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 2 

Abstract 24 

Favorable low-level vertical wind shear (VWS) is an important dynamic feature 25 

conducive to rainfall development. However, continuous observations capable of 26 

resolving the fine-scale vertical structure and rapid pre-rainfall evolution of VWS 27 

remain limited. To address this observational gap, we developed a high-resolution low-28 

level VWS dataset from wind measurements collected by a network of 28 radar wind 29 

profiler (RWP) stations across China during 2023–2025, with a focus on the 2 h 30 

preceding rainfall onset. The dataset provides bulk VWS for both the fixed 0.6–3.0 km 31 

layer and arbitrary combinations of vertical levels, local layer VWS, layer-mean VWS, 32 

maximum VWS, and the altitude of maximum VWS, with a temporal resolution of 6 33 

min and a vertical resolution of 120 m over 0.6–4.08 km AGL. Comparison with 34 

collocated radiosonde measurements supports the reliability of the RWP-derived VWS, 35 

while comparison with ERA5 shows that the reanalysis underestimates localized 36 

maximum VWS and does not reproduce its rapid minute-scale evolution. Non-HR 37 

events are generally associated with stronger but relatively steady background VWS, 38 

whereas HR events show a pronounced nonlinear increase in local low-level VWS 39 

during approximately the final 30 min before rainfall onset. The latter is accompanied 40 

by an upward shift in the altitude of maximum VWS, indicating a redistribution of the 41 

strongest shear within the lower troposphere. These contrasting evolution patterns 42 

demonstrate the ability of the dataset to resolve transient and vertically localized 43 

changes in pre-rainfall dynamic environments that are not adequately represented by 44 

coarser-resolution reanalysis data. The dataset is publicly available at 45 

https://doi.org/10.5281/zenodo.23432237 (Li and Guo, 2026), which can serve as a 46 

valuable benchmark for diagnosing pre-rainfall dynamic environments to advance 47 

regional HR nowcasting. Accordingly, to realize such forecasting improvements, we 48 

must leverage fine-scale dynamic structures derived from RWP measurements for more 49 

complete characterizations of prestorm environments.  50 

 51 

 52 
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Short Summary  54 

To better understand how winds change before rainfall, we created a unique dataset 55 

from 28 radar wind profiler stations across China. It captures wind shear every six 56 

minutes during the two hours before rainfall. Stronger rainfall is preceded by a rapid 57 

increase and vertical shift in shear, while lighter rainfall shows steadier conditions. The 58 

data reveal changes missed by widely used weather analyses and may help improve 59 

short-term rainfall forecasts. 60 

 61 

 62 

 63 
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1. Introduction  64 

Accurate nowcasting of regional heavy rainfall (HR) remains a major challenge in 65 

operational meteorology (Trier et al., 2006), owing in part to incomplete 66 

characterization of the pre-rainfall environment, limited continuous high-resolution 67 

observations, and limitations in model parameterizations (Carbone and Tuttle, 2008; 68 

Reif and Bluestein, 2017; Fitzpatrick et al., 2020). An important aspect of this challenge 69 

is resolving the fine-scale structure of the boundary layer and lower troposphere, which 70 

can exert a strong influence on convective initiation and organization. Low-level 71 

vertical wind shear (VWS), typically defined as the change of the wind vector or one 72 

of its components with height (Glickman, 2000), is therefore an important dynamical 73 

characteristic of convective environments (e.g., Rotunno et al., 1988; Coniglio et al., 74 

2006). 75 

Extensive research has shown that the magnitude, orientation, and altitude of low-76 

level VWS interact with convection in complex ways (Stensrud et al., 2005; Hande et 77 

al., 2012). These interactions can modulate storm inflow (Alfaro, 2017), updraft 78 

buoyancy (Mulholland et al., 2021), and the organization and longevity of 79 

thunderstorms (Fovell and Ogura, 1989; Taylor et al., 2017; Barton et al., 2025). The 80 

interaction between low-level environmental shear and cold-pool-generated circulation 81 

is central to the RKW conceptual framework for squall-line organization (Rotunno et 82 

al., 1988), although convective-system responses also depend on thermodynamic and 83 

environmental conditions. Low-level VWS has also been associated with variations in 84 

the probability and intensity of extreme precipitation (Taylor et al., 2026), and localized 85 

shear maxima have been reported shortly before some HR events (Zheng and Sun, 86 

2016). Barton et al. (2025) further showed enhanced positive shear anomalies 87 

immediately preceding storm occurrence. Collectively, these findings indicate that 88 

