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Abstract 26 

The spatio-temporal pattern of turbulence dissipation rate (ε) and its evolution remain 27 

elusive inside and above the planetary boundary layer (PBL). Using summertime 2022 28 

data from a nationwide network of 132 radar wind profilers (RWPs), we contrast ε 29 

within the inner PBL (0.3 zᵢ ≤ z ≤ zᵢ) and above it (zᵢ < z ≤ 3 zᵢ). Results reveal 30 

pronounced spatial heterogeneity: ε is strongest over Northwest and North China within 31 

the 30–40°N belt and weakest over the Tibetan Plateau and Southwest China, and it is 32 

systematically weaker aloft than within the PBL; ε also peaks near 1300 local time in 33 

both layers and persists day-to-day for roughly 9 days. We examine four modulating 34 

factors—topography and land cover, cloud conditions, static stability, and vertical wind 35 

shear (VWS). Of these, terrain complexity and land-cover type partly shape the 36 

observed heterogeneity, with stronger near-PBL turbulence over rough arid regions and 37 

weaker over water-dominated basins. Cloud cover enhances ε throughout the vertical 38 

column, with a stronger amplification above the PBL (△log₁₀ε = 0.16 m² s⁻³) than within 39 

it (0.1 m² s⁻³), mainly through intensified VWS. The dominant controls also differ with 40 

height: within the PBL, static stability and VWS jointly govern turbulence, whereas 41 

above the PBL turbulence is driven overwhelmingly by shear-generated disturbances. 42 

Spectral analysis further reveals distinct vertical stratification of turbulent energy 43 

density that strengthens under stronger VWS. These findings demonstrate the value of 44 

national RWP networks for resolving turbulent dynamics across China and provide 45 

observational constraints for PBL turbulence parameterization.  46 
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Short Summary 47 

Turbulence in the planetary boundary layer (PBL) affects cloud and precipitation, yet 48 

little is known about it across China. With summertime 2022 data from 132 radar wind 49 

profilers, we map the turbulence dissipation rate (ε) within and above the PBL. Stability 50 

and wind shear jointly govern turbulence within the PBL, whereas shear dominates 51 

above it; clouds enhance turbulence aloft, and topography and land cover shape its 52 

regional pattern, offering new constraints for weather and climate models.  53 
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1 Introduction 54 

The planetary boundary layer (PBL), the lowest part of the atmosphere, plays a 55 

critical role in the exchange of heat, moisture, momentum, and pollutants between the 56 

surface and the free atmosphere above (Cimini et al., 2020). Turbulence within the PBL 57 

is a fundamental mechanism driving these exchanges, facilitating the transfer of 58 

moisture and energy to the upper atmosphere, sustaining atmospheric motion, and 59 

influencing weather and climate systems (Li et al., 2023). These processes have 60 

profound implications, particularly for the aviation industry, where turbulence directly 61 

impacts flight safety and operational efficiency (Kim et al., 2011; Fritts et al., 2012; 62 

Sharman et al., 2012). 63 

However, direct observational constraints remain inherently challenging due to 64 

turbulence’s small spatial scales, high spatiotemporal variability, and transient nature. 65 

These challenges are compounded by the complex interplay of turbulence’s multi-scale 66 

structure, rapid temporal evolution, and inherently chaotic dynamics, rendering it 67 

particularly elusive in both theoretical modeling and observational detection (Frisch, 68 

1995; Sreenivasan & Antonia, 1997; Heilman et al., 2023). As a result, our 69 

understanding of turbulence remains incomplete, particularly in terms of its spatial and 70 

temporal variability. 71 

To address these challenges, significant progress has been made through 72 

observational studies. Early research relied on aircraft observations, which provided 73 

turbulence quantities throughout the entire PBL but were limited to specific moments 74 

in time (LeMone, 1976; Hildebrand & Bernice, 1984; Cho et al., 2003; Shi et al., 2014). 75 

Tower-based measurements partially overcame these limitations by enabling 76 

continuous monitoring at various heights, allowing for the analysis of surface and lower 77 

atmospheric turbulence under diverse meteorological conditions (Feigenwinter et al., 78 

1999; Poulos et al., 2002; Sun et al., 2016; Zhang et al., 2023). However, these 79 

observations are primarily confined to the surface layer, the inertial sublayer, and lower 80 
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mixed layer, leaving turbulence processes at higher altitudes under-sampled and poorly 81 

understood. 82 

Great advancements in remote sensing technologies have significantly expanded 83 

our ability to study turbulence. Doppler lidar, for example, has demonstrated the 84 

capability to detect low-frequency clear-sky turbulence features in the PBL with high 85 

spatial and temporal resolution (Harvey et al., 2023; Rios et al., 2023; Xian et al., 2025). 86 

In contrast, radar wind profilers (RWP) have proven particularly effective in capturing 87 

turbulence structures even under cloudy or even overcast conditions (Meng et al., 2023). 88 

