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Abstract 24 

Warm-sector heavy rainfall (WSHR) features small spatial scales, posing critical 25 

forecast challenges, while its fractional contribution to regional heavy rainfall and its 26 

short-term precursors remain poorly quantified. Drawing on 2021–2025 warm-season 27 

(June–September) observations from 493 surface rain gauges, ERA5 reanalysis, and a 28 

radar wind profiler (RWP) mesonet across the eastern China plains, we build an 29 

objective identification framework integrating automated front detection, warm-sector 30 

mask, and station-specific 99th-percentile hourly rainfall thresholds to separate WSHR 31 

from other heavy rain events. We detect 477 station-based WSHR events alongside 32 

6002 non-warm-sector heavy rainfall events. WSHR exhibits scattered spatial 33 

distribution, peaks in July–August, and preferentially occurs overnight, with rainfall 34 

onset concentrated 2000–0300 Beijing Time. Accounting for merely 5–10% of annual 35 

heavy rainfall occurrences, WSHR has shorter durations yet comparable median rainfall 36 

accumulations and heavier extreme rainfall tails. On average, they contributed 13.8% 37 

of the total heavy-rainfall accumulation, and locally 40–50%. Composite ERA5 fields 38 

show that WSHR initiates within an 850-hPa moist tongue of high pseudo-equivalent 39 

potential temperature south of the front, superimposed on strengthening low-level 40 

moisture flux convergence. RWP composites based on 62 WSHR events reveal a 41 

characteristically low and strong low-level jet that becomes increasingly frequent 42 

before the onset of rainfall, accompanied by enhanced kinetic energy and shallow 43 

vertical shear below 3 km and an abrupt ascent increase centered at 1–2 km within the 44 

final hour. These kinematic signals from wind profilers offer valuable observational 45 

precursors for predicting localized WSHR across the eastern China plains. 46 
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1. Introduction 47 

Warm-sector heavy rainfall (WSHR) occurs in the warm, moist air mass well 48 

ahead of a surface front, under weak synoptic-scale forcing (Huang et al., 1986; Sun et 49 

al., 2019; Wu et al., 2020). Because organized frontal lifting is absent, WSHR tends to 50 

be highly localized, to develop abruptly, to move slowly, and to concentrate intense 51 

rainfall over a confined area, producing disproportionate hazards through urban 52 

waterlogging, flash floods, and downstream river flooding (Zhang and Meng, 2019; Fu 53 

et al., 2023). As such, it is notoriously difficult to predict: operational global and 54 

regional models retain low quantitative precipitation forecast skill for WSHR events 55 

(Luo et al., 2017; Huang et al., 2025). Under weak synoptic-scale forcing, convective 56 

initiation is instead governed by mesoscale and boundary-layer processes, such as local 57 

convergence lines and boundary-layer jets, which operational models and conventional 58 

observations resolve only poorly (Wilson and Schreiber, 1986; Du and Chen, 2019). 59 

The regime therefore combines high societal impact with poor predictability. 60 

Originally identified in South China during the pre-summer rainy season (Huang 61 

et al., 1986), WSHR has since been documented in several other regions of the country, 62 

including North China (Fu J. et al., 2020), the Yangtze–Huaihe coastal area (Yu et al., 63 

2024), and the Sichuan Basin (Sun et al., 2019). The eastern China plains, which 64 

comprise the North China Plain and the middle-and-lower Yangtze Plain, are no 65 

exception. The region has experienced a number of WSHR events, including warm-66 

shear-related events along the Yangtze–Huaihe coast during 2010–2017 (Yu et al., 67 

2024), the localized rainstorm in Shijiazhuang on July 21, 2017 (He et al., 2021), and 68 

the extreme rainstorm over Beijing in late July 2025 (Wang et al., 2026). Mechanistic 69 

understanding has been built mainly from South China, where the low-level jet (LLJ), 70 

back-building mesoscale convective systems, and frontal–WS interactions have been 71 

identified as central controls on convection initiation and rainfall intensity (Wu and 72 

Luo, 2016; Du and Chen, 2018, 2019; Yang et al., 2024; Chen et al., 2025). In particular, 73 

double low-level jet structures have been shown to shape the regime there: the synoptic-74 

system jet transports moisture, while the boundary-layer jet generates coastal 75 
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convergence and triggers convection near its terminus (Du and Chen, 2018, 2019). The 76 

nocturnal acceleration of the boundary-layer jet through the inertial oscillation 77 

(Blackadar, 1957) further explains the nighttime preference of warm-sector rainfall in 78 

that region. Over the eastern China plains, a smaller but growing body of work has 79 

begun to characterize WSHR through object-oriented composite analyses (Fu J. et al., 80 

2020), localized case studies of warm-sector rainstorms on the plains (He et al., 2021), 81 

and reanalysis-based precursor diagnostics (Zhang et al., 2022). 82 

Building on these advances, three directions deserve further investigation over the 83 

eastern China plains. The first is geographic. The mechanistic picture summarized 84 

above rests largely on South China, where coastline geometry, sea-breeze fronts, and 85 

warm marine moisture set the stage for the LLJ-driven coastal initiation that dominates 86 

the regime there. The eastern China plains operate under a different monsoonal and 87 

frontal climatology and lack much of that coastal forcing, so the controls established 88 

for the coast provide a strong starting point but need not transfer directly. Extending the 89 

analysis to this region therefore complements, rather than supplants, the South China 90 

work. The second concerns identification. Objective warm-sector criteria have been 91 

proposed for various regions of China (Wu et al., 2020; Li et al., 2021). Applying a 92 

consistent multi-year objective scheme of this kind to the eastern China plains would 93 

allow WSHR to be cleanly separated from other heavy rainfall, and its contribution to 94 

the regional total to be quantified on a directly comparable basis. The third concerns 95 

the pre-storm environment. Existing studies have established the broad synoptic and 96 

thermodynamic conditions that favor WSHR over the eastern China plains (e.g., Zhang 97 

et al., 2022; Yu et al., 2024). However, the limited time resolution of reanalyses and the 98 

sparse sampling of operational radiosondes have led that work to focus on conditions 99 

at the time of, rather than in the minutes-to-hours leading up to, convective initiation. 100 

Radar wind profilers (RWPs) sample the low-level wind continuously at high vertical 101 

and temporal resolution and are well suited to extend this picture into the pre-convective 102 

window. Profiler records have already yielded regional or nationwide LLJ climatologies 103 

(Du et al., 2012; Miao et al., 2018; Li et al., 2026), vertical divergence profiles of 104 
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demonstrated value for nowcasting convective storms (Guo et al., 2023), and evidence 105 

that the LLJ modulates the onset of summertime nocturnal rainfall in Beijing (Li et al., 106 

2024). Moreover, the regional RWP network over the eastern China plains has 107 

accumulated sufficient data to support such an analysis. 108 

Building on these foundations, this study brings together five warm seasons 109 

(2021–2025) of minute-resolution nationwide rain-gauge records, ERA5 reanalysis, 110 

and a RWP mesonet over the eastern China plains to pursue three objectives. First, we 111 

develop an objective scheme that separates warm-sector from other rainfall and 112 

identifies heavy rainfall events of both types, on the basis of automated front detection, 113 

a warm-sector mask, and a station-specific hourly intensity threshold. Second, we 114 

characterize the spatiotemporal distribution of WSHR, compare its event-scale 115 

properties with those of other heavy rainfall, and quantify its contribution to the total 116 

heavy-rainfall accumulation. Third, by leveraging minute-scale rain gauge records to 117 

pinpoint the onset of rainfall and high-frequency RWP measurements to track the pre-118 

convective environment, we quantify the precursor dynamic signals leading up to 119 