VWS should be considered not only as a background environmental property but also 89 

as a quantity that can exhibit pronounced temporal and vertical variability before 90 

convective events. Accurately characterizing the fine-scale vertical structure of low-91 
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level VWS and its evolution preceding rainfall is therefore important for understanding 92 

pre-convective dynamical environments and improving nowcasting capabilities. 93 

Despite these advances, the continuous evolution of low-level VWS immediately 94 

preceding rainfall remains insufficiently characterized. Previous studies have relied on 95 

a combination of reanalysis products (Aiyyer and Thorncroft, 2006), numerical 96 

simulations (Frank and Ritchie, 2001; Draxl et al., 2014; Maybee et al., 2024), 97 

radiosonde measurements (Houchi et al., 2010; Ko and Chun, 2026), and radar 98 

observations (Augros et al., 2013) to examine VWS climatology, large-scale variability, 99 

and convective environments. Each of these data sources has limitations for resolving 100 

rapid, vertically localized changes in VWS immediately before rainfall. Conventional 101 

radiosondes typically provide only two soundings per day; commercial aircraft reports, 102 

although providing direct wind measurements, remain spatially and temporally sparse 103 

because of flight-route and altitude constraints (Lin et al., 2021); and Doppler wind 104 

lidars are often used for localized wind and wind-shear monitoring, particularly around 105 

airports (Xue et al., 2026). Reanalysis products and numerical models provide favorable 106 

spatiotemporal continuity but may not resolve fine-scale features such as low-level jets 107 

(LLJs), sharp boundary-layer gradients, and highly localized extreme shear structures 108 

(Houchi et al., 2010). Because convective environments can undergo rapid dynamical 109 

adjustments from hours to minutes before rainfall initiation, these limitations hinder 110 

systematic investigation of minute-scale VWS evolution during the critical pre-rainfall 111 

window. 112 

Ground-based radar wind profilers (RWPs) can address several of these limitations 113 

by continuously acquiring vertical wind profiles at minute-scale temporal and 114 

hectometer-scale vertical resolutions. Their observations enable rapid low-level wind 115 

adjustments to be tracked as precipitation systems approach (Zamora et al., 1987; 116 

Molod et al., 2019; Guo et al., 2023; Li et al., 2024). Leveraging the national RWP 117 

network established in China since 2008 (Guo et al., 2021), recent studies have 118 

demonstrated the potential of RWP observations for resolving rapidly evolving pre-119 

rainfall atmospheric dynamics (Chen et al., 2024), including rapid intensification of 120 

LLJs within 30 min of nocturnal rainfall onset (Li et al., 2026). However, this 121 
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observational capability has not yet been translated into a standardized data product 122 

specifically designed to characterize the continuous evolution of pre-rainfall VWS 123 

across China. 124 

Against this background, this study uses observations from the RWP network in 125 

China to construct a high-resolution dataset of low-level VWS spanning 2023–2025, 126 

with a specific focus on the 2 h preceding rainfall onset. The resulting dataset provides 127 

an observational basis for systematically characterizing pre-rainfall VWS across China 128 

and for evaluating the representation of fine-scale wind-shear structures in reanalysis 129 

and numerical weather prediction products. The remainder of the paper is organized as 130 

follows: Sect. 2 describes the datasets and calculation methodology, Sect. 3 evaluates 131 

the dataset and characterizes pre-rainfall VWS variability, Sect. 4 describes data 132 

availability, and Sect. 5 summarizes the main findings and limitations. 133 

 134 

2. Data and Methodology  135 

2.1 Radar wind profiler measurements  136 

The RWP observations collected from 28 stations across China (Table 1 and Fig. 137 

1a) during 2023–2025 were utilized to construct the high-resolution VWS dataset. 138 

These RWPs continuously provide vertical profiles of horizontal wind speed and 139 

direction at an interval of 6 min (Liu et al., 2019). To ensure vertical consistency across 140 

all stations, all profiles were interpolated to a uniform vertical resolution of 120 m, 141 

starting at 0.12 km above ground level (AGL).  142 

The RWPs detect vertically resolved wind fields by transmitting and receiving 143 

electromagnetic beams in five directions, comprising a zenith beam and four inclined 144 

beams at 15° zenith angles towards the east, south, west, and north, respectively. By 145 

analyzing the Doppler shifts in radial velocities from any three beams, the horizontal 146 

and vertical wind components are retrieved. However, falling hydrometeors (e.g., 147 

raindrops) and other particulate scatterers may introduce biases in radar measurements, 148 

thereby contaminating the horizontal wind retrievals (Angevine, 1997; Wang et al., 149 
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2014). To minimize such precipitation-induced contamination, all RWP observations 150 

recorded during rainfall periods were strictly excluded from the dataset.  151 

Table 1. Radar wind profiler stations used in this study 152 

Station ID Station 
Name  Lon. (°) Lat. (°) Altitude (m) 

51839 Minfeng 82.69 37.07 1408.90 
52533 Jiuquan 98.49 39.77 1477.20 

53463 Hohhot 111.57 40.86 1152.10 

53772 Taiyuan 112.58 37.62 785.00 

53845 Yan’an 109.45 36.58 1180.40 
54304 Zhangjiakou 115.27 40.95 726.00 

54342 Shenyang 123.51 41.73 50.00 

54511 Beijing 116.47 39.81 31.50 
54727 Zhangqiu 117.52 36.65 251.90 

55664 Tingri 87.12 28.65 4326.80 

56029 Yushu 96.96 33.00 3684.00 

56146 Ganzi 100.00 31.62 3353.00 
56173 Hongyuan 102.55 32.79 3465.00 
56312 Linzhi 94.36 29.65 2988.40 

56651 Lijiang 100.22 26.85 2382.40 
56964 Simao 100.99 22.82 1423.30 
57461 Sanxia 111.36 30.74 253.80 
57516 Chongqing 106.46 29.58 260.00 