Recent studies have used RWP turbulence profile measurements to characterize the fine 89 

structure of the PBL in specific regions of China, yielding promising and reasonable 90 

results (Solanki et al., 2022; Meng et al., 2023; Yang et al., 2023). Nevertheless, 91 

previous work was mostly confined to limited sites or short-term campaigns, lacking 92 

nationwide observational constraints on how turbulence varies geographically, 93 

diurnally, and vertically, as well as the relative importance of terrain, land cover, cloud 94 

conditions and atmospheric forcing. This knowledge gap motivates the present work 95 

using the national RWP network dataset. 96 

Given aforementioned research gaps, this study leverages high-resolution 97 

measurements from the national RWP network to investigate summertime planetary 98 

boundary-layer turbulence across China. Two core scientific objectives are addressed 99 

in this work: (1) Characterize the nationwide spatiotemporal variability of summertime 100 

turbulent dissipation rate within and above the PBL; (2) Quantify the respective roles 101 

of topographic-land-cover conditions, cloud properties, and thermodynamic-dynamic 102 

forcing in modulating turbulence at different altitudes, and exploit spectral features of 103 

vertical-wind perturbations to unravel the associated energy-distribution and 104 

stratification mechanisms. The rest of this paper is structured as follows: Section 2 105 

describes the data and methods used in this study; Section 3 presents a detailed analysis 106 

of nationwide spatiotemporal variability of turbulence, explores multiple modulating 107 

factors, including surface conditions, cloud effects, and meteorological forcing, and a 108 
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spectral analysis of turbulence as well; and Section 4 summarizes the key findings and 109 

their broad implications.         110 

 111 

2. Data and methods 112 

2.1  RWP measurements  113 

The dataset used to estimate the turbulent dissipation rate (ε) consists of RWP 114 

measurements by the China Meteorological Administration (CMA, Guo et al 2021). 115 

These measurements offer a vertical resolution of 120 meters and a temporal resolution 116 

of 6 minutes, providing detailed information on atmospheric wind fields, radial 117 

velocities, Doppler spectrum widths, and signal-to-noise ratios (SNR). The data span 118 

from June 1, 2022, to August 31, 2022, a period when surface heating and turbulent 119 

mixing are strongest and the modulation of turbulence by underlying surface conditions 120 

is most evident. 121 

The spatial distribution of the RWP network in China is illustrated in Fig. 1. This 122 

network comprises 132 RWP stations, covering a broad geographical area. Additionally, 123 

to mitigate the influence of near-surface clutter (Guo et al., 2023), this study only uses 124 

RWP measurements taken at altitudes above 0.3 km and excludes data affected by 125 

precipitation. 126 

2.2 Meteorological data 127 

This study integrates three types of meteorological data, including ground-based 128 

in-situ observations, FY-4A satellite cloud products, and ERA5 reanalysis data, to 129 

match its core objectives of characterizing summertime ε within and above the PBL. 130 

These datasets are specifically selected to quantify the individual and combined 131 

modulations of VWS, static stability, and cloud conditions on turbulent dynamics.  132 

Hourly near-surface precipitation and sea level pressure observations were 133 

collected from conventional meteorological stations collocated with the 132 RWP sites. 134 

All ground measurements were strictly quality-controlled by the China Meteorological 135 
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Administration (CMA) through extreme value verification, spatiotemporal consistency 136 

checks, and abnormal data removal. To quantify cloud modulation on PBL turbulence, 137 

this study employs 15-minute cloud fraction (CF) and cloud top temperature (CTT) 138 

products from the FY-4A geostationary satellite (Zhang et al., 2019). The two 139 

parameters effectively represent cloud coverage and developmental intensity, enabling 140 

an assessment of cloud-induced turbulence variations within and above the PBL. Given 141 

the mismatched temporal resolution between satellite cloud products and hourly RWP 142 

data, cubic spline temporal interpolation was used to resample the original 15-minute 143 

cloud datasets to hourly intervals. This temporal unification guarantees synchronous 144 

variations between cloud evolution and turbulent activity, supporting quantitative 145 

evaluation of cloud amplification effects on turbulence dissipation rate. 146 

Hourly ERA5 reanalysis data (Hersbach et al., 2023) were utilized to characterize 147 

vertical atmospheric dynamic and thermodynamic structures for turbulence mechanism 148 

analysis. The high-resolution vertical temperature and horizontal wind profiles from 149 

ERA5 are critical for calculating static stability and VWS, the two key drivers of 150 

turbulence variability. Unified hourly preprocessing of ground, satellite, and reanalysis 151 

data establishes a consistent dataset framework, facilitating layered comparison of 152 

turbulence control mechanisms and spectral analysis of vertical wind perturbations 153 

across different atmospheric layers. 154 

2.3 Estimations of ε, PBL height, vertical wind shear and gradient Richardson 155 
number 156 

Here, the PBL height (PBLH, zi) is calculated using the improved threshold 157 

method (ITM) proposed by Liu et al., (2019). This method begins by normalizing the 158 

