations and complementary observations could further examine the generalizability of the framework and support broader 

investigations of boundary layer structures and their spatial and temporal variability. 

Appendix A Preprocessing and classification parameters 605 

A1 Observations and numerical support 

Temperature, pressure, and specific humidity are expressed in kelvin, hectopascals, and kilograms per kilogram, respectively; 

horizontal wind components are in meters per second. Heights follow strictly increasing AGL coordinates. Native-grid 

gradients permit a maximum adjacent-level spacing of 25 m. Routine Savitzky–Golay smoothing uses a 25 m target window 

and a second-order polynomial. The point count is rounded upward to the nearest odd integer, subject to a minimum of 5 and 610 

limited by available valid levels. A complete 5 m grid uses 5 points, spanning 20 m from first to last. RL and A8 diagnostics 

use their specified actual spans of 100 m. 

Wind quality control counts vector jumps exceeding 5 m s⁻¹ between levels separated by no more than 15 m. A local spike 

comprises three points spanning at most 35 m. The middle vector must differ from the endpoint mean by more than 5 m s⁻¹, 

while the endpoint difference remains below 2 m s⁻¹. More than 10 large jumps, more than 3 isolated spikes, or a nonisolated 615 

wind speed above 60 m s⁻¹ invalidate wind evidence for the entire profile. Otherwise, wind candidates and dynamic scores 

are excluded within 150 m of spikes. A3 additionally checks the 20–100 m reference layer and a 100 m neighborhood 

around the candidate; MOST checks its 20–200 m fitting region. Thermodynamic candidates are not removed wholesale by 

these checks. 
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A2 Regime classification and local reassessment 620 

Classification and conditional reassessment follow Sect. 2.2. The Theil–Sen fit requires at least three valid levels; slopes 

exactly at either classification threshold are assigned to NBL. An invalid afternoon reassessment leaves the original 

classification unchanged. NBL-to-SBL reassessment additionally requires the low-level anomaly checks below. 

Low-level anomaly flags include an exactly linear segment of at least 300 m in a primary observed variable or a pressure 

decrease exceeding 5 hPa per 5 m. Flagged initial NBL profiles cannot pass the shallow-SBL reclassification criteria. These 625 

checks apply to classification reassessment rather than additional height screening of all profiles. 

A3 RL parameters 

For the RL search described in Sect. 2.6, both the smoothed column and search segment require at least 10 valid levels on 

the native grid. Core and cap depths are calculated from actual heights rather than fixed level counts. 

Appendix B Candidate thresholds and internal quality 630 

Define clip(x) = min(1, max(0, x)). Each Qj describes only the internal structural quality of that candidate. Successful 

algorithm results with Qj = 0 are retained for diagnosis but excluded from positive-weight fusion. 

Table B1. Candidate thresholds and internal quality measures. 

ID Main thresholds and quality definition 

A1 

Search positive-gradient peaks over 50–3,500 m with gradients ≥0.0005 K m⁻¹. The prominence threshold is 

max(half the gradient threshold, twice the robust background scale). Q = clip[peak prominence/(2 × prominence 

threshold)]. 

A2 
Search drying peaks over 50–3,500 m with negative specific humidity gradient magnitudes ≥10⁻⁶ kg kg⁻¹ m⁻¹. 

Prominence and quality follow A1. 

A3 

Reference layer: 20–50 m for SBLs and 20–100 m otherwise. Critical Ri: 0.35 and 0.25, respectively. Persistent 

threshold exceedance: 15 m. Q = min(1, reference-level count/5) multiplied by the fraction of search levels with 

nondegenerate wind differences. 

A4 
Near-surface reference: mean virtual potential temperature over 20–50 m plus 0.05 K. Search the first 

environmental intersection over 50–3,500 m. Q = min(1, reference-level count/5). 