57687 Changsha 112.79 28.11 46.00 

57816 Guiyang 106.73 26.59 1223.70 

58238 Nanjing 118.90 31.93 40.60 

58459 Hangzhou 120.29 30.18 43.00 

58633 Quzhou 118.89 28.99 86.40 

58725 Shaowu 117.50 27.31 363.60 

58847 Fuzhou 119.29 26.08 112.10 
59312 Chaozhou 116.69 23.67 7.00 

59431 Nanning 108.55 22.78 104.90 

59758 Haikou 110.25 19.99 69.00 
 153 
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Data availability was assessed for all horizontal wind profiles throughout 2023–154 

2025. As shown in Figs. 1b and 1c, overall data availability is high, although the data 155 

recovery rate is relatively low at high altitudes, likely attributed to the inherent signal 156 

attenuation of the radar. Within the effective altitude range of 0.6–4.08 km AGL, mean 157 

data availability exceeded 85% across all stations, supporting the temporal continuity 158 

required for the VWS analysis. 159 

 160 

Figure 1. (a) Spatial distribution of the 28 Radar Wind Profiler (RWP) stations (red 161 

dots) overlaid on terrain elevation across China. (b) Temporal variation of data 162 

availability for all RWP stations listed in Table 1 during 2023–2025. (c) Vertical profile 163 

of the national mean data availability, with the gray shading indicating the ±1 standard 164 

deviation. (d) Vertical profiles of the correlation coefficient (R) between the RWP 165 

stations and upper-air radiosonde (RS) measurements for horizontal wind speed, as well 166 

as zonal (U) and meridional (V) wind components. (e) Density scatterplot of matched 167 

wind-speed observations from RWP versus RS at altitudes ranging from 0.6 to 4.08 km 168 

above ground level (AGL). Red and black dashed lines denote the linear regression fit 169 

and the 1:1 reference line, respectively. 170 

https://doi.org/10.5194/essd-2026-866
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



 9 

2.2 Evaluation of horizontal winds of the RWP  171 

To further evaluate RWP data quality, horizontal wind speed and its zonal and 172 

meridional components were compared with coincident radiosonde (RS) observations 173 

at corresponding stations and altitude levels. Radiosonde measurements provide an 174 

independent reference for evaluating ground-based remote-sensing wind retrievals. 175 

Sounding balloons are launched twice daily at 08:00 and 20:00 local standard time 176 

(LST), providing vertical profiles of temperature, pressure, relative humidity, and 177 

horizontal wind at a vertical resolution of approximately 5–8 m. During summer (June–178 

August), additional soundings at 14:00 LST were conducted at most radiosonde stations 179 

in China. 180 

The RWP-derived horizontal winds, including the U and V components, show 181 

strong positive correlations with radiosonde observations, with correlation coefficients 182 

(R) exceeding 0.8 throughout the 0.6–4.08 km AGL layer (Fig. 1d). Measurements 183 

below 0.5 km were less reliable because of near-surface clutter. The pooled comparison 184 

across 0.6–4.08 km AGL yields R = 0.83 (Fig. 1e). These results support the use of 185 

RWP-derived horizontal winds within this altitude range; accordingly, the effective 186 

vertical range of the VWS dataset was restricted to 0.6–4.08 km AGL. 187 

2.3 Multi-source meteorological data  188 

Minute-level rainfall data were directly acquired from the rain gauge 189 

measurements at national weather stations co-located with the RWPs across China. To 190 

ensure strict temporal alignment with the RWP measurements, rainfall amounts were 191 

accumulated over 6-min intervals. These observations underwent rigorous quality 192 

control (China Meteorological Administration, 2020; Zhao et al., 2024) and are publicly 193 

accessible at the National Meteorological Information Center of China Meteorological 194 

Administration (CMA). 195 

Furthermore, the fifth generation of the European Centre for Medium-Range 196 

Weather Forecasts atmospheric reanalysis (ERA5) of the global climate (Hersbach et 197 

al., 2020) was used to calculate reanalysis-derived VWS and compare it with RWP-198 
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derived VWS before rainfall onset. ERA5 data provide hourly atmospheric fields, 199 

including zonal wind, meridional wind, and geopotential height, on a 0.25° × 0.25° grid 200 

with 37 vertical pressure levels (Hersbach et al., 2020). For each rainfall event, ERA5 201 

data within 2 h prior to rainfall were sampled, and the VWS was calculated using the 202 

grid points nearest to each RWP station. This station-based approach enabled direct 203 

comparisons between reanalysis and RWP observations rather than performing a 204 

domain-wide average across the entire study region (Ko and Chun, 2026). Unless 205 