SNR profiles obtained from the RWP dataset to account for variations across different 159 

time periods and measurement conditions. Next, based on the diurnal variations in 160 

atmospheric turbulence, distinct thresholds for the normalized SNR are established for 161 

daytime and nighttime: 0.75 for daytime and 0.90 for nighttime. Starting from the top 162 

of the normalized SNR profile, the algorithm searched downwards the ground, 163 
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identifying the first height at which the SNR value exceeds the corresponding threshold. 164 

This height is then designated as zi.  165 

Vertical wind shear (𝑉𝑊𝑆) is calculated based on RWP measurements of wind 166 

components at different heights (Markowski et al., 2006), which is shown as follows: 167 

																														𝑉𝑊𝑆 = '(!!"!"
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where 𝑢&  and 𝑢$  represent the values of low- and high-level zonal wind speed 169 

components, respectively, while 𝑣& and 𝑣$ represent the values of low- and high-level 170 

meridional wind speed components, respectively. The formula calculates the change in 171 

wind speed vector (including wind speed and direction) between two different heights. 172 

Following previous studies (i.e., Stull, 1988; Vogelezang et al., 1996), the gradient 173 

Richardson number (𝑅𝑖) can be derived from the following formula: 174 
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where 𝜃%	is the virtual potential temperature, 𝑢 and 𝑣 is the zonal and meridional 176 

wind speed components, and 𝑧 is the height from ERA5. 177 

2.4 Estimation of slopes in the energy-containing range and transition region 178 

The energy-containing range was defined using three criteria, with its upper 179 

bound 𝑖𝑑𝑥.. taken as the maximum of: (i) the bin where the cumulative spectral energy 180 

first reached 55% of the total energy, based on trapezoidal integration; (ii) the first bin 181 

beyond the spectral peak where the local slope dropped below −0.5; and (iii) five bins 182 

above the spectral peak as a minimum-span constraint. Local slopes were estimated 183 

from a moving-window linear regression of log&/(𝑆) on log&/(𝑓) using a ±3-bin 184 

window. The slope in the energy-containing range was then obtained from a linear fit 185 

to the log&/(𝑆)–log&/(𝑓) relationship between the spectral peak and 𝑖𝑑𝑥... 186 

The transition region was defined as the interval from the bin immediately 187 

following the end of the energy-containing range, i.e. 𝑖𝑑𝑥.. + 1 , to the highest-188 

resolution bin corresponding to a 6 min period (see Fig. 2 for details). 189 
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3 Results and discussion 190 

3.1 Spatiotemporal variability of turbulent  191 

Summer turbulence dissipation rates exhibit pronounced spatial heterogeneity 192 

across China (Fig. 1). Overall, turbulence is stronger in Northwest China and North 193 

China, with mean log10ε values of –1.64 and –2.29, respectively. It is weaker over the 194 

Tibetan Plateau and Southwest China, with mean values of –3.78 and –3.39. These 195 

results indicate a clear regional gradient in summer turbulent dissipation rate. From a 196 

spatial perspective, turbulence is relatively stronger in the mid-latitude belt (30–40°N), 197 

whereas it is weaker at low latitudes (<25°N) and high latitudes (>40°N).  198 

In terms of vertical structure, regions with stronger turbulence generally 199 

correspond to larger vertical gradients (Fig. 1c), and the larger the amplitude, the more 200 

negative the gradient (Fig. 3a), indicating a more pronounced difference between 201 

turbulence within and above the PBL in high-turbulence regions. The national mean 202 

vertical gradient is -29.2%, suggesting that turbulence aloft is generally weaker than 203 

that within the PBL. The spatial correlation coefficient between turbulence within and 204 

above the PBL is high (r = 0.950), indicating strong consistency in their spatial 205 

distribution. 206 

In addition to spatial heterogeneity, summertime turbulence shows a marked 207 

diurnal cycle (Fig. 3b). Both turbulence within and above the PBL reach their maxima 208 

at 1300 LT (local time), with peak values of –2.10 and –2.72, respectively. The vertical 209 

gradient also exhibits a clear diurnal variation: stratification is strongest at 1200 LT (–210 

31.57%) and weakest at 2300 LT (–24.17%), indicating a transition from strong 211 

stratification toward enhanced mixing over the course of the day (Fig. 3c). 212 

Further analysis from the perspectives of temporal continuity and spatial scale 213 

shows that the lagged cross-correlation between turbulence within and above the PBL 214 

peaks at lag = 0, demonstrating synchronous variability (Fig. 4a). The lag-1-day 215 

autocorrelation of daily mean turbulence is r = 0.85, and the time scale at which the 216 
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correlation decays to 1/e is approximately 9 days (Fig. 4b), indicating strong day-to-217 

day persistence. Spatial autocorrelation analysis further shows that turbulence 218 

correlation decreases with distance (Fig. 4c), with a spatial decorrelation length of 219 

several degrees of latitude and longitude, implying that turbulence maintains a degree 220 

of spatial continuity at the mesoscale. 221 

3.2 Influences of topography and land-cover on turbulence 222 

To further investigate the relationships between topography, land cover, and 223 

turbulence, we compared afternoon values with daily mean values by 224 

computing △log₁₀ε to characterize the change in turbulence during the afternoon (1200–225 