WSHR genesis. Together, these objectives yield a consistent five-year, station-based 120 

picture of WSHR over the eastern China plains, and a set of profiler-observable 121 

precursor signals for this poorly predicted rainfall type. The remainder of the paper is 122 

organized as follows. Section 2 describes the data and the identification and diagnostic 123 

methods. Section 3 presents the spatiotemporal characteristics and the precursor 124 

signals. Section 4 discusses methodological strengths and limitations together with the 125 

physical mechanisms. Section 5 summarizes the main conclusions. 126 

 127 

2. Data and methodology 128 

2.1. Study region and period 129 

The present study focuses on the eastern China plains, where heavy rainfall 130 

frequently occurs during the warm season (June–September) and poses substantial risks 131 

to densely populated and economically developed regions. The study period covers the 132 

warm seasons of 2021–2025. This period corresponds to the primary season of heavy 133 
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rainfall over eastern China, during which abundant moisture supply, active synoptic 134 

disturbances, and favorable mesoscale forcing frequently contribute to intense hourly 135 

rainfall. 136 

Wang et al. (2023) documented a pronounced west-to-east intensification of 137 

extreme hourly precipitation across China, with the 95th-percentile hourly intensity 138 

attaining its annual high-value centers over the eastern China plains, including the 139 

North China Plain. Building on that result, here we examine the warm-season 140 

distribution and find that the high-value centers of the 99th-percentile hourly intensity 141 

(𝑅௉వవ
) are likewise concentrated over the low-lying plains of eastern China. Figure 1a 142 

shows the spatial distribution of 𝑅௉వవ
 at 1708 national meteorological stations across 143 

central and eastern China during the warm seasons of 2021–2025, of which the rain 144 

gauges within our study region form a subset. The largest values are confined to the 145 

low-lying plains, indicating that these areas carry a high potential for intense hourly 146 

rainfall during the warm season. To focus on WSHR over relatively homogeneous low-147 

terrain areas and to reduce the influence of complex terrain, the study region is defined 148 

as the portion of the eastern China plains bounded by 111.5–123.5°E and 30.5–40.7°N 149 

with terrain elevation at or below 200 m above sea level (dark blue contour in Fig. 1b). 150 

Within this region, rain-gauge observations were used to identify rainfall events 151 

and to classify them into warm-sector rainfall and other rainfall categories. In addition, 152 

RWP observations at stations co-located with rain gauges were used to investigate the 153 

precursor dynamic signals associated with warm-sector rainfall events. As shown in 154 

Fig. 1b, the rain-gauge stations provide dense spatial coverage over the study region, 155 

while the co-located RWP and rain-gauge stations allow the pre-onset evolution of wind 156 

profiles to be directly linked to rainfall initiation. 157 

 158 

2.2. Rain gauge and RWP measurements 159 

Rain gauge and RWP measurements were obtained from the National 160 

Meteorological Information Center of the China Meteorological Administration 161 

(CMA), and strict quality control was applied. Additional data-availability criteria were 162 
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further applied to ensure the reliability of the datasets. 163 

The rain gauge observations have a temporal resolution of 1 min. To ensure data 164 

completeness, only stations with data availability of at least 95% during June–165 

September of 2021–2025 were retained. A total of 493 rain gauges within the study 166 

region satisfied this criterion, and their spatial distribution is shown in Fig. 1b. The 1-167 

min rain gauge measurements were accumulated into both hourly and 6-min rainfall 168 

totals. The hourly totals were used to compute the station-specific threshold (𝑅௉వవ
) and 169 

to identify WSHR events. The 6-min totals were used to pinpoint the precise onset time 170 

of rainfall and, in conjunction with the RWP observations, to characterize the precursor 171 

dynamic signals. 172 

The RWP observations have a temporal resolution of 6 min and a vertical 173 

resolution of 120 m. A total of 79 stations with co-located RWP and rain gauge 174 

measurements were available within the study region, as shown in Fig. 1b. The quality-175 

control procedure followed the methods of Wei et al. (2014) and Miao et al. (2018). 176 

Observations between 0.3 and 5 km above ground level (AGL) were used, 177 

corresponding to 39 vertical levels for each profile. Each wind profile was discarded if 178 

more than 40% of the data within the 0.3–5 km AGL height range were missing. 179 

Missing values in the remaining profiles were then estimated using linear interpolation. 180 

The RWP provides the full horizontal and vertical wind, all retained for the analyses 181 

that follow; only the ascent diagnostics (Fig. 12) are restricted to ascending velocities 182 

(− 𝑤  > 0). These are therefore largely insensitive to hydrometeor fall-speed 183 

contamination, which appears as descent and is excluded, especially as the composites 184 

precede onset and are essentially free of precipitation. Residual biological or low-signal 185 

contamination was removed by the quality control above. 186 

 187 

2.3. Identification of WSHR events 188 

The identification of WSHR events draws on both ERA5 gridded fields and rain 189 

gauge observations. The ERA5 data used in this study cover 97–132°E and 22–57°N at 190 

a horizontal resolution of 0.25° and a temporal resolution of 1 h over the warm seasons 191 
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of 2021–2025; this domain is deliberately larger than the study region so that fronts in 192 

the vicinity of the gauges can be captured. The 1-min gauge measurements were 193 

accumulated to hourly totals to match the temporal resolution of ERA5, yielding a 194 

rainfall matrix 𝑅(𝑇௜, 𝑆௝) of dimension 14640 × 493, where 𝑇௜ denotes the 𝑖-th hour 195 

(𝑖 = 1, 2, …, 14640) and 𝑆௝ the 𝑗-th station (𝑗 = 1, 2, …, 493). 196 

Synoptic fronts were identified objectively following an approach similar to that 197 

of Fu J. et al. (2020). The pseudo-equivalent potential temperature (𝜃௘) at 850 hPa was 198 

first computed from the ERA5 temperature and humidity fields (Bolton, 1980): 199 

𝜃௘ = 𝑇௄ ൬
1000

𝑝
൰

଴.ଶ଼ହସ൫ଵି଴.ଶ଼×ଵ଴షయ௥൯

× exp ൤൬
3.376

𝑇௅
− 0.00254൰ 𝑟(1 + 0.81 × 10ିଷ𝑟)൨ (1)

 200 

where 𝑇௄  is the air temperature at 850 hPa (K), 𝑝  is the pressure (hPa), 𝑟  is the 201 

water-vapor mixing ratio (g kg−1), converted from the ERA5 specific humidity, and 𝑇௅ 202 

is the lifting condensation temperature (K), obtained following Bolton (1980) as 203 

𝑇௅ =
1

1
𝑇௄ − 55

−
ln(𝑈/100)