otherwise specified, all datasets cover the period 2023–2025. 206 

2.4 Identification of rainfall events  207 

To isolate pre-rainfall environments, rainfall events were required to be separated 208 

by a minimum dry interval of 2 h. Rainfall onset was defined as the first 6 min interval 209 

in which accumulated rainfall at the corresponding RWP station exceeded 0.1 mm. To 210 

account for rainfall intermittency and filter transient noise, a valid rainfall event 211 

required the initial detection to be followed by at least two additional rainfall 212 

occurrences within the subsequent 30 min. Any isolated initial occurrence not meeting 213 

this criterion was discarded. 214 

Rainfall events were further classified by intensity to examine systematic 215 

differences between HR and non-HR events. Following Li et al. (2026), localized HR 216 

events were defined as those for which the mean 6 min rainfall intensity exceeded the 217 

station-specific 75th percentile of all recorded rainfall events. This percentile-based 218 

definition identifies relatively intense events at each station while retaining a sufficient 219 

sample size for statistical analysis of minute-scale VWS dynamics. Here, “HR” denotes 220 

the upper quartile of event intensity at each station and should not be interpreted as the 221 

operational heavy-rainfall threshold used by CMA. The final sample comprised 10,950 222 

rainfall events during 2023–2025, of which 2,705 were classified as HR events. 223 

2.5 Calculation of VWS  224 

Four VWS metrics were calculated: bulk VWS, layer VWS, mean VWS, and maximum VWS 225 

(max VWS). Bulk VWS was defined as: 226 
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             bulk VWS=
!(utop-ubottom)

2+(vtop-vbottom)
2

△z
                   (1) 227 

where z is the altitude and u and v represent the zonal and meridional wind components, 228 

respectively. This definition quantifies the magnitude of the vector wind difference 229 

between two altitude levels (Zhang et al., 2020). Bulk VWS between 0.6 and 3.0 km 230 

AGL was also calculated to provide a conventional layer-shear metric for comparison 231 

with ERA5-derived VWS. 232 

To characterize fine-scale vertical shear variability, local layer VWS was 233 

calculated using a centered finite-difference approach based on horizontal wind vectors 234 

at two vertically separated levels. The corresponding mean VWS was obtained by 235 

averaging the valid local shear values over the 0.6–4.08 km above-ground-level (AGL) 236 

profile: 237 

               layer VWS=!"ui+1-ui-1
zi+1-zi-1

#
2

+ "vi+1-vi-1
zi+1-zi-1

#
2
                  (2) 238 

                  mean VWS = 1
N
∑ layer VWSN
i=1                     (3) 239 

where u and v are the zonal and meridional wind components, respectively; i is the 240 

vertical index and N is the number of valid local shear estimates within the analyzed 241 

profile. Unlike bulk VWS, which depends only on wind vectors at the selected layer 242 

boundaries, mean VWS characterizes the average magnitude of local shear throughout 243 

the vertical profile (Ko and Chun, 2026). 244 

Finally, we defined max VWS as the maximum local layer shear within the same 245 

altitude profile: 246 

                    max VWS =max (layer VWS)                     (4) 247 

The corresponding altitude of max VWS was defined as the midpoint of the two 248 

levels used to calculate the maximum local shear. This metric identifies the strongest 249 

localized shear within the profile and enables the temporal evolution of extreme shear 250 

values before rainfall onset to be examined. 251 

 252 
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3. Results and discussion 253 

3.1 Validation and Statistical Characteristics of VWS 254 

To evaluate the reliability of the RWP-derived VWS dataset, the derived shear 255 

metrics were compared with collocated RS measurements. Overall, the RWP-derived 256 

VWS shows good agreement with the RS estimates in both magnitude and vertical 257 

structure. Figures 2a and 2b show a representative case at the Beijing station. The RWP 258 

captures fine-scale vertical fluctuations in both horizontal wind components and the 259 

resulting VWS, with close correspondence to the collocated RS profiles. In this 260 

example, strong-shear layers near approximately 1.0 and 2.5 km are evident in both 261 

datasets, and only small differences are found in maximum VWS and 0.6–3.0 km bulk 262 

VWS. 263 

Statistically, median VWS profiles aggregated from all matched samples during 264 

2023–2025 show close agreement between the two observing systems across 0.6–4.08 265 

km AGL, with the median bias remaining near zero (Fig. 2c). Enhanced shear within 266 

approximately 0.8–1.4 km AGL may be associated with boundary-layer processes, 267 

including surface-friction effects and vertical gradients near the PBL top. The 268 

distribution of maximum VWS was also evaluated because localized shear extrema are 269 

relevant to convective environments. As shown in Fig. 2d, the RWPs reproduce the 270 

main distributional features observed by RS, including a bimodal distribution in the 271 

altitude of maximum VWS. The lower-altitude mode (0.6–1.0 km) may be associated 272 

with shear near the frictional boundary layer or PBL top, whereas the higher-altitude 273 

mode (2.5–3.5 km) may reflect elevated shear associated with LLJs or frontal structures. 274 