1800 LT) relative to the daily mean. To exclude the influence of synoptic weather 226 

systems, days affected by large-scale weather systems were first removed based on 3-227 

hour pressure changes, and only rain-free days were retained, thereby forming a quasi-228 

stationary sample set. Figure 5 shows the spatial distribution of △log₁₀ε within and 229 

above the PBL. The results indicate that turbulence generally intensifies in the 230 

afternoon, but the magnitude of the increase varies spatially. △log₁₀ε is higher in 231 

Northwest China and lower in the Yangtze River basin, with other climate zones falling 232 

in between. 233 

This difference may be related to variations in topographic conditions and surface 234 

characteristics across regions. Northwest China has relatively pronounced surface relief 235 

and more rough underlying surfaces, which may enhance mechanical turbulence 236 

development in the near-surface layer. By contrast, the Yangtze River basin and parts 237 

of eastern China have more heterogeneous underlying surfaces, and grassland, water 238 

bodies, and croplands differ in thermal properties and surface roughness, which may 239 

jointly modulate the magnitude of afternoon turbulence enhancement. Increased surface 240 

roughness favors momentum exchange and turbulence generation, whereas thermal 241 

contrasts affect sensible heat transport and boundary-layer mixing intensity. Both may 242 

therefore contribute to the spatial distribution of △log₁₀ε. 243 
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Furthermore, there is a significant positive correlation between turbulence and 244 

terrain complexity, and this relationship exists both within and above the PBL, but is 245 

stronger within the PBL (Fig. 5c-d). This indicates a robust link between topographic 246 

relief and turbulence enhancement, which is more readily manifested within the 247 

boundary layer. 248 

In addition to topography, turbulence is modulated by surface type, with distinct 249 

behavior arising across different land-cover classes (Fig. 6). Above the 250 

PBL, △log₁₀ε remains generally weak across all land-cover types. Within the 251 

PBL, △log₁₀ε is enhanced for all land-cover types and the differences become more 252 

pronounced. This suggests that the modulation of turbulence by land cover is stronger 253 

within the PBL, and that surface conditions exert a more direct influence on near-254 

surface turbulence development. 255 

Overall, both topography and land cover affect the spatial distribution of summer 256 

turbulence, with this influence being more pronounced within the PBL. Higher surface 257 

roughness, complex topography, and stronger heterogeneity of underlying surfaces in 258 

Northwest China may jointly promote afternoon turbulence enhancement, whereas the 259 

weaker relief and more homogeneous surface conditions over the Yangtze River basin 260 

and some plain areas may limit the magnitude of this enhancement. 261 

3.3 Cloud-driven modulation of turbulence 262 

To quantify cloud impacts on ε within and above the PBL, we analyze ε under 263 

three cloud regimes: 1) Clear-sky (daily CF <20%) vs. cloudy-sky (CF>80%); and 2) 264 

CTT change rates (dCTT/dt > 1°C h⁻¹ vs. < 0.5°C h⁻¹). Figure 7 shows the diurnal 265 

variation of the vertical profile of ε under clear- and cloudy-skies. Overall, ε exhibits a 266 

consistent diurnal pattern, with ε peaking near 1400 Local Standard Time 267 

(LST), coinciding with maximum surface solar heating. By comparison, ε reaches the 268 

minimum at about 0400 LST, when surface cooling stabilizes the atmosphere. This 269 

tends to form a nocturnal inversion layer that suppresses vertical mixing, leading to 270 

minimal ε values. Vertical profiles of ε further reveal a monotonic decrease with 271 
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altitude across all conditions, which suggests that the land surface plays a significant 272 

role in the dissipation process in the vertical direction. This is also consistent with well-273 

established notion of turbulence decaying quickly above the PBL under normal 274 

conditions (Stull, 1988). 275 

Further comparison revealed that ε under cloudy sky was slightly stronger overall 276 

than that under clear sky, with an average ε of -2.78 m²s⁻³ compared to -2.94 m²s⁻³ 277 

under clear sky (Fig. 7). This indicates that increased cloud cover is conducive to 278 

maintaining a higher level of turbulence activity, especially in summer when high 279 

clouds and enhanced surface convection often occur simultaneously (Yang et al., 2020). 280 