A5 

Use air temperature over 20–1,000 m. A local majority of valid near-surface gradients must be positive. Inversion 

depth ≥20 m and warming ≥0.2 K. Q is the mean of clip(depth/40 m) and clip(warming/0.4 K). Retain a boundary 

flag if the inversion persists to the search limit. 

A6 

Scales: 50, 100, 200, and 350 m. Positive response ≥0.1 K and peak prominence ≥0.05 K. Q = 

clip(prominence/response). Use only fully supported windows; equal maximum prominence favors the smaller 

scale. 

A7 
Maximum vector-shear plateau over 50–3,500 m. Background: 50–250 m from the candidate. Q = 

clip((peak/background median − 1)/2). Multiply by 0.25 if the plateau touches a search boundary. 
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ID Main thresholds and quality definition 

A8 

Search range: 100–3,500 m. Actual smoothing span: 100 m. Complete support depth: 100 m. Wind-speed change 

across the support ≥0.5 m s⁻¹. Two-sided curvature-sign consistency f ≥0.6. Q = f × clip(wind-speed change/1.0 m 

s⁻¹). 

A9 

Lowest complete jet core over 50–2,000 m. Core speed ≥8 m s⁻¹; decreases above and below each ≥2 m s⁻¹. Plateau 

tolerance: 0.2 m s⁻¹. Q = clip[min(core speed/12, lower-side decrease/4, upper-side decrease/4)], with speeds in m 

s⁻¹. 

For SBLs, A1 retains its original gradient peak and can additionally record stable-layer termination transitions. These use a 

75 m target smoothing window and 75 m cross-layer gradients. Assessment windows extend 100 m below and 180 m above 635 

the candidate, with 20 m buffer distances on both sides of the interface. The lower gradient must be at least 2 K km⁻¹, the 

upper gradient at most 1.5 K km⁻¹, and their decrease at least 2 K km⁻¹. Cumulative virtual potential temperature increase 

below must be at least 0.2 K. The search covers 60–2,000 m, requires at least 3 valid levels per side, and merges nearby 

transitions within 150 m. Additional qualifying transition candidates receive Q = 1 and subsequently undergo all six scores. 

Connection to near-surface stability is retained as diagnostic information, not an additional prerequisite for layer selection. 640 

Additional transitions remain diagnostic candidates and never directly enter primary-height weighting. 

A1/A2 quality is further multiplied by 0.25 for peaks at search boundaries. The local check at the lowest end of A5 uses at 

least 3 levels. At least 60 % of finite gradients must be positive, with at least 2 positive levels. Searching upward from the 

minimum-depth position identifies the first persistent segment whose median gradient is nonpositive; each segment requires 

at least 2 levels. If no termination occurs, the upper search boundary is used and flagged. These discrete support 645 

requirements, warming, and depth criteria jointly determine candidate validity. 

Appendix C Detailed mappings of the six scores 

C1 Common windows and thermodynamic scoring 

Define σ(x) = 1/(1 + exp(−x)). Below candidate height h, the window is [max(zmin, h − 200), h − 25] m; above it, [h + 25, 

min(zmax, h + 200)] m. Let gi and ga denote median virtual potential temperature gradients in these windows, respectively. Δθ 650 

is the upper-window median virtual potential temperature minus the lower-window median. The gradient scale is G0 = 0.001 

K m⁻¹, and the temperature-difference scale is Θ0 = 0.5 K. These common windows are used for CE, CTKE, and CENT; CSIM, 

CGD, and CWS use the windows specified below. The following functions are empirical score mappings of the diagnosed 

physical features: 

𝐶E
CBL = 1 2⁄ [exp(−|𝑔i|/𝐺0) + 𝜎(Δ𝜃/Θ0)].   (C1) 655 

𝐶E
SBL = 1 2⁄ [𝜎(𝑔i/𝐺0) + 𝜎((𝑔i − 𝑔a)/𝐺0)].   (C2) 