Although the RWP distribution shows a slight positive skew in maximum-VWS 275 

magnitude and a slight downward shift in its occurrence height relative to RS, the 276 

overall distributional features are broadly preserved. 277 
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 278 

Figure 2. (a) Vertical profiles of zonal (U, blue lines) and meridional (V, red lines) 279 

wind components sampled at the Beijing station at 08:00 LST on 1 January 2023, and 280 

(b) corresponding vertical profiles of the layer VWS from RWP (solid lines) and RS 281 

(dashed lines) observations. (c) Median VWS profiles (0.6–4.08 km) across all stations 282 

spanning 2023–2025. The gray shaded envelope represents the interquartile range (25th 283 

to 75th percentiles). The right subpanel displays the median bias (RWP minus RS). (d) 284 

Normalized probability density functions (PDFs) of the max VWS (red lines) and its 285 

corresponding height (blue lines). (e) Split-diagonal heatmap of median bulk shear (10⁻³ 286 

s⁻¹) calculated across varying bottom and top boundary heights. RWP and RS 287 

observations are displayed in the upper-left and lower-right triangles, respectively. (f) 288 

Absolute bulk shear bias (|RWP − RS|), shown exclusively in the valid lower-right 289 

triangle (top > bottom height). 290 
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To evaluate the dataset across a range of layer depths, bulk shear was compared 291 

between arbitrary pairs of height boundaries (Fig. 2e). The close structural agreement 292 

between the RWP (upper-left) and RS (lower-right) triangles indicates consistency 293 

across different layer depths. The absolute-bias matrix (Fig. 2f) further shows small 294 

bulk-shear differences across most height combinations. Slight deviations below 1.5 295 

km and above 3.5 km may partly reflect differences in sampling characteristics: the RS 296 

balloon experiences wind-induced horizontal drift, whereas the RWP performs 297 

vertically fixed-point profiling. In addition, because VWS is derived from vertical 298 

differences in horizontal wind, shear estimates can amplify small high-frequency 299 

measurement errors. Overall, the quantitative and structural agreement supports the 300 

reliability of the RWP-derived VWS dataset. 301 

Building on the validated dataset, we characterized the shear environments during 302 

the 2 h preceding HR and non-HR events (Fig. 3). Non-HR events show a higher 303 

probability of occurring under stronger VWS conditions. Specifically, the occurrence 304 

peaks of layer-mean and maximum VWS from the RWPs are larger for non-HR events 305 

than for HR events (Figs. 3b and 3c). In addition, the altitude of maximum VWS for 306 

non-HR events is more strongly concentrated in the lower boundary layer (Fig. 3d). 307 

These distributions indicate that background VWS magnitude alone does not 308 

distinguish HR from non-HR events. 309 

Although the ERA5 reanalysis (dashed lines) can capture the general distinction 310 

between HR and non-HR events, it tends to overestimate the bulk VWS while 311 

systematically underestimating the fine-scale VWS metrics, including the layer-mean 312 

VWS, max VWS and its occurrence height. Furthermore, the distribution of max VWS 313 

altitude derived from ERA5 is predominantly unimodal, with most values concentrated 314 

below 1 km. In contrast, the high-resolution RWP data effectively resolve the vertically 315 

layered and highly localized dynamic structures, including fine-scale shear features that 316 

are not adequately represented by ERA5. The difference highlights the inherent 317 

limitations of coarse-resolution reanalysis products in representing transient, extreme 318 
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dyanmic structures preceding rainfall, thereby underscoring the added value of the 319 

RWP observations for resolving fine-scale VWS environments. 320 

 321 

Figure 3. PDFs of (a) 0.6–3.0 km bulk VWS, (b) layer-mean VWS, (c) maximum VWS, 322 

and (d) the altitude of maximum VWS during the 2 h preceding non-HR (blue) and HR 323 

(red) events. Solid lines represent RWP observations, and dashed lines represent ERA5 324 

reanalysis data. 325 

3.2 Vertical Structure of VWS preceding rainfall 326 

To elucidate the contrasting precursor characteristics of VWS across rainfall-327 

intensity categories, this section examines the fine-scale vertical evolution of VWS 328 

during the 2 h preceding rainfall onset. The results show that rapid structural adjustment 329 

of VWS, rather than background magnitude alone, is associated with subsequent 330 

rainfall intensity. 331 

The temporal redistribution of VWS probabilities as rainfall approaches is 332 

captured via Normalized Contoured Frequency by Altitude Diagrams (NCFADs; Fig. 333 
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4). For non-HR events (Fig. 4a–c), the overall vertical VWS distribution remains 334 

relatively stable throughout the 2 h period. Although the frequency of high VWS values 335 

increases slightly during the final 30 min, the RWP-derived mean profiles (black lines) 336 

remain nearly unchanged, indicating limited pre-onset adjustment of the vertical wind-337 

shear structure. In stark contrast, HR events are characterized by a systematic rightward 338 

shift in the VWS probability distribution (Fig. 4d–f). During the final [-30, 0) min 339 

window (Fig. 4f), the frequency of weak shear decreases markedly (blue shading), 340 