Further analysis of ε at different heights (Fig. 8) revealed that cloud cover produces 281 

stronger enhancement of ε above the PBL (△log₁₀ε= 0.16 m² s⁻³) than inside the PBL 282 

(△log₁₀ε = 0.1 m² s⁻³). This vertical contrast arises mainly from intensified vertical wind 283 

shear (Wang et al., 2024).  284 

Given the complexity of cloud modulation of turbulence, we further conduct 285 

synergic analysis of cloud-driven turbulence variability. The results show that a rapid 286 

CTT declines (dCTT/dt > 1°C h⁻¹), indicative of cloud growth, amplify ε below the 287 

PBL by 17% (Fig. 9). This likely stems from radiative cooling at cloud tops 288 

destabilizing the lower atmosphere, whereas stable stratification above the PBL mutes 289 

this effect. 290 

These results underscore that cloud impacts on ε are height- and mechanism-291 

dependent, necessitating disentanglement of microphysical (e.g., shading) and dynamic 292 

(e.g., shear) drivers. In Section 3.3, these linkages will be explicitly explored through 293 

meteorological factor analysis. 294 

3.4 Thermodynamic and dynamic controls on turbulence across vertical layers 295 

ε within and above the PBL is governed by both thermodynamic and dynamic 296 

processes. Near-surface thermal instability favors the development of buoyancy-driven 297 

convection, while VWS generates mechanical mixing (Kim et al., 2011; Zhang et al., 298 

2022; Chechin et al., 2023). To disentangle these drivers, we analyze the variability of 299 
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ε using Ri as a proxy for atmospheric stability (Fig. 10a) and VWS profiles (Fig. 10b–300 

c) as dynamic indicators. 301 

In the upper and lower terciles of Ri, the vertically resolved 𝜀 profiles indicate 302 

that near-surface buoyancy mainly enhances turbulence within the PBL (Fig. 10a). 303 

Under unstable stratification, buoyancy promotes momentum and heat exchange (Wang 304 

et al., 2022), thereby strengthening convective updrafts and turbulence generation (Fig. 305 

11a-b). Above the PBL, this thermodynamic influence weakens, consistent with the 306 

reduced coupling to surface fluxes. 307 

As far as the dynamic forcing concerns, VWS exerts height-dependent effects (Fig. 308 

10b-c). Low-level shear (z < zi) moderately enhances ε throughout the PBL, likely via 309 

mechanical mixing from surface drag. By comparison, upper-level shear (zi–3zi) tends 310 

to drive ε to increase above the PBL, as shear-induced Kelvin-Helmholtz instabilities 311 

overcome stable stratification. 312 

Composite analysis confirms that both Ri (thermodynamic) and wind shear 313 

(dynamic) contributes positively to ε at all heights (Fig. 12). However, their dominance 314 

shifts vertically. Within the PBL, turbulence is primarily thermally driven (regression 315 

coefficient = 0.012 between ε and Ri). In contrast, above the PBL, dynamical forcing 316 

prevails, with regression coefficient = 0.0095 between ε and upper-level shear. 317 

These results align with conceptual models where surface heating initiates 318 

turbulence, while shear sustains it aloft (Stull 1988; Zhang et al., 2022). The weaker 319 

low-level shear impact suggests overlapping mechanical and convective mixing near 320 

the surface. 321 

3.5 Power spectral characteristics of vertical wind disturbances  322 

Spectral analysis of wind perturbations provides critical insights into turbulent 323 

dynamic processes, particularly within the PBL. While frequency and wavenumber 324 

spectral methods have been extensively adopted in turbulence investigations (Larsén et 325 

al., 2016; Rios et al., 2023), the power spectrum of vertical wind speed (ω) is governed 326 

by intricate synergies among atmospheric stratification, vertical wind shear, and surface 327 
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turbulent fluxes. To disentangle these intertwined modulating effects, we conduct high-328 

frequency profile spectral analysis, which enables continuous temporal observations 329 

and direct quantification of turbulent mixing dynamics across the PBL (Wood et al., 330 

2010; Sun et al., 2012).   331 

Spectral analysis of vertical wind perturbations reveals distinguishable spectral 332 

regimes below and above the PBL height under diverse stability and shear conditions 333 

(Fig. 13). Across all examined cases, the ω power spectrum exhibits a characteristic 334 

camel-hump-shaped distribution with pronounced peaks at intermediate frequencies. 335 

The dominant peak frequency (f) ranges from 0.00056 to 0.0008, occupying 336 

approximately 39.6–57.1 % of the full frequency spectrum. 337 

No matter it is under stable conditions (Fig. 13b) or strong wind shear (Fig. 13d, 338 

f), turbulence shifts toward lower frequencies (longer wavelengths) with increasing 339 

altitude, indicating dominance of small-scale eddies within the PBL. This transition 340 

coincides with enhanced vertical stratification, which decouples the lower and upper 341 