2840

+ 55 (2)
 204 

where 𝑈 is the relative humidity (%). The thermal front parameter (TFP) was then 205 

applied to detect fronts and to retrieve their synoptic attributes, including frontal type 206 

(cold, warm, or quasi-stationary), frontal length, and frontal position; these attributes 207 

are hereafter referred to as the synoptic front features, 𝑆𝐹𝐹[𝑇௜] (𝑖 = 1, 2, …, 14640) 208 

(see Sect. 1 in the Supplement for the full procedure). 209 

In accordance with the criteria of Zhang et al. (2022) and Song et al. (2023), the 210 

warm sector is defined as the region where warm advection prevails at both 925 and 211 

1000 hPa and the meridional wind component (v) is southerly (v > 0); the set of grid 212 

points satisfying this definition at hour 𝑇௜  constitutes the warm-sector mask, 213 

𝑊𝑆𝑀[𝑇௜]. 214 

The warm-sector rainfall criteria in our study follow the conceptual definition of 215 

earlier work, in which WSHR develops within the warm, moist air mass on the warm 216 

side of, and well separated from, a surface front under weak synoptic-scale forcing 217 
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(Huang et al., 1986; Chen et al., 2025). The 200–400 km distance band used below is 218 

likewise guided by previous studies: its lower bound keeps the samples clear of the 219 

frontal zone (Yang et al., 2024), and its upper bound confines them to the typical reach 220 

of the warm-sector ahead of the front (Chen et al., 2025). A rainy hour was classified 221 

as warm-sector rainfall only if the station simultaneously met both of the following: 222 

(i) it lay on the southern side of the front, between 200 and 400 km from it; and 223 

(ii) it fell within the warm-sector mask, 𝑊𝑆𝑀[𝑇௜]. 224 

Otherwise, it was classified as other rainfall. These two groups correspond to the 225 

warm- and cool-toned cells in Fig. 2, respectively, and each was further split by 226 

intensity into heavy (𝑅 ≥ 𝑅௉వవ
; darker cells) and non-heavy (0 < 𝑅 < 𝑅௉వవ

; lighter 227 

cells) rainfall, yielding the four labels. The rainfall label matrix 𝐿(𝑇௜, 𝑆௝), of the same 228 

dimension as 𝑅(𝑇௜, 𝑆௝), was initialized to N/A, and labels were assigned only to the 229 

station-hours with measurable rainfall (𝑅 > 0); all remaining entries were left as N/A. 230 

Accordingly, 𝐿 is defined as 231 

𝐿൫𝑇௜, 𝑆௝൯ =

⎩
⎪
⎨

⎪
⎧

N/A, no rainfall
1, 𝑊𝑆𝐻𝑅
2, warm-sector non-heavy rainfall
3, other heavy rainfall
4, other non-heavy rainfall

(3) 232 

Considering the intermittency of rainfall, the labeled hourly records were grouped 233 

into events following Zhang et al. (2023), with successive events separated by a dry 234 

period of at least 3 h. An event that reached 𝑅௉వవ
 in at least one hour was treated as a 235 

heavy rainfall event, and was designated a WSHR event or other heavy rainfall event 236 

depending on whether all of the hours from the onset of rainfall to the first threshold-237 

exceeding hour lay within the warm sector (a WSHR case is illustrated in Fig. 3d). An 238 

event never reaching 𝑅௉వవ
 was classified from the station location at onset, as a warm-239 

sector non-heavy rainfall event or other non-heavy rainfall event according to whether 240 

the onset lay within the warm sector. Finally, any event influenced by a tropical cyclone 241 

(TC), defined as one with rainfall occurring within 500 km of a TC center according to 242 

the TC best-track dataset, was assigned to the other heavy or other non-heavy rainfall 243 
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event category (depending on its intensity), even if it would otherwise have satisfied 244 

the warm-sector rainfall criteria. This treatment keeps the WSHR sample free of TC-245 

related circulations while leaving the event totals complete. 246 

 247 

2.4. Event compositing and RWP-based precursor diagnostics 248 

The precursor dynamic signals were investigated at the stations where an RWP 249 

and a rain gauge are co-located. To match the 6-min resolution of the RWP, each event's 250 

onset time was determined from the 6-min accumulated rainfall and rounded to the 251 

nearest 6-min mark (Li et al., 2024). The WSHR events occurring at these co-located 252 

stations were then used for the precursor analysis. 253 

To characterize the environment in which WSHR develops, we additionally 254 

constructed station-relative composites of the ERA5 fields centered on each WSHR 255 

event. The target station of every event was shifted to the origin of a relative grid 256 

spanning ±3.5° in longitude and latitude. The 850-hPa specific humidity and 𝜃௘ , 257 

together with the low-level (1000–700 hPa) vertically integrated moisture flux 258 

divergence (VIMFD), were averaged over all WSHR events at 6 h and 3 h before onset 259 

and at the onset hour. Following the moisture-budget form of the water-vapor 260 

conservation equation (Banacos and Schultz, 2005) and the diagnostic procedure for 261 

reanalysis fields of Seager and Henderson (2013), VIMFD was obtained by first 262 

integrating the horizontal moisture flux over the 1000–700 hPa layer to form the 263 

vertically integrated moisture flux vector 𝑄 = (𝑄ఒ, 𝑄ఝ), 264 

𝑄ఒ =
1

𝑔
න 𝑞𝑢

௣ೞ

௣೟

𝑑𝑝, 𝑄ఝ =
1

𝑔
න 𝑞𝑣

௣ೞ

௣೟

𝑑𝑝 (4) 265 

and then taking its horizontal divergence on the sphere, 266 

𝑉𝐼𝑀𝐹𝐷 = 𝛻 · 𝑄 =
1

𝑎 𝑐𝑜𝑠𝜑

𝜕𝑄ఒ

𝜕𝜆
+

1

𝑎 𝑐𝑜𝑠𝜑

𝜕(𝑄ఝ  cos 𝜑)

𝜕𝜑
(5) 267 

where 𝑔  is the gravitational acceleration, 𝑞  the specific humidity, 𝑢  and 𝑣  the 268 

zonal and meridional wind components, 𝑝 the pressure with 𝑝௦ = 1000 hPa and 𝑝௧ 269 

= 700 hPa the base and top of the integration layer, 𝑎 the Earth's radius, and 𝜆 and 𝜑 270 

the longitude and latitude. By convention, positive VIMFD denotes moisture flux 271 
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divergence and negative values denote convergence, so that the strengthening low-level 272 

moisture convergence preceding WSHR appears as increasingly negative VIMFD. 273 

These composites place the RWP-based kinematic diagnostics described below within 274 

their large-scale moisture and energy context. 275 

For the WSHR events, the RWP signals were composited over the 180 min 276 

preceding the onset of rainfall. At each 6-min step and height level, we computed the 277 

mean wind profile, mean wind kinetic energy, mean vertical wind shear, the occurrence 278 

proportion and frequency of low-level jets (LLJs), the frequency of ascending motion, 279 

and the maximum ascent velocity. Tracking these signals through the pre-convective 280 

window characterizes how the low-level dynamic environment evolves as WSHR 281 

approaches onset. 282 

Following the method proposed by Fu S. et al. (2020), the wind kinetic energy per 283 

unit mass is derived from the following equation: 284 

𝐾𝐸 =
𝑢ଶ + 𝑣ଶ

2
(6) 285 

where u and v are the zonal and meridional winds (m s−1) and KE is in J kg−1. Following 286 

previous convective-environment and wind-profiler studies (Markowski and 287 

Richardson, 2006; Thompson et al., 2007; Li et al., 2013; Zhang et al., 2020), the 288 

vertical wind shear (VWS) over a layer is taken as the magnitude of the bulk vector 289 

wind difference (top minus bottom) divided by the layer depth: 290 

𝑉𝑊𝑆 =

ට൫𝑢௭భ
− 𝑢௭మ

൯
ଶ

+ ൫𝑣௭భ
− 𝑣௭మ

൯
ଶ

𝑧ଵ − 𝑧ଶ
× 1000 (7)