𝐶E
NBL = 1 2⁄ [exp(−|𝑔i|/𝐺0) + 1 − exp(−|𝑔a − 𝑔i|/𝐺0)].   (C3) 
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Each side requires at least 2 valid gradient levels; qE = min(1, smaller level count across the two sides/5). In Eq. (C1), the 

exponential rewards weak lower-window gradients, while the sigmoid rewards upward warming. In Eq. (C2), the two terms 

reward a positive lower-window gradient and its upward decrease. In Eq. (C3), the first term rewards weak lower-window 660 

gradients and the second increases with the magnitude of the gradient change. The scales G0 and Θ0 control the smoothness 

of these responses; they are not hard acceptance thresholds. 

C2 Shear–buoyancy environment scoring 

Let si and sa denote the median S² in the two windows. Likewise, bi and ba are medians of max(N², 0), and ci and ca are 

medians of max(−N², 0). Set ε = 10⁻⁸ s⁻² to avoid singular logarithmic ratios: 665 

𝑅C = 1 2⁄ [ln
𝑠i + 𝑐i + 𝜀

𝑠a + 𝑐a + 𝜀
+ ln

𝑏a + 𝜀

𝑏i + 𝜀
] .   (C4) 

𝑅S = 0.7ln
𝑠i + 𝜀

𝑠a + 𝜀
+ 0.3ln

𝑏i + 𝑏a + 𝜀

𝜀
,  𝑅N = ln

𝑠i + 𝜀

𝑠a + 𝜀
.   (C5) 

CBLs, SBLs, and NBLs use CTKE = σ(RC), σ(RS), and σ(RN), respectively. The logarithmic mapping scale is 1. In Eq. (C4), 

the first ratio rewards stronger combined shear and unstable-stratification signals below, while the second rewards stronger 

stable stratification above. In Eq. (C5), the SBL terms weight the lower-to-upper shear contrast by 0.7 and the presence of 670 

stable stratification by 0.3. The latter uses the sum of the two positive N² components, not their vertical contrast. The NBL 

expression retains only the shear contrast. A zero combined indicator maps to 0.5; positive and negative values map above 

and below 0.5. Each side requires at least 2 levels, with support quality defined as for CE. 

C3 Integrated MOST scoring 

The fitting bounds in Eqs. (5)–(6) are u* ∈ [0.02, 2] m s⁻¹ and λ ∈ [−0.2, 0.2] m⁻¹. The upper λ bound is −10⁻⁷ for CBLs, the 675 

lower bound is 10⁻⁷ for SBLs, and NBLs use [−0.02, 0.02]. Fitting uses a soft-L1 loss with at most 500 function evaluations. 

Each native-grid fit requires at least 8 levels. Parameters must lie more than 0.5 % of the absolute boundary value away from 

each boundary. Normalized root-mean-square error (RMSE) must not exceed 3, and the condition number of JᵀJ must not 

exceed 10⁸. After an initial failure, the height window is expanded for one retry. Scoring always uses joint wind-speed and 

virtual potential temperature fitting. 680 

Unstable integrated functions use 𝑥 =  (1 −  16𝜁)1/4 and 𝑦 =  (1 −  16𝜁)1/2: 

𝜓m = 2ln
1 + 𝑥

2
+ ln

1 + 𝑥2

2
− 2arctan𝑥 +

π

2
,  𝜓h = 2ln

1 + 𝑦

2
.   (C6) 

Stable functions use 

𝜓m = −6.1ln[𝜁 + (1 + 𝜁2.5)1/2.5],  𝜓h = −5.3ln[𝜁 + (1 + 𝜁1.1)1/1.1].   (C7) 
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The stable-function parameters in Eq. (C7) are also discussed by Cheng et al. (2005) in relation to stable boundary layer 685 

similarity. 