whereas strong shear becomes substantially more frequent (red shading), particularly 341 

in the lower troposphere. This rapid enhancement of low-level shear constitutes a 342 

distinct pre-onset dynamic signature of HR events in the composite analysis. Crucially, 343 

while the RWP-derived profiles capture the rapid intensification of local VWS, the 344 

corresponding ERA5 profiles remain temporally static, missing the rapid change of 345 

low-level wind field immediately preceding rainfall onset. This contrast highlights the 346 

importance of high-resolution RWP observations for resolving transient and vertically 347 

localized shear structures preceding intense rainfall. 348 

The relatively weak VWS observed during the early stages preceding HR does not 349 

necessarily indicate an unfavorable environment for intense precipitation, as rainfall 350 

intensity depends on the combined effects of environmental shear, thermodynamic 351 

instability, moisture, and mesoscale forcing. The subsequent rapid intensification of 352 

low-level VWS may reflect evolving vertical gradients in horizontal momentum 353 

associated with mesoscale circulations or LLJs, potentially favoring convective 354 

organization under supportive thermodynamic conditions. Thus, this result suggests 355 

that the rapid evolution and vertical redistribution of shear may provide additional 356 

information beyond background shear magnitude alone for distinguishing HR from 357 

non-HR environments. 358 
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 359 

Figure 4. Differences in normalized contoured frequency by altitude diagrams 360 

(NCFADs) for layer VWS between adjacent 30 min windows preceding the onset of 361 

non-HR events: (a) [-90, -60) minus [-120, -90) min, (b) [-60, -30) minus [-90, -60) min, 362 

and (c) [-30, 0) minus [-60, -30) min, where 0 min corresponds to the rainfall onset. 363 

Overlaid profiles show the mean VWS derived from RWP observations (black) and 364 

ERA5 reanalysis (green). For each panel, solid and dashed lines represent the current 365 

and preceding time windows, respectively, with the ERA5 profiles based on the 366 

corresponding hourly analysis times. Red (blue) shading indicates an increase (decrease) 367 

in normalized frequency. In panels (c) and (f), blue bars show the temporal evolution 368 

of rainfall intensity (mm per 6 min) during the first 30 min following rainfall onset. 369 

To further examine the statistical redistribution of shear structures, the temporal 370 

differences in composite bulk VWS are presented in Fig. 5 across all layer combinations. 371 

For non-HR events, positive shear changes are localized and discontinuous (Figs. 5a–372 

c), indicating heterogeneous pre-rainfall shear enhancement across layer combinations. 373 

Even immediately before onset, the positive changes remain confined to a limited 374 

subset of lower–upper boundary combinations rather than forming a coherent 375 

enhancement across a broad range of layer depths. In contrast, HR events exhibit a 376 

pronounced and rapid enhancement of VWS. Following relatively weak changes during 377 

the earliest pre-onset interval (Fig. 5d), a systematic intensification emerges 378 
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approximately 1 h before rainfall onset (Fig. 5e), with the strongest positive changes 379 

occurring during the final 30 min (Fig. 5f). 380 

 381 

Figure 5. As in Fig. 4, but showing differences in composite bulk vertical wind shear 382 

(VWS; shading, 10⁻³ s⁻¹) between consecutive 30 min windows. The horizontal and 383 

vertical axes represent the upper and lower boundary heights (km AGL), respectively, 384 

used to calculate bulk VWS for each height pair. Warm (cold) colors indicate an 385 

increase (decrease) in composite bulk VWS between the corresponding time windows. 386 

The intensification is concentrated mainly in the lower troposphere (below 2.0 km 387 

AGL), while enhanced shear also appears across progressively deeper layer 388 

combinations extending toward 2.5–3.5 km. This pattern indicates a vertical 389 

redistribution of shear before HR onset, although the observations alone do not establish 390 

the underlying dynamical mechanism. Such changes may alter the dynamic 391 

environment for storm inflow and convective organization, but their direct contribution 392 

to rainfall intensification requires further investigation. 393 
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Taken together, the contrasting evolution of VWS suggests that rapid 394 

intensification and vertical redistribution are more strongly associated with HR events 395 

than the presence of strong background shear alone. These transient, vertically localized 396 

features are resolved by the RWP-derived dataset but are less evident in the reanalysis, 397 

highlighting the value of high-resolution wind-profile observations for characterizing 398 

pre-rainfall dynamic environments. 399 

 400 

3.3 Minute-scale continuous evolution of VWS preceding rainfall  401 

Figure 6 tracks the continuous minute-scale evolution of VWS and the 402 

corresponding composite hodographs preceding rainfall. At the beginning of the 2 h 403 

pre-onset period, the 0.6–3.0 km bulk shear, layer-mean VWS, and maximum VWS are 404 

generally stronger for non-HR events (blue) than for HR events (red), but the non-HR 405 

metrics vary only modestly thereafter. In contrast, HR events exhibit a steep nonlinear 406 

intensification in layer-mean and maximum VWS beginning approximately 30 min 407 

before onset. During this final 30 min, maximum VWS increases sharply and reaches 408 

its highest composite value near rainfall onset. Non-HR events also show gradual 409 

increases from approximately −30 min, but these changes are much smaller. Thus, the 410 

principal distinction between the two groups lies in the temporal evolution of local shear 411 

rather than in the absolute magnitude of background shear. 412 
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 413 