 291 

where 𝑧ଵ  and 𝑧ଶ  are the top and bottom heights of the layer (m), 𝑢  and 𝑣  the 292 

corresponding winds (m s−1), and the factor 1000 expresses 𝑉𝑊𝑆 in 10−3 s−1. The LLJ 293 

identification criteria are given in Sect. 2 in the Supplement. 294 

 295 

3. Results 296 

3.1. Spatiotemporal characteristics of WSHR 297 

A total of 477 WSHR events were identified within the study region during the 298 

warm seasons of 2021–2025. Their spatial distribution is markedly sparse and scattered 299 
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(Fig. 4a): a large fraction of the 493 stations recorded no WSHR event at all (open 300 

circles), most of the remaining stations registered only one or two events, and merely a 301 

handful reached three to five. The higher counts show a weak preference for the 302 

southern and, in particular, the southeastern parts of the region, but they do not organize 303 

into a coherent spatial gradient, nor do they exhibit any systematic dependence on 304 

terrain. This lack of terrain dependence is unsurprising given the deliberately low and 305 

homogeneous relief (≤ 200 m) of the study region. This patchy, quasi-random spatial 306 

signature is consistent with the weakly forced, locally triggered character of warm-307 

sector convection, in which the absence of strong synoptic lifting leaves convective 308 

initiation to be governed by mesoscale and boundary-layer processes. 309 

Temporally, WSHR is concentrated in midsummer, with the great majority of 310 

events occurring in July and August and very few in June or September (Fig. 4b). Its 311 

diurnal distribution is bimodal: a weaker afternoon mode around 1300–1600 Beijing 312 

Time (BJT) is accompanied by a dominant nocturnal-to-postmidnight mode spanning 313 

roughly 2000–0300 BJT, the latter containing the highest event counts of the entire 314 

distribution. 315 

For comparison, 6002 other heavy rainfall events were identified over the study 316 

period. Their spatial distribution is both ubiquitous and well organized (Fig. 5a). Every 317 

station in the study region recorded at least five events. Event counts increase from 318 

north to south, with the maxima concentrated in the south and especially the 319 

southeastern corner of the region, decreasing northward to 6–15. Diurnally, other heavy 320 

rainfall displays a strong, sharply defined late-afternoon maximum around 1400–1800 321 

BJT, most pronounced in July and characteristic of thermally driven convection (Fig. 322 

5b); a secondary nocturnal signal (about 2200–0200 BJT) also emerges in July, but the 323 

afternoon peak clearly dominates. 324 

The two categories therefore differ not only in frequency but also in spatial 325 

organization and diurnal phase. Both share the dual (afternoon and nocturnal) diurnal 326 

character previously documented for the region between the Yellow and Yangtze rivers, 327 

where short-duration rainfall tends to peak in the late afternoon while longer-lived, 328 
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nocturnal episodes constitute a second maximum (Yu et al., 2007a, b; He and Zhang, 329 

2010). However, their relative emphasis is reversed: other heavy rainfall is afternoon-330 

dominated, pointing to surface heating and the associated growth of conditional 331 

instability, whereas WSHR is comparatively more nocturnal. This nocturnal preference, 332 

together with the scattered and weakly organized spatial pattern, points to a forcing 333 

distinct from daytime thermal convection. A natural candidate is the nocturnal 334 

acceleration of the low-level jet through the inertial oscillation, which after sunset 335 

strengthens the warm, moist southerly flow and the convergence and conditional 336 

instability at its terminus, and which has been widely linked to warm-sector and 337 

nocturnal rainfall (Du and Chen, 2018, 2019). In this respect the eastern China plains 338 

echo South China, where warm-sector rainfall peaks at night to early morning under 339 

nocturnal low-level-jet forcing, in contrast to the afternoon peak of frontal rainfall. 340 

These contrasts motivate the analysis of the precursor dynamic environment presented 341 

in the following sections, which examines how the low-level environment evolves in 342 

the hours preceding the onset of WSHR events. 343 

 344 

3.2. Comparison between WSHR and other heavy rainfall events 345 

Summed over all stations in the study region, WSHR events accounted for roughly 346 

5–10% of all heavy rainfall events in each year of the study period (Fig. 6a). Against 347 

annual totals of 1131–1541 events, WSHR events numbered 72–125 per year, with the 348 

remaining 1019–1416 classified as other heavy rainfall. The two categories differ 349 

systematically in their event-scale characteristics, as detailed below. 350 

The probability density function (PDF) of event duration (Fig. 6b) is shifted 351 

toward shorter durations for WSHR events: their median duration is 5.7 h, compared 352 

with 6.8 h for other heavy rainfall, and their 10th–90th percentile range is 353 

correspondingly narrower (2.1–13.4 h versus 2.5–17.6 h). The distribution of WSHR 354 

events also peaks higher and earlier, indicating a stronger concentration at short 355 

durations. The PDF of event cumulative rainfall (Fig. 6c) shows a complementary 356 

pattern. Although the median accumulations are comparable (70.3 mm for WSHR 357 
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versus 76.2 mm for other heavy rainfall), the distribution of WSHR events is broader 358 

and possesses a markedly heavier upper tail, with a 90th percentile of 156.1 mm against 359 

120.2 mm for other heavy rainfall. The other-category PDF, by contrast, is more sharply 360 

peaked at moderate amounts. Because WSHR events attain these comparable or larger 361 

totals over systematically shorter durations, they imply higher mean rainfall rates and a 362 

greater propensity for rapid, extreme short-duration rainfall. This combination of brief 363 

duration and large accumulation is precisely the behavior that makes WSHR hazardous 364 

and difficult to anticipate, consistent with the localized, sudden, and poorly predictable 365 

nature of warm-sector convection reported in previous studies (Du and Chen, 2018; Fu 366 

J. et al., 2020). 367 

The accumulated rainfall at each station from WSHR events (Fig. 6d) exhibits a 368 

clear spatial structure that echoes the pattern of event frequency in Fig. 4a. 369 