Let f = exp(−RMSE²/2). Stability support s equals 1 when h/L lies within [−100, −0.1] for CBLs or [0.05, 100] for SBLs. A 

sign inconsistent with the regime gives s = 0. For the correct sign outside the interval, distance d to the nearest endpoint 

gives exp(−d/0.1) for CBLs and exp(−d/0.05) for SBLs. For NBLs, s = exp[−max(|h/L| − 0.5, 0)/0.5]. Finally, CSIM = √(sf), 

with support quality qSIM = min(1, valid-level count/12)f. These h/L intervals are empirical scoring ranges adopted in this 690 

method. Within a profile and regime, candidates share the fitted L and fit factor f; their heights enter through s. The 

geometric mean requires both factors to be large for a high score. The additional factor f in qSIM reduces the weight assigned 

to a less well-supported fit in Eq. (7). 

C4 Distributional information entropy and local gradient sharpness 

For virtual potential temperature and specific humidity separately, 20 equal-width bins span the pooled value range of the 695 

common upper and lower windows. Observations are weighted by adjacent height spans to obtain bin probabilities pb. Both 

windows use identical bin boundaries. Normalized entropy is 

𝐻 = −
∑ 𝑝𝑏𝑏 ln𝑝𝑏

ln20
,  𝐶ENT = 𝜎 (

(𝐻𝜃,a − 𝐻𝜃,i) + (𝐻𝑞,a − 𝐻𝑞,i)

2 × 0.25
) .   (C8) 

Constant distributions have zero entropy. Equal upper- and lower-window entropies, after averaging across the two variables, 

give CENT = 0.5; an upward increase gives a larger score and an upward decrease a smaller score. The scale 0.25 controls 700 

how rapidly entropy differences change the score. This mapping favors relatively concentrated lower-window distributions 

and more dispersed upper-window distributions; it measures their bin occupancy rather than turbulent fluctuations or a 

difference in mean temperature or humidity. SBLs retain this directional distributional test alongside the regime-specific 

thermal and dynamic scores. Each window requires at least 3 levels; qENT = min(1, smaller level count across the two 

sides/10). 705 

CGD uses J, the absolute difference between median gradients within [h − 25, h] and [h, h + 25]. Background regions are [h − 

250, h − 50] and [h + 50, h + 250]. The background scale B is 1.4826 MAD. This score is unavailable if B is zero or cannot 

be calculated: 

𝐶GD = 1 − exp[−𝐽/(2𝐵)].   (C9) 

Each of the four regions requires at least 2 levels; qGD = min(1, smallest level count across the four regions/5). The ratio J/B 710 

describes interface-gradient change relative to local background variability. The absolute contrast treats gradient increases 

and decreases alike. The factor 2 sets the response scale: larger background variability reduces the score for the same 

gradient change. The buffer regions isolate the local contrast from its background estimate. 
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C5 Wind structure scoring 

The local candidate window is h ± 50 m, with background regions 50–250 m from h on both sides. Let Sℓ and Sb denote 715 

median vector shear magnitudes in the local and pooled background regions, respectively. D is the magnitude of the 

difference between upper and lower background median shear vectors, divided by Sb + ε. The score is 

𝐶WS = 1 2⁄ [𝜎 (ln
𝑆ℓ

𝑆b + 𝜀
) + 1 − exp(−𝐷)] .   (C10) 

The logarithm argument has a numerical lower bound of 10⁻⁸, and the background denominator uses ε = 10⁻⁸ s⁻¹. The local 

and both background regions each require at least 2 levels. qWS = min(1, smallest level count across the three regions/5). The 720 

first term in Eq. (C10) measures local shear prominence relative to the background. The second increases from zero as the 

upper and lower median shear vectors diverge in magnitude or direction. Their equal-weight mean combines these distinct 

signals without imposing a preferred direction of rotation. 