Figure 6. Temporal evolution of low-level VWS and composite hodographs preceding 414 

rainfall onset for non-HR (blue) and HR (red) events. (a–d) Evolution of (a) 0.6–3.0 km 415 

bulk VWS, (b) layer-mean VWS, (c) maximum VWS, and (d) the altitude of maximum 416 

VWS during the 2 h preceding rainfall onset. Solid lines and symbols represent radar 417 

wind profiler (RWP) observations and ERA5 reanalysis, respectively, with shaded 418 

envelopes and error bars indicating the corresponding 95 % confidence intervals. The 419 

boxplots on the right show the distributions of each variable over the 2 h pre-onset 420 

period. (e, f) Composite hodographs preceding (e) non-HR and (f) HR events, with the 421 

solid black line representing the climatological mean hodograph for 2023–2025. 422 

Furthermore, the enhancement of pre-rainfall wind shear exhibits pronounced 423 

vertical heterogeneity. In contrast to the abrupt increase in maximum VWS, the broad 424 

0.6–3.0 km bulk VWS shows little variation, indicating that the rapid intensification is 425 
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concentrated within specific altitude layers. For HR events, the altitude of maximum 426 

VWS shows a two-stage evolution before rainfall onset. From −120 to approximately 427 

−30 min, its mean altitude decreases from approximately 1.74 to 1.68 km AGL (Fig. 428 

6d), indicating that the strongest local shear becomes progressively concentrated at 429 

lower levels. The present observations do not distinguish whether this shift results from 430 

vertical momentum transport, changes in the background wind profile, or evolving 431 

mesoscale circulations. After approximately −30 min, the altitude of maximum VWS 432 

shifts upward, reaching about 1.73 km by rainfall onset. This upward tendency 433 

coincides with the increase in maximum VWS (Fig. 6c), indicating a simultaneous 434 

change in both the magnitude and vertical position of the strongest local shear. 435 

Compared with the weaker and more irregular variations in non-HR events, HR events 436 

therefore exhibit a distinct final-stage reorganization of the VWS profile. This pattern 437 

represents an observed dynamic feature associated with the final pre-onset stage of HR 438 

events rather than direct evidence of a causal triggering mechanism. 439 

To further examine the evolution of the vertical wind structure, composite 440 

hodographs were analyzed (Figs. 6e and 6f). Compared with the non-rainfall 441 

climatological background (solid black line), the low-level wind vectors preceding 442 

rainfall exhibit clockwise turning with height. The hodographs reveal marked 443 

differences in wind-profile structure and temporal evolution between the two rainfall 444 

types, with potential implications for convective organization (Markowski and 445 

Richardson, 2007). For non-HR events (Fig. 6e), the hodograph is elongated 446 

predominantly along the zonal wind (U) axis, with the U component reaching 447 

approximately 8.0 m s⁻¹, but it exhibits relatively weak curvature, especially above 2 448 

km AGL, indicating primarily unidirectional shear. Over the 2 h pre-onset period, the 449 

hodograph changes only slightly, with the meridional wind (V) component remaining 450 

near 2.5 m s⁻¹. In contrast, HR events (Fig. 6f) exhibit greater hodograph curvature and 451 

thus stronger directional shear; however, storm-relative quantities cannot be inferred 452 

without information on storm motion. As rainfall onset approaches, the HR hodographs 453 

progressively extend along the V axis, with the meridional wind component increasing 454 
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from approximately 2.8 to 3.2 m s⁻¹. This expansion indicates a rapid adjustment of the 455 

low-level wind field, particularly its meridional component, consistent with the 456 

localized shear intensification in Figs. 6b and 6c. These changes may modify the 457 

vertical distribution of horizontal vorticity and the dynamic environment for developing 458 

convection, but their contribution to storm-relative helicity and convective dynamics 459 

cannot be quantified from the composite hodographs alone. 460 

Compared with RWP observations, the ERA5 reanalysis exhibits systematic 461 

differences in its representation of the fine-scale wind shear structure and temporal 462 

evolution preceding rainfall. As shown in Figs. 6a–d, while ERA5 broadly reproduces 463 

the magnitude of 0.6–3.0 km bulk VWS, it substantially underestimates max VWS. 464 

Specifically, ERA5-derived maximum VWS is approximately 30–35 % lower than the 465 

RWP-derived values, with ERA5 estimates of 10.4–11.8 × 10⁻³ s⁻¹, and the altitude of 466 

max VWS is biased downward by approximately 0.3 km. The ERA5-derived 467 

hodographs reproduce some aspects of the enhanced meridional flow associated with 468 

HR events but exhibit much weaker temporal variations than those resolved by the 469 