Accumulations increase toward the south and, most prominently, the southeastern 370 

corner of the region, where many stations exceed 300–500 mm, whereas the northern 371 

stations generally remain below about 150 mm. To gauge the importance of this 372 

contribution, we computed at each station the ratio of WSHR to total (WSHR plus other 373 

heavy rainfall) heavy rainfall accumulation (Fig. 6e). Across the study region this 374 

contribution rate averages 13.8% (median 12.4%), and the inset PDF is positively 375 

skewed, with its peak and median at low contribution rates but a long tail extending 376 

toward high values, where a substantial number of stations exceed 30% and local 377 

maxima reach 40–50%. Thus, although WSHR events are an order of magnitude less 378 

frequent than other heavy rainfall events, they account for an appreciable and locally 379 

dominant fraction of the total heavy rainfall accumulation over the eastern China plains, 380 

underscoring that they cannot be neglected in assessments of regional heavy rainfall 381 

and flood risk. 382 

 383 

3.3. Pre-onset synoptic environment of WSHR 384 

The station-relative composites introduced in Section 2.4 characterize the moisture 385 

and energy conditions in which WSHR develops. Averaged over all WSHR events, the 386 
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850-hPa specific humidity and 𝜃௘ fields display a consistent thermodynamic setting 387 

from 6 h before onset through the onset hour (Fig. 7), described below at the onset hour 388 

(Fig. 7c, f). 389 

The composite specific humidity field at onset (Fig. 7c) places the event station 390 

within a moist tongue. Specific humidity at the station reaches 14.8 g kg⁻¹, close to the 391 

composite maximum; the moist core extends toward the southwest, and values decrease 392 

sharply to about 10 g kg⁻¹ roughly 3° to the north. The station therefore lies near the 393 

northern, leading edge of the moist tongue, immediately upstream of the strong 394 

meridional moisture gradient that separates the warm, humid air from the drier air to 395 

the north. The composite 𝜃௘ field (Fig. 7f) reinforces this picture energetically. The 396 

station sits on the warm side of a pronounced 𝜃௘ gradient, where 𝜃௘ is about 350–397 

352 K and decreases northward to roughly 336–340 K across a band of densely packed 398 

contours; this concentrated 𝜃௘ gradient marks the frontal zone, with the front lying to 399 

the north of the station. WSHR is therefore consistently found within the warm, humid, 400 

high-𝜃௘ tongue on the warm (southern) flank of the front. Such an environment, rich 401 

in low-level moisture and high 𝜃௘, supplies abundant water vapor and the conditional 402 

instability needed to sustain deep moist convection, in agreement with the warm, humid 403 

southerly boundary-layer flow long recognized as the moisture source and destabilizing 404 

agent for WSHR (Du and Chen, 2018). 405 

The composite VIMFD field adds a dynamic dimension to this thermodynamic 406 

setting (Fig. 8). Low-level (1000–700 hPa) moisture flux convergence, shown by 407 

negative VIMFD, is present near the event station throughout the pre-onset window and 408 

intensifies as onset approaches. Six hours before the onset of rainfall, the convergence 409 

is modest and displaced to the west of the station (Fig. 8a), and it deepens by three hours 410 

before onset (Fig. 8b). At the onset of rainfall, a pronounced convergence core sits 411 

essentially on the station, with values below about −5 × 10⁻⁴ kg m⁻² s⁻¹ (Fig. 8c). This 412 

progressive concentration of low-level moisture convergence at the station, 413 

superimposed on the warm, humid, high-𝜃௘ tongue, preconditions the column for the 414 

deep moist convection that produces WSHR and marks the transition from a merely 415 

https://doi.org/10.5194/egusphere-2026-4109
Preprint. Discussion started: 4 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

16 
 

favorable thermodynamic background to active low-level forcing. 416 

These composite conditions establish that WSHR develops in an environment that 417 

is favorable in terms of moisture, energy, and low-level moisture convergence. Such an 418 

environment, however, is a necessary but not a sufficient condition for convective 419 

initiation. Under the weak synoptic-scale forcing that characterizes the warm sector, 420 

mesoscale and boundary-layer dynamic processes are likely to play an important, and 421 

perhaps decisive, role in the triggering and intensification of convection. To identify 422 

these processes, the following section examines the precursor dynamic signals recorded 423 

by the radar wind profilers co-located with WSHR stations (Fig. 9a), focusing on how 424 

the low-level dynamic environment evolves in the hours preceding WSHR onset. 425 

 426 

3.4. RWP-derived precursor dynamic signals for WSHR 427 

Following the procedure described in Section 2.4, WSHR events were identified 428 

at the RWP stations that recorded WSHR. This screening yielded 62 WSHR events 429 

across 48 stations, on which the analysis of the precursor dynamic environment below 430 

is based. For each event, the RWP profiles were composited over the 180 min preceding 431 

onset (the same 3 h used in Section 2 to separate rainfall events), tracking the evolution 432 

of the low-level flow as onset approached. 433 

In the mean wind profile (Fig. 9b), wind speed increases almost monotonically 434 

with height, from roughly 4 m s⁻¹ near the surface to about 12 m s⁻¹ at 5 km AGL, and 435 

the wind veers clockwise throughout the layer. This veering is a signature of low-level 436 

warm-air advection consistent with the warm, moist southerly flow and the high-𝜃௘ 437 

tongue documented in Section 3.3. The composite rainfall in the 30 min after the onset 438 

of rainfall (green columns) rises sharply, confirming the high-intensity character of the 439 

WSHR events. 440 

The wind kinetic energy shows a pronounced low-level signature (Fig. 9c). 441 

Although kinetic energy increases with height overall, the WSHR events exhibit a 442 

pronounced buildup of kinetic energy at low to middle levels (below about 3–4 km) in 443 

the hours leading up to onset. This low-level energization is a prominent feature of the 444 
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pre-onset window. It points to a progressive strengthening of the low-level flow before 445 

convective initiation. 446 

The composite vertical wind shear (Fig. 10) is dominated by a shallow but intense 447 

layer of low-level shear. The strongest vertical wind shear (up to about 14 × 10⁻³ s⁻¹) is 448 

concentrated in bulk layers confined to the lowest 1.5 km or so (lower left of each 449 

panel), while deep-layer shear spanning the mid-troposphere is comparatively weak. 450 

This low-level vertical wind shear intensifies as the onset of rainfall approaches. Its 451 

prior-3-h composite mean is shown in Fig. 10a, while the time windows in Fig. 10b–f 452 

resolve the evolution. The vertical wind shear is relatively steady in the earlier windows 453 

(Fig. 10b, c), strengthens over the final hour (Fig. 10d, e), and, at the onset of rainfall, 454 

is joined by an additional band of strong vertical wind shear near 2–3 km (Fig. 10f). 455 

This deepening and intensification of the shear are consistent with the influence of a 456 

low, strong low-level jet that sharpens the vertical wind gradient across its core, an 457 

environment favorable for organizing and sustaining low-level convergence and 458 

convection. 459 

Because the horizontal-wind precursor signals are concentrated below 3 km, the 460 

low-level wind was analyzed in greater detail (Fig. 11). The maximum wind speed 461 

below 3 km has a median of about 12 m s⁻¹ that rises gradually toward onset, reaching 462 

its highest extreme values (upper whiskers up to about 25 m s⁻¹) in the final tens of 463 

minutes (Fig. 11a). Among the events containing an identifiable low-level jet (LLJ), the 464 

jet cores are generally low and strong (Fig. 11b): the mean core heights lie mostly below 465 

about 1.8 km AGL, and the mean core speeds range from roughly 11 to 26 m s⁻¹, above 466 

the 10 m s⁻¹ identification threshold. Most notably, the LLJ occurrence frequency (Fig. 467 