PBL. During the stable atmospheric period, the existence of the inversion layer 342 

effectively suppresses vertical mixing and heat exchange between the upper and lower 343 

atmospheric layers. Compared to the convective boundary layer, turbulent activity 344 

within the stable boundary layer is significantly reduced, which implies a corresponding 345 

decrease in momentum and material exchange between the layers, further exacerbating 346 

the decoupling phenomenon between them. Moreover, the enhancement of wind shear 347 

weakens momentum exchange between the layers and strengthens the structure of the 348 

stable layer, making it difficult for effective vertical mixing to occur between 349 

atmospheric layers at different heights, ultimately leading to decoupling.   350 

In shear-dominated regimes (e.g., zi < z < 3zi)), decoupling intensifies (Fig. 13d, 351 

f), consistent with the shear-instability-driven turbulence identified in Fig. 11. This 352 

aligns with Sun et al. (2012), who attributed such behavior to shear-induced overturning 353 

eddies generating local thermal instabilities. However, our results indicate that the 354 
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effect of high-level wind shear on decoupling is greater than that of low-level wind 355 

shear.   356 

To further elucidate the spectral morphology and energy cascade characteristics, 357 

the slopes in the energy-containing and transition ranges are examined. The spectral 358 

exhibit a clear scale-dependent response of boundary-layer turbulence to stratification 359 

and shear (Fig. 14). In the energy-containing range, the slopes remain relatively weak, 360 

ranging from approximately -0.846 to -0.705, indicating that the dynamics are still 361 

governed primarily by large-scale organized motions. By contrast, the transition range 362 

exhibits a pronounced steepening, with slope values ranging from approximately -1.665 363 

to -1.483, approaching the classical Kolmogorov inertial-subrange scaling of −5/3, 364 

which indicates a clearly enhanced energy cascade in this interval. Across the different 365 

Ri regimes, increasing stratification tends to suppress this transfer, leading to a flatter 366 

spectral structure and indicating weakened turbulence mixing and reduced cascade 367 

efficiency. Shear exerts the opposite tendency: it enhances turbulent production and 368 

facilitates the redistribution of energy toward smaller scales, thereby driving the 369 

transition range closer to the classical inertial-subrange behavior. These results suggest 370 

that the observed spectral evolution is controlled by the competition between stabilizing 371 

buoyancy effects and shear-induced turbulence generation. Notably, the transition 372 

range appears to be the most sensitive part of the spectrum to this competition, whereas 373 

the energy-containing range responds more moderately, reflecting the persistent 374 

dominance of large-scale motions in that scale interval. 375 

Overall, despite the pronounced meteorological variability, the RWP spectra 376 

consistently capture the transition toward the Kolmogorov −5/3 scaling across heights 377 

and conditions. This indicates that, even though the 6-min temporal resolution is not 378 

sufficient to fully resolve the inertial-subrange frequencies, the RWP still provides a 379 

robust depiction of the larger-scale signatures of turbulent energy transfer relevant to 380 

PBL mixing. Compared with the 1-s resolution recommended by Rios et al. (2023) for 381 

coastal sites, these results highlight the advantage of the RWP in reliably characterizing 382 
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turbulence structure under varying atmospheric conditions, while also showing that the 383 

temporal sampling requirement may depend on terrain, site characteristics, and 384 

instrument response. 385 

4. Summary and concluding remarks 386 

This study investigates the nationwide spatiotemporal variability, as well as 387 

multiple modulating drivers of summertime boundary-layer turbulence dissipation rate 388 

(ε) across China, based on high-resolution summertime measurements from a national 389 

network of 132 radar wind profiler (RWP) stations.  390 

Turbulent dissipation rate exhibits pronounced regional and diurnal variability. 391 

Turbulence peaks in the early-afternoon across most sites over China, consistent with 392 

the maximum surface solar heating, and ε generally decreases with increasing height. 393 

The spatial pattern of ε shows strong heterogeneity: the largest afternoon-mean △log₁₀ε 394 

is found over Northwest China (0.18 m² s⁻³), whereas the Yangtze River basin shows 395 

the weakest signal (0.04 m² s⁻³). 396 

Our analyses highlight important influences of topography and land-cover on 397 

turbulence. Greater topographic complexity is positively correlated with enhanced 398 

turbulence, and this correlation is stronger within the PBL. Large differences in 399 

afternoon turbulence amplification are also observed across land-cover types: desert 400 

and grassland surfaces favour stronger turbulence enhancement, while water bodies 401 

suppress turbulent activity. Such surface-related effects decay with height but remain 402 

detectable even above the PBL. 403 

Cloud fraction exerts an additional modulating effect on ε. Turbulence is stronger 404 

under cloudy-sky compared with clear-sky conditions, and this cloud-related 405 

enhancement is more prominent above the PBL, which is largely associated with 406 

amplified vertical wind shear accompanying cloud development. 407 

Thermodynamic and dynamic forcing exert vertically differentiated controls on ε. 408 