RWPs. Consequently, although ERA5 provides useful information on the broader 470 

background wind field, its temporal and vertical resolutions limit its ability to resolve 471 

localized shear maxima and their rapid evolution immediately preceding rainfall.  472 

In summary, despite potential variations in the underlying processes across regions 473 

and rainfall regimes, the contrasting evolution of shear magnitude, altitude, and 474 

hodograph structure reveals distinct pre-rainfall dynamic characteristics associated with 475 

HR and non-HR events. These results demonstrate that the RWP-derived dataset 476 

resolves fine-scale and continuous changes in low-level wind shear that are 477 

substantially smoothed in ERA5, providing an observational basis for investigating pre-478 

rainfall dynamic environments and evaluating potential shear-based indicators. 479 

 480 
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4. Data availability 481 

The high-resolution VWS dataset derived from the radar wind profiler network 482 

across China is publicly available at https://doi.org/10.5281/zenodo.23432237 (Li and 483 

Guo, 2026). ERA5 hourly data are available through the Copernicus Climate Change 484 

Service Climate Data Store at https://doi.org/10.24381/cds.bd0915c6 (Hersbach et al., 485 

2023). Automatic weather station measurements were obtained after registration from 486 

the National Meteorological Information Center of the China Meteorological 487 

Administration (https://data.cma.cn/). 488 

 489 

5. Summary and concluding remarks  490 

To address the lack of continuous, fine-scale observations of pre-rainfall dynamic 491 

environments, this study develops a high-resolution dataset of low-level VWS derived 492 

from 28 RWP stations across China during 2023–2025, covering the 2 h preceding 493 

rainfall onset. The dataset provides bulk VWS, layer-mean VWS, maximum VWS, and 494 

the altitude of maximum shear at 6 min temporal and 120 m vertical resolutions over 495 

0.6–4.08 km AGL. Comparisons with collocated radiosonde observations show good 496 

agreement in the magnitude and vertical structure of VWS, supporting the reliability of 497 

the derived dataset. By resolving vertically localized shear maxima and their rapid 498 

temporal variations, the dataset complements conventional sounding observations and 499 

reanalysis products for characterizing the evolving low-level wind field preceding 500 

rainfall. 501 

Using this dataset, we investigated the fine-scale vertical structure and continuous 502 

evolution of VWS preceding HR and non-HR events. The observations reveal distinct 503 

pre-rainfall dynamic characteristics that cannot be adequately described by background 504 

shear magnitude alone. Non-HR events generally exhibit stronger but relatively quasi-505 

steady background VWS, with hodographs dominated by nearly unidirectional shear, 506 

whereas HR events show a pronounced nonlinear intensification of low-level VWS 507 

beginning approximately 30 min before rainfall onset. This enhancement is most 508 

evident in maximum VWS and is accompanied by an upward shift in the mean altitude 509 
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of maximum VWS during the final pre-onset stage. In contrast, the 0.6–3.0 km bulk 510 

VWS remains nearly unchanged, indicating that the rapid shear intensification is 511 

concentrated within specific altitude layers. The HR hodographs also exhibit greater 512 

curvature and a rapid increase in the meridional wind component approaching rainfall 513 

onset, reflecting changes in both directional shear and low-level wind structure. These 514 

contrasting features indicate that the rapid intensification and vertical redistribution of 515 

VWS provide information for distinguishing HR and non-HR pre-rainfall environments 516 

beyond background shear magnitude alone. 517 

Comparison with ERA5 further demonstrates the added value of high-resolution 518 

RWP observations for resolving fine-scale shear structures. Although ERA5 broadly 519 

captures the background wind field and bulk VWS, it underestimates localized 520 

maximum VWS and layer-mean VWS, exhibits a downward bias in the altitude of 521 

maximum shear, and does not reproduce the rapid temporal variations observed 522 

immediately before rainfall onset. The differences are particularly evident for localized 523 

shear maxima and the evolving low-level hodograph structure. These discrepancies 524 

illustrate the limitations of coarser-resolution reanalysis products for characterizing 525 

transient, vertically heterogeneous wind shear and highlight the value of continuous 526 

RWP measurements for examining pre-rainfall dynamic environments. 527 

In summary, the RWP-derived VWS dataset provides an observational resource 528 

for investigating the fine-scale structure and rapid evolution of the low-level wind field 529 

before rainfall. Its high temporal and vertical resolutions offer opportunities to examine 530 

pre-convective dynamic processes, evaluate wind-shear representation in numerical 531 

models and reanalysis products, and explore potential indicators relevant to regional 532 

HR nowcasting. Nevertheless, the lowest observational level of 0.6 km AGL limits 533 

characterization of near-surface shear, and the spatial coverage remains constrained by 534 

the distribution of RWP stations. Future studies could integrate complementary 535 

observations, such as Doppler wind lidar measurements, to extend vertical coverage 536 

toward the surface and to investigate the influence of topography, urban environments, 537 

and regional circulation patterns on VWS variability. The publicly available dataset 538 
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therefore provides a foundation for future research on pre-rainfall dynamical 539 

environments and convective-weather monitoring and nowcasting. 540 
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