11c) increases from roughly 8–10% early in the window to about 20% within roughly 468 

the final 60 min before onset. This increase is statistically robust. Averaged over events, 469 

the LLJ occurrence in the final 60 min exceeds that in the first 60 min of the window 470 

by 7.0 percentage points, with a bootstrap 95% confidence interval of 0.1 to 14.1 471 

percentage points (see Sect. 3 in the Supplement for the bootstrap procedure). Even at 472 

the onset of rainfall, only about 20% of the profiles contain an identifiable LLJ. The 473 
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sharp rise in LLJ occurrence, rather than the presence of the jet in most events, therefore 474 

marks the approach of the onset of rainfall. A low, strong LLJ, occurring with sharply 475 

rising frequency in the hour before the onset of rainfall, thus stands out as the most 476 

prominent dynamic signal preceding WSHR. This signal is consistent with the well-477 

documented role of the boundary-layer low-level jet in transporting warm, moist air 478 

and generating low-level convergence ahead of its terminus (Du and Chen, 2018, 2019). 479 

For those events that occur at night, the nocturnal acceleration of the jet through the 480 

inertial oscillation may further reinforce this low-level forcing, a mechanism widely 481 

linked to warm-sector and nocturnal rainfall (Blackadar, 1957). 482 

The strengthening low-level flow is accompanied by enhanced ascent. 483 

Throughout, only ascending velocities (−w > 0) are considered. Figure 12a shows, at 484 

each height and lead time, the frequency with which the events exhibit ascent (the 485 

fraction with −w > 0). This ascending-motion frequency increases as the onset of 486 

rainfall approaches. It is concentrated in the 1–3 km layer, with the highest frequencies, 487 

up to about 35%, centered near 1–2 km. 488 

The per-event maximum ascent speed attained within each layer is summarized in 489 

Fig. 12b–e. Above 2 km the maximum ascent is comparatively weak: it is nearly steady 490 

at 3–5 km (Fig. 12b) and only modestly enhanced at 2–3 km (Fig. 12c). The strongest 491 

ascent is instead found in the low levels. In the 1–2 km layer (Fig. 12d), −w increases 492 

sharply within the final 30 min or so before the onset of rainfall, with extreme values 493 

reaching about 1.0–1.4 m s⁻¹. These extremes are instantaneous per-event peak upward 494 

velocities rather than layer or composite means. Their magnitude is consistent with 495 

vigorous boundary-layer thermals and incipient convective updraft cores. Substantial 496 

ascent persists down into the 0.3–1 km layer (Fig. 12e), so that the strongest low-level 497 

upward motion is concentrated between about 0.3 and 2 km. The maximum ascent thus 498 

sits at 1–2 km, coincident with the level where the LLJ core and the strongest low-level 499 

convergence are found. 500 

Taken together, these signals describe a coherent precursor chain for WSHR. In 501 

the final one to three hours before onset, the low-level jet becomes more frequent, with 502 
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characteristically low and strong cores, while low-level kinetic energy builds up and a 503 

shallow but strong low-level shear is maintained. The resulting low-level convergence 504 

forces an ascent that maximizes near 1–2 km and strengthens abruptly in the final 30 505 

min or so. This ascent acts on the warm, humid, high-θₑ tongue and the strengthening 506 

moisture flux convergence identified in Section 3.3, triggering and intensifying the deep 507 

convection responsible for WSHR; latent-heat release then further deepens the moist 508 

updraft and sustains the rainfall. The pre-convective evolution is thus marked by a 509 

buildup of low-level kinetic energy, the emergence of a low and strong LLJ whose 510 

occurrence frequency rises sharply before the onset of rainfall, and an abrupt 511 

enhancement of ascent at 1–2 km. These precursor dynamic signals can all be observed 512 

in real time by an RWP, and together they characterize the pre-convective evolution of 513 

WSHR. As such, they may serve as candidate reference indicators for the imminent 514 

development of this poorly predicted class of heavy rainfall, although their event-level 515 

predictive skill requires further evaluation. 516 

 517 

4. Discussion 518 

4.1. Strengths and limitations of the identification and diagnostic framework 519 

The objective scheme developed here separates WSHR from other heavy rainfall 520 

without manual synoptic typing, which is its main advance over the case-by-case or 521 

subjectively classified samples that dominate the warm-sector literature. Combining 522 

automated TFP detection (Hewson, 1998; Jenkner et al., 2010; Fu J. et al., 2020) with 523 

a warm-sector mask, a fixed 200–400 km distance band, and a locally defined 99th-524 

percentile intensity threshold, the method yields a homogeneous five-year sample of 525 

477 WSHR and 6002 other heavy rainfall events across 493 stations. This consistency 526 

makes the comparisons in Sections 3.1 and 3.2 reproducible and removes the 527 

subjectivity that complicates earlier intercomparisons. 528 

Several limitations temper this strength. The front and warm-sector fields come 529 

from ERA5 at 0.25° and hourly resolution (Hersbach et al., 2020), which represents 530 

synoptic fronts well but smooths drylines, outflow boundaries, and other mesoscale 531 
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features, so a minority of events near them may be misattributed. TFP detection places 532 

the front within the baroclinic zone rather than at its warm leading edge (Hewson, 533 

1998), and the distance band and percentile thresholds, though physically motivated, 534 

were not tuned by sensitivity tests. Defining heavy relative to each station's climatology 535 

accommodates the south-to-north moisture gradient but mixes stations of very different 536 

absolute intensity. These choices warrant sensitivity tests in future work. 537 

The RWP diagnostics are a second contribution. Continuous 6-min wind profiling 538 

captures pre-convective low-level flow evolution that hourly reanalyses and soundings 539 

fail to resolve (Du et al., 2012; Guo et al., 2023), allowing us to characterize the pre-540 

onset dynamic environment of WSHR within a well-constrained warm-sector 541 

thermodynamic regime. The approach is nonetheless constrained by the single-point 542 

nature of each profiler. Vertical motion is inferred indirectly rather than measured as a 543 

divergence field, which would require profiler mesonets (Guo et al., 2023); the 0.3–5 544 

km range omits the surface layer and the mid to upper troposphere. Finally, compositing 545 

62 events smooths the large case-to-case variability seen in Figs. 11 and 12, so the 546 

composite signals are best read as robust mean tendencies, not event-level certainties. 547 

In addition, the present analysis characterizes the pre-convective evolution of WSHR 548 

without a non-heavy or non-warm-sector baseline. The specificity of these signals to 549 

WSHR, rather than to warm-season rainfall in general, therefore remains to be tested 550 

against control groups in future work. 551 

 552 

4.2. Physical interpretation and possible mechanisms 553 

Section 3 outlines a coherent dynamic pathway from the warm-sector environment 554 

to heavy rainfall. The thermodynamic stage is set by the warm, humid, high-𝜃௘ tongue 555 

on the warm side of the front (Fig. 7), which supplies the water vapor and conditional 556 

instability required for deep moist convection. Such a thermodynamic background is 557 

favorable but, under weak synoptic-scale forcing, is not by itself sufficient to initiate 558 