Within the PBL, turbulence is jointly regulated by buoyancy-driven thermal instability 409 

and mechanical vertical-wind-shear. Above the PBL, turbulence is predominantly 410 
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sustained by shear-generated disturbances, which can induce atmospheric decoupling 411 

between lower and upper layers under strong-shear conditions. Such vertical 412 

decoupling is further supported by spectral analysis of vertical-wind perturbations. 413 

Spectral slopes in the energy-containing and transition ranges reveal competing effects 414 

between static stability (suppressing energy cascade) and wind shear (promoting energy 415 

transfer toward smaller eddy scales). The core modulating factors and their influential 416 

pathways are conceptually summarized in Fig.15. 417 

Despite these observational advances, several knowledge gaps remain regarding 418 

surface-roughness effects, fine-scale topographic forcing, and aerosol-cloud-turbulence 419 

interactions. Future work should incorporate high-resolution terrain datasets to better 420 

quantify mechanically-generated turbulence, and large-eddy-simulation (LES) 421 

experiments are required to disentangle topographic versus thermodynamic 422 

contributions. 423 

These nationwide observational findings provide useful observational constraints 424 

for improving boundary-layer-turbulence parameterization schemes in weather and 425 

climate models, especially for regions subject to frequent extreme-weather impacts 426 

under ongoing global change. 427 

 428 

Data Availability 429 

The turbulence retrievals from three RWPs in China are accessible from 430 

https://doi.org/10.5281/zenodo.15334907 (Accessed on 04-05-2025), land cover types 431 

were obtained from the MODIS Land Cover Type Yearly Climate Modeling Grid 432 

product (MCD12C1; https://lsdsweb.modaps.eosdis.nasa.gov/missions-and-433 

measurements/products/MCD12C1), and the ERA5 reanalysis data used here 434 

(Hersbach et al., 2023) can be acquired via Copernicus Climate Change Service (C3S) 435 
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Figures  604 

 605 

Figure 1. Spatial distribution of the log₁₀ε (a-b) and (c) vertical gradient of log₁₀ε 606 

as calculated from the RWP measurements across China in summer over China, 607 

derived from radar wind profiler (RWP) observations for heights between 0.3 608 

and 3 times the boundary layer height (0.3zi–3zi). The horizontal and vertical 609 

bars represent the longitude and latitude variations of log₁₀ε, respectively. The 610 

insets in each panel present the corresponding probability density function (PDF) 611 

of log₁₀ε. 612 
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 614 

 615 

Figure 2. Two-regime partition of the turbulent energy spectrum of ω from the 616 

RWP measurements across China. The gray line shows the raw power spectrum, 617 

and the black line shows the log-binned smoothed spectrum (25 bins). The red 618 

circle marks the spectral peak. The yellow and blue shaded areas denote the 619 

energy-containing range and transition region, respectively; the orange and blue 620 

solid lines indicate their linear fits in log space, with 𝑘! and 𝑘" representing the 621 

slopes and 𝑅#  the goodness of fit. The gray shaded area marks the classical 622 

Kolmogorov inertial subrange (10-2–102 Hz), which is inaccessible here due to 623 

sampling-frequency limitations. 624 

625 
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 626 
Figure 3. (a) Scatter plot showing the relationship between vertical gradients and 627 

corresponding amplitudes of wind disturbances; (b) diurnal variations of 628 

turbulence dissipation rate within and above the PBL; (c) diurnal variations in 629 

vertical gradients. 630 

 631 
  632 

https://doi.org/10.5194/egusphere-2026-5822
Preprint. Discussion started: 12 October 2026
c© Author(s) 2026. CC BY 4.0 License.



 28 

 633 

 634 
Figure 4. (a) Lagged cross-correlation between the diurnal turbulence time series 635 

within and above the PBL, with the dashed vertical line marking the zero-lag peak; (b) 636 

autocorrelation of the nationally averaged daily mean turbulence within (0.3 zᵢ < z < zᵢ, 637 

red circles) and above (zᵢ < z < 3 zᵢ, blue squares) the PBL; and (c) mean inter-site 638 

correlation as a function of station separation distance. The dashed horizontal line in (b) 639 

marks the 1/e level relative to the lag-0 autocorrelation (1/e), and the lag at which the 640 

autocorrelation decays to this level (~9 days) gives the e-folding time scale. 641 
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 643 
Figure 5. Spatial distribution of mean △log₁₀ε (afternoon minus all-day) from the 644 

RWP measurements across China within (a) and above (b) the PBL. The insets in each 645 

panel present the corresponding PDF of △log₁₀ε. (c-d) Density scatter plots illustrating 646 

the variations in △log₁₀ε and DEM standard deviation, with all reported Pearson 647 

correlation coefficients statistically significant at the 1% confidence level. 648 
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 650 