C6 Baseline weights and information redundancy control 

Table C1. Baseline weights of the six physical consistency scores by boundary layer regime. 725 

Regime CE CTKE CSIM CENT CGD CWS 

CBL 0.24 0.16 0.20 0.12 0.16 0.12 

NBL 0.16 0.24 0.15 0.10 0.15 0.20 

SBL 0.20 0.20 0.15 0.10 0.15 0.20 

Directly shared criteria are downweighted for the following algorithm–score pairs: A1–CE/CGD, A2–CENT, A3–CTKE/CSIM, 

A4–CE, A5–CE/CGD, A6–CGD, A7–CTKE/CWS, A8–CWS, and A9–CTKE/CWS. These pairs use ρ = 0.5; all others use ρ = 1. This 

controls redundancy between candidate generation and scoring. 

Appendix D Coarse-grid parameters 

Table D1. Parameter settings for the coarse-resolution experiments. 730 

Parameter 25 m 50 m 100 m 
Mandatory 

pressure levels 

Minimum points for routine smoothing 3 3 3 5 

Configured adjacent-level gap limit for 

differentiation (m) 
37.5 75 150 25 

Minimum A8 support depth (m) 100 200 400 100 

Minimum A8 wind-speed change (m s⁻¹) 0.5 1.0 2.0 0.5 
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Parameter 25 m 50 m 100 m 
Mandatory 

pressure levels 

Minimum valid levels for MOST 8 4 3 8 

Minimum valid levels for RL detection 10 5 5 Not performed 

Minimum RL-cap persistence depth (m) 25 50 100 Not performed 

Except for A5, routine smoothing uses the target window and grid spacing to determine an odd point count no smaller than 

the tabulated minimum. Polynomial order does not exceed the point count minus 2. A5 uses a second-order filter with at 

least five points. RL smoothing uses five points at 25 m and at least three points at 50 and 100 m. The resulting A5 and RL 

smoothing spans are reported in Sect. 2.7 and recorded with the height results for each grid. 

The tabulated value is the configured gap-limit parameter. For gradient diagnostics that adapt to valid-level spacing, the 735 

effective maximum permitted adjacent-level gap is the larger of this parameter and 1.5 times the median height spacing of 

the levels passed to the calculation. Gradients are not evaluated across gaps exceeding that effective limit. Thus, the 25 m 

parameter for mandatory pressure levels is not a fixed 25 m upper limit on their usable spacing. Two-sided windows and 

minimum observation counts follow the requirements of individual scores. 

The 150 m SBL qualifying-layer span, requirement for at least two primary-candidate physical categories, within-layer Pj²-740 

weighted consensus, and 1.25 dominance threshold remain unchanged across resolutions. Omitted windows are enumerated 

only when original sequential clustering produces no qualifying layer. Overlapping qualifying windows with shared primary 

candidates remain unresolved when a unique layer cannot be selected. RL detection proceeds independently above the final 

primary height. 
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Appendix E Full-height view of the resolution case 745 

 
Figure E1. Full-height structure of the shallow-SBL case at 20 BJT on 25 January 2019. (a–d) Air-temperature profiles. (e–h) 

Wind-speed profiles. Columns show 5, 25, 50, and 100 m resolution, respectively. Thin gray lines show 5 m reference profiles; 

symbols indicate coarse-grid observation points. Thin horizontal lines mark candidate heights, and thick horizontal lines mark 

fused PBLH. A1t denotes an additional thermodynamic transition. The plotted range is 0–2,200 m, extending the view in Fig. 11. 750 
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Code and data availability 

The retrieved planetary boundary-layer height (PBLH) dataset is publicly available on Zenodo at 

https://doi.org/10.5281/zenodo.23556264 (Zhang et al., 2026b). The retrieval and analysis code is available at 

https://doi.org/10.5281/zenodo.23554993 (Zhang et al., 2026a). The original radiosonde observations were provided by the 

Beijing Meteorological Observation Center, China Meteorological Administration, Beijing, China. These observations are 755 

not publicly available owing to the data provider’s data-sharing policy. Requests for access may be directed to Minquan 

Zhang at zhangminquan25@mails.ucas.ac.cn and are subject to approval by the data provider. 
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