WSHR. The strengthening low-level moisture flux convergence (Fig. 8) and the low-559 

level dynamic signals documented below indicate that mesoscale and boundary-layer 560 
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processes, rather than the thermodynamic environment alone, govern the transition to 561 

heavy rainfall. 562 

Foremost among these dynamic signals is the low-level jet. In the WSHR events 563 

the low-level jet becomes markedly more frequent during the final hour before onset, 564 

with characteristically low and strong cores (Fig. 11), accompanied by a buildup of low-565 

level kinetic energy (Fig. 9) and a sharp rise in ascent peaking at 1–2 km (Fig. 12). This 566 

is consistent with the established role of the boundary-layer jet in generating low-level 567 

convergence near its terminus and triggering convection (Wilson and Schreiber, 1986; 568 

Banacos and Schultz, 2005; Du and Chen, 2019). For events that occur at night, its 569 

acceleration through the inertial oscillation may reinforce this forcing, consistent with 570 

the nocturnal summer rainfall documented for the region (Yu et al., 2007a, b). The low, 571 

strong jet cores (Fig. 11b) place the strongest convergence and ascent in the 1–2 km 572 

layer, where the maximum ascent is observed. 573 

The shallow but intense low-level shear (Fig. 10) acquires significance in this 574 

context. Low-level (0–3 km) vertical wind shear is a primary control on the organization 575 

and longevity of moist convection (Weisman and Klemp, 1982; Rotunno et al., 1988). 576 

The strengthening of this shear toward onset, together with the additional shear layer 577 

that emerges near 2–3 km at initiation, is the kinematic signature of a strong low-level 578 

jet. An environment that combines strengthening low-level shear with vigorous low-579 

level ascent favors more organized, longer-lived, or repeatedly regenerated convection, 580 

which offers a dynamical route to the larger accumulations of WSHR. 581 

This route reconciles the apparently paradoxical event statistics of Section 3.2, in 582 

which WSHR events are shorter-lived than other heavy rainfall yet reach comparable 583 

median and heavier extreme accumulations. Following the ingredients framework of 584 

Doswell et al. (1996), heavy rainfall reflects sustained high rainfall rates, the product 585 

of strong ascent acting on moist, nearly saturated air at high precipitation efficiency. 586 

The 1–2 km ascent surge documented here, operating on the high-𝜃௘ tongue, is well 587 

suited to producing such high rates, and if the resulting convection is quasi-stationary 588 

or back-building in the manner of extreme-rain-producing mesoscale convective 589 
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systems elsewhere (Schumacher and Johnson, 2005), large totals can accumulate over 590 

a short interval. The present single-site analysis cannot resolve this organizational mode 591 

directly, so the inference remains a hypothesis to be tested with radar. 592 

The central new result is therefore a set of observable kinematic precursors. These 593 

include the buildup of low-level kinetic energy, the appearance of a low and strong LLJ 594 

whose occurrence frequency surges in the final hour, and the abrupt enhancement of 595 

ascent at 1–2 km. Together, they characterize the pre-convective evolution of WSHR. 596 

These low-level dynamic signals are not available from moisture and instability fields 597 

alone, and they are consistent with recent profiler-network evidence that low-level jets 598 

strengthen within roughly 30–120 min before nocturnal rainfall (Li et al., 2024). 599 

 600 

4.3. Implications and directions for future work 601 

These findings bear directly on the long-standing difficulty of forecasting WSHR, 602 

for which the quantitative precipitation forecast skill of operational global and regional 603 

models remains low (Luo et al., 2017). Because the precursor dynamic signals 604 

identified here are observable in real time by operational radar wind profilers, they may 605 

serve as candidate short-range reference indicators for this rainfall type. Specifically, a 606 

rapid increase in LLJ occurrence, the presence of a low and strong jet core, and an 607 

abrupt rise in 1–2 km ascent during the preceding hour together point to an elevated 608 

likelihood of imminent WSHR. Assimilating high-resolution profiler winds, which has 609 

improved convection-permitting forecasts in related settings (Guo et al., 2023), is a 610 

natural way to translate these signals into operational skill. 611 

The statistical, composite nature of the analysis also defines its principal avenue 612 

for extension. Composites establish the mean precursor structure but average over the 613 

diversity of individual events, and they cannot confirm the causal chain or the 614 

convective organization inferred above. Detailed case studies of individual WSHR 615 

events are the necessary next step, combining the RWP records with weather-radar 616 

reflectivity and dual-polarization fields to test whether back-building or training 617 

organization underlies the large accumulations (Schumacher and Johnson, 2005; Wu 618 
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and Luo, 2016). Convection-permitting simulations could then verify the jet–619 

convergence–ascent pathway and isolate the contributions of the nocturnal inertial 620 

oscillation, cold pools, and terrain. Pairing profilers with ground-based microwave 621 

radiometers for thermodynamic profiling, and deploying profiler mesonets for direct 622 

horizontal-divergence retrieval (Guo et al., 2023), would remove two of the present 623 

observational limitations. Finally, applying the identification framework to other 624 

monsoon regions and seasons would test the generality of the precursor signals reported 625 

here. 626 

 627 

5. Conclusions 628 

Using five warm seasons (2021–2025) of minute-resolution rain-gauge records, 629 

ERA5 fields, and radar wind profiler (RWP) observations, we developed an objective 630 

scheme to separate warm-sector heavy rainfall (WSHR) from heavy rainfall not 631 

satisfying the warm-sector criteria over the eastern China plains. We characterized the 632 

two types and identified the pre-convective dynamic signals that precede WSHR. 633 

WSHR is comparatively infrequent (477 station-based events, about 5–10% of the 634 

annual heavy-rainfall events, against 6002 other events) and weakly organized in space, 635 

scattered across the region without a clear terrain or latitudinal gradient, in contrast to 636 

the south-to-north decrease of other heavy rainfall. Its onset is preferentially nocturnal, 637 

with a 2000–0300 BJT maximum and a weaker afternoon mode, whereas other heavy 638 

rainfall peaks in the late afternoon. Although individual WSHR events are shorter-lived, 639 

they reach comparable median and heavier extreme accumulations, implying higher 640 

rainfall rates and a propensity for rapid, extreme rainfall, and they contribute a non-641 

negligible mean of 13.8% (locally 40–50%) of the total heavy-rainfall accumulation. 642 

Composite RWP observations indicate that, within the warm, humid, high-𝜃௘ 643 

environment where WSHR develops, the pre-onset low-level flow undergoes a marked 644 

kinematic evolution. This includes enhanced kinetic energy below 3 km, an 645 

increasingly frequent low-level jet with low, strong cores, intensified shallow vertical 646 

shear, and a marked increase in ascending motion near 1–2 km during the final hour 647 
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before onset, superimposed on strengthening low-level moisture flux convergence. 648 

These precursor dynamic signals are consistent with a jet-related lifting pathway that 649 

helps convert a favorable warm-sector environment into localized heavy rainfall. They 650 

characterize the pre-convective evolution of WSHR and may serve as candidate 651 

reference indicators, with their event-level predictive skill to be evaluated in future 652 

work. 653 
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Figures 861 

 862 

Figure 1. (a) Spatial distribution of 99th-percentile hourly rainfall intensity (𝑅௉వవ
; mm 863 

h⁻¹) at rain gauges across eastern China during the warm seasons (June–September) of 864 