 651 
Figure 6. Box-and-whisker plots of Δlog₁₀ε (afternoon minus daily-mean ε, in units of 652 

m² s⁻³) as a function of land-cover type. Red (blue) boxes denote turbulence within 653 

(above) the PBL, i.e., 0.3 zᵢ < z < zᵢ (zᵢ < z < 3 zᵢ). The categories are: 1, water bodies; 654 

2, evergreen broadleaf forests; 3, deciduous broadleaf forests; 4, woody savannas; 5, 655 

savannas; 6, grasslands; 7, croplands; 8, urban and built-up lands; 9, cropland/natural 656 

vegetation mosaics; and 10, barren. The dotted horizontal line marks Δlog₁₀ε = 0, and 657 

red crosses indicate outliers. 658 

  659 

https://doi.org/10.5194/egusphere-2026-5822
Preprint. Discussion started: 12 October 2026
c© Author(s) 2026. CC BY 4.0 License.



 31 

 660 

Figure 7. Diurnal evolution of log₁₀ε (color shading; m² s⁻³) from the RWP 661 

measurements across China as a function of normalized height z/zᵢ and local solar time 662 

under (a) clear-sky (daily cloud fraction < 20%) and (b) cloudy-sky (cloud fraction > 663 

80%) conditions. The side panels show the corresponding mean vertical profiles, with 664 

overall means of −2.94 and −2.78 m² s⁻³ for clear- and cloudy-sky conditions, 665 

respectively. 666 
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 668 

Figure 8. (a-b) Probability density functions of log₁₀ε from the RWP 669 

measurements across China for (a) 0.3 zᵢ < z < zᵢ and (b) zᵢ < z < 3 zᵢ, for the full day 670 

(dashed lines) and afternoon (solid lines) under clear-sky (blue) and cloudy-sky (red) 671 

conditions. The vertical dashed lines mark the corresponding distribution means, which 672 

are −2.42, −2.32, −2.31, and −2.23 in (a) and −2.97, −2.89, −2.81, and −2.77 in (b), 673 

respectively. Panel (c) shows the corresponding mean vertical profiles of log₁₀ε (m² s⁻³). 674 

 675 

676 
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 677 

Figure 9. Scatterplot of summer afternoon log10ε (m²s⁻³) from the RWP measurements 678 

across China against cloud-top temperature (CTT) change rate (Kh⁻¹) (a) within and (b) 679 

above the PBL. Solid lines denote linear least-squares fits, with slopes of −0.019 and 680 

−0.0048 per Kh⁻¹ for (a) and (b), respectively. 681 
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 683 

 684 
Figure 10. Vertical profiles of summertime afternoon log10ε (m²s⁻³) from the RWP 685 

measurements across China, composited for the lowest (blue) and highest (red) terciles 686 

of (a) the gradient Richardson number (Ri), (b) vertical wind shear within the PBL 687 

(0.3zi–zi), and (c) vertical wind shear above the PBL (zi–3zi). Shaded envelopes denote 688 

the corresponding confidence intervals.  689 
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 690 

 691 

Figure 11. Relationship among standardized log₁₀ε, Ri (a, b), wind shear within 692 

the PBL (c, d), and wind shear above the PBL (e, f) during summer afternoon at 693 

different percentiles, with Ri sorted in descending order for consistency. The left 694 

column represents conditions within the PBL (0.3zi–zi), and the right column 695 

represents conditions above the PBL (zi–3zi). The equation describes the linear 696 

correlation between log₁₀ε and the respective variables. The Pearson correlation 697 

coefficient (R) and linear regression line are shown, with ** indicating 698 

significance at the 99% confidence level. 699 
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 700 
Figure 12. Joint dependence of log10ε during summer afternoon derived from 701 

the RWP measurements across China on (a) wind shear within the PBL (0.3zi–702 

zi), wind shear above the PBL (zi–3zi), and Ts−Ta within the PBL, and (b) above 703 

the PBL. The numbers in each cell denote the total number of samples used. 704 

 705 

  706 
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 707 

 708 
Figure 13. Power spectra of the vertical velocity (𝑆$), normalized by the w 709 

variance (𝜎$#), as a function of the frequency (f) under different Ri (a-b), wind 710 

shear (c-d) within the PBL (0.3zi<z<zi), and (e-f) wind shear above the PBL (zi–711 

3zi) conditions. The left column represents the lowest tercile of each 712 

meteorological factor, and the right column represents the highest tercile. The 713 

blue line represents conditions within the PBL (0.3zi–zi), the red line represents 714 

conditions above the PBL (zi–3zi). 715 

    716 

  717 
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 718 
Figure 14. Box plots of slope ranges for the energetic (KE) and transition (KT) 719 

zones within and above the PBL under different atmospheric stability and wind 720 

shear conditions. 721 
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 723 

 724 

Figure 15. Schematic diagram of turbulence characteristics and controlling 725 

factors within and above the PBL based on nationwide RWP network 726 

observations. 727 
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