2021–2025. Grayscale shading represents terrain elevation, and the dashed black 865 

rectangle marks the subdomain zoomed in panel (b). (b) Enlarged view of the study 866 

domain covering the eastern China plains. The dark blue contour denotes areas within 867 

111.5–123.5°E and 30.5–40.7°N with terrain elevation at or below 200 m. Open black 868 

circles indicate standalone rain gauge sites, while red filled circles mark co-located 869 

radar wind profiler (RWP) and rain-gauge stations. 870 
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 871 

Figure 2. Flowchart illustrating the objective classification scheme for hourly rainfall 872 

observations at rain gauge stations. Four rainfall categories are defined: warm-sector 873 

heavy rainfall (WSHR, L = 1, dark red); warm-sector non-heavy rainfall (L = 2, orange); 874 

other heavy rainfall (L = 3, dark blue); and other non-heavy rainfall (L = 4, light blue). 875 
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 876 

Figure 3. Example of an identified WSHR event at Qingfeng (QF) weather station on 877 

August 18, 2023. (a) Cold front (blue line) and its 200-km frontal zone (blue shading) 878 

at 1700 Beijing Time (BJT), with station rainfall overlaid (green dots: 0 < 𝑅 < 𝑅௉వవ
; 879 

magenta dots: 𝑅 ≥ 𝑅௉వవ
). (b) and (c) Enlarged views of the red dashed rectangle in 880 

(a): (b) shows rainfall at stations 200–400 km from the front (the warm-sector candidate 881 

region); (c) additionally shows the warm-sector mask (orange shading) and rainfall at 882 

stations falling within it. Open black circles denote stations with rainfall (𝑅 > 0) that 883 

fall outside the study region or fail the warm-sector criteria. (d) Hourly rainfall time 884 

series at QF station. The dashed line marks 𝑅௉వవ
 = 23.22 mm h⁻¹; the dash-dotted line 885 

marks the first hour reaching 𝑅௉వవ
 , with all rainfall hours from onset to this hour 886 

required to lie within the warm sector. Yellow shading denotes dry periods (≥ 3 h) 887 

bounding the event, and the magenta triangle marks the hour identified as WSHR. 888 
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 889 

Figure 4. Spatiotemporal distribution of WSHR events over the eastern China plains 890 

during the warm seasons (June–September) of 2021–2025. (a) Station-wise counts of 891 

WSHR events; open black circles mark stations with zero detected events (Num = 0). 892 

Grayscale shading denotes terrain elevation. (b) WSHR event counts by semimonthly 893 

period and the hour of the onset of rainfall. 894 
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 895 

 896 

Figure 5. Same as Fig. 4, but for other heavy rainfall events. 897 
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 898 

Figure 6. Comparison of WSHR and other heavy rainfall events during the warm 899 

seasons of 2021–2025. (a) Annual event counts (WS, dark red; other, light blue); 900 

numbers inside the bars are category counts, numbers atop are annual totals. (b) 901 

Probability density function (PDF) of event duration. (c) PDF of event cumulative 902 

rainfall amount. Legends in (b) and (c) give the median ( 𝑃ହ଴ ) and the 10th–90th 903 

percentile range (𝑃ଵ଴–𝑃ଽ଴). (d) Cumulative rainfall amount from WSHR events at each 904 

station in the study region. (e) Station-level contribution rate of WSHR to total heavy-905 

rainfall accumulation; the inset shows the PDF of contribution rates across stations, 906 

with mean and 𝑃ହ଴ annotated. 907 
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 908 

Figure 7. Composite 850-hPa specific humidity (a–c; shading, g kg⁻¹; contours every 909 

1 g kg⁻¹) and pseudo-equivalent potential temperature 𝜃௘ (d–f; shading, K; contours 910 

every 4 K) fields for WSHR events, centered on the event target station (yellow star at 911 

origin). Columns correspond to 6 h before onset (a, d), 3 h before onset (b, e), and the 912 

onset hour (c, f).  913 
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 914 

Figure 8. Composite low-level (1000–700 hPa) vertically integrated moisture flux 915 

divergence (VIMFD; shading, 10⁻⁴ kg m⁻² s⁻¹; contours every 1 × 10⁻⁴ kg m⁻² s⁻¹) for 916 

WSHR events, centered on the event target station (yellow star at origin). Panels 917 

correspond to 6 h before onset (a), 3 h before onset (b), and the onset hour (c). Negative 918 

values (blue) indicate moisture flux convergence. 919 

https://doi.org/10.5194/egusphere-2026-4109
Preprint. Discussion started: 4 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

39 
 

 920 

Figure 9. RWP observations and the composite time–height evolution of the low-level 921 

wind preceding the onset of WSHR events. (a) RWP stations with records of WSHR 922 

events (red dots) used to examine the precursor dynamic signals, overlaid on terrain 923 

elevation (grayscale, m). (b) Time–height composite of wind speed (shading, m s⁻¹) and 924 

wind barbs; green bars show composite rainfall (mm 6 min⁻¹, right axis). (c) Time–925 

height composite of wind kinetic energy (shading, J kg⁻¹). In (b) and (c), the abscissa is 926 

time relative to the onset of rainfall (min) and the ordinate is height above ground level 927 

(km AGL). 928 

https://doi.org/10.5194/egusphere-2026-4109
Preprint. Discussion started: 4 August 2026
c© Author(s) 2026. CC BY 4.0 License.



 

40 
 

 929 

Figure 10. Composite vertical wind shear (shading, 10⁻³ s⁻¹) preceding the onset of 930 

WSHR events. (a) prior 3-h mean, (b) −180 to −120 min, (c) −120 to −60 min, (d) −60 931 

to −30 min, (e) −30 to −6 min, and (f) the onset of rainfall. The abscissa and ordinate 932 

denote the top and bottom heights (km AGL), respectively, of the layer over which the 933 

bulk shear is computed. 934 
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 935 

Figure 11. Low-level wind characteristics preceding the onset of WSHR events. (a) 936 

Box plots of the maximum wind speed below 3 km AGL within 180 min before the 937 

onset of WSHR events; for each box the central line denotes the median, the white circle 938 

with black edge denotes the mean, the box spans the interquartile range (25th–75th 939 

percentiles), and the whiskers extend to the 5th and 95th percentiles. (b) Mean core wind 940 

speed and mean core height of the low-level jet (LLJ), one marker per event containing 941 

an LLJ; Num is the number of such events. (c) Occurrence frequency of LLJs within 942 

180 min before the onset of WSHR events. Shading in (c) denotes the 95% confidence 943 

interval derived from a bootstrap resampling of the 62 events (1000 iterations). 944 
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 945 

Figure 12. Composite ascending motion preceding the onset of WSHR events. (a) 946 

Frequency of ascending motion (−𝑤 > 0; %) as a function of height (km AGL) and 947 

time relative to the onset of WSHR events (min). (b–e) Box plots of the maximum 948 

ascent speed (−𝑤; m s⁻¹) within 180 min before the onset of WSHR events at (b) 3–5 949 

km, (c) 2–3 km, (d) 1–2 km, and (e) 0.3–1 km AGL. 950 
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