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10 ABSTRACT

11 Coastal marine boundary layer jets (CMBLJs) play an important role in 

12 coastal and inland rainfall in South China. Using 21-yr ERA5 and CMORPH 

13 rainfall data, two main CMBLJs are found on the either side of Hainan Island 

14 (named as BLJ-WEST vs BLJ-EAST), which are always strengthened jointly. 

15 Both the two CMBLJs often occur in the pre-summer rainy season and exhibit 

16 evident diurnal cycle with a maximum at night. With the emergence of the 

17 CMBLJs, rainfall is significantly enhanced in South China, particularly 

18 downstream of each CMBLJ. The response of rainfall to the CMBLJs is mainly 

19 attributed to the convergence at the terminus of the CMBLJ, terrain-induced 

20 lifting and relevant atmospheric stratification. Coastal rainfall at the downstream 

21 of the BLJ-WEST is much weaker than that of the BLJ-EAST because of higher 

22 CIN over Beibu Gulf, which is caused by lower temperature lapse rate and 
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23 adiabatic heating in lee of the Annamite Range. The inland rainfall increases 

24 along with the CMBLJs’ intensity, whereas coastal rainfall reaches a maximum 

25 in the presence of moderate CMBLJs rather than stronger CMBLJs. Stronger 

26 CMBLJs induce stronger dynamic lifting but higher CIN near the coastal area. 

27 Additionally, CAPE near the coast does not become highest with strongest 

28 CMBLJs, because the CAPE generation contributed by coastal dynamic lifting 

29 can be offset by the negative contribution caused by the horizontal advection of 

30 the cold and dry air from Indochina Peninsula. Therefore, anomalous dynamic 

31 lifting, moisture flux convergence, and CAPE/CIN associated with the CMBLJs’ 

32 intensity jointly result in anomalous rainfall.  
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35 Article Highlights:

36  Two CMBLJs on the either side of Hainan Island are observed in the pre-

37 summer rainy season and exhibit diurnal cycle with a maximum at night.

38  Coastal rainfall at the downstream of the BLJ-WEST is much weaker than 

39 that of the BLJ-EAST because of higher CIN over Beibu Gulf.

40  The inland rainfall increases along with the CMBLJs’ intensity, whereas 

41 coastal rainfall does not reach a maximum along with strongest CMBLJs. 

42
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43 1. Introduction

44 Low-level jets (LLJs) are regarded as an important factor regulating the 

45 intensity and distribution of rainfall (Stensrud 1996; Du et al. 2018, 2019a; Rife 

46 et al. 2010). The LLJs typically consist of two types including synoptic-system-

47 related LLJs (SLLJ) and boundary layer jets (BLJ), two of which play distinct 

48 roles in rainfall owing to different characteristics and formation mechanisms 

49 (Chen et al. 1994; Du et al. 2014, 2019b, Zhang and Meng 2019). 

50 Compared to the SLLJs driven by synoptic disturbances such as the low-

51 pressure vortex or fronts, the BLJs often occur next to mountains like Rocky 

52 Mountains (Bonner 1968) and Andes Mountains (Marengo et al. 2004), or off 

53 the coasts such as California coastal jet (Doubler et al. 2015), Chilean coastal 

54 jet (Garreaud and Munoz 2005), BLJ in Bohai (Zhang et al. 2019), and BLJ off 

55 the southeastern coastal of China (Du et al. 2015). However, due to 

56 observational limitation, the coastal marine BLJs (CMBLJs) have been less 

57 studied compared to the BLJs over land, especially concerning their link to 

58 rainfall. 

59 The formation mechanisms of the BLJs over land are explained by two 

60 main theories including “Blackadar mechanism” (or called inertial oscillation 

61 theory, Blackadar 1957) and “Holton mechanism” (thermal forcing over sloping 

62 terrain, Holton 1967) or their combination (Du and Rotunno 2014; Shapiro et al. 

63 2016). Unlike the BLJs over land, the CMBLJs are in the absence of obvious 
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64 diurnal eddy viscosity over the sea. Thus, typical inertial oscillation mechanism 

65 caused by diurnal vertical mixing in the boundary layer does not work for 

66 CMBLJs. Du et al. (2015) revealed that inertial oscillation triggered by the 

67 thermal contrast between the land and ocean plays an important role in the 

68 CMBLJ off southeast coast of China. Burk and Thompson (1996) also 

69 suggested that the California coastal jet is closely related to the enhanced 

70 coastal baroclinicity. The diurnal variation of the baroclinicity along with inertial 

71 and friction effects can further affect the delay of jet maximum in the early 

72 evening. In addition to the baroclinicity, the coastal terrain has an influence on 

73 the CMBLJ intensity (Chakraborty et al. 2009; Li and Chen 1998; Jiang et al. 

74 2010; X. Chen et al. 2017). For instance, Somali jet is intensified by deflecting 

75 westerly low-level air northward due to the East African mountains as a western 

76 boundary (Krishnamurti et al. 1976).      

77 Some previous studies have documented that CMBLJs can regulate 

78 rainfall near the coasts via transporting moisture and providing convergence 

79 (e.g. Du and Chen 2019b; Neiman et al. 2002) and their effects vary among 

80 regions. The California Landfalling Jets Experiment statistically links rainfall 

81 rates near the coastal mountains to the hourly upslope flow of California coastal 

82 jet (Neiman et al. 2002; White et al. 2003), which is known as atmospheric river 

83 because of transferring abundant water vapor (Smith et al. 2010). The 

84 Caribbean LLJ is found to coincide with a maximum in rainfall off the Caribbean 

85 coast of Nicaragua and Costa Rica (Amador et al. 2000; Whyte et al. 2008), 
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86 while the strong West African westerly jet results in enhanced coastal rainfall 

87 through low-level moisture transports (Liu et al. 2020). In east Asia, a BLJ over 

88 the northern South China Sea (NSCS) horizontally transports moisture from the 

89 NSCS to Taiwan, favoring rainfall near the southwestern coast of Taiwan (Tu 

90 et al. 2019).

91 Over southern China, both SLLJs and BLJs are observed under variations 

92 in features (Du et al. 2019b). The SLLJs generally occur over the land, whereas 

93 the BLJs prevails over the NSCS. The SLLJs have been widely studied in terms 

94 of those formation mechanism and the relationship with rainfall (Chen and Yu 

95 1988; Tao and Chen 1987), however, the BLJs and those impacts on rainfall 

96 are still not well understood. Du et al. (2014) exhibited two high occurrence 

97 regions of CMBLJs over Beibu Gulf and NSCS, which are both in proximity to 

98 the coast of South China and on either side of Hainan Island. Therefore, it is 

99 worth studying detailed features of the two coastal marine BLJs and their 

100 relation with each other. Furthermore, since the CMBLJs can induce 

101 convergence at their termini and interact with the coastal terrain, as well as 

102 provide favorable thermodynamic conditions by transporting warm moist air, 

103 several questions arise: (1) What is the relationship between the intensity of the 

104 two CMBLJs and rainfall? (2) What is the relative importance of dynamic and 

105 thermodynamic effects of the CMBLJs on rainfall?   

106 The primary objective of the present study is to reveal how the two CMBLJs 

107 influence rainfall in south China dynamically and thermodynamically from a 
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108 climatological point of view. The data and statistical method are briefly 

109 described in section 2. In section 3, we present the statistical characteristics of 

110 the two CMBLJs and their relationship with each other. Section 4 describes 

111 different rainfall patterns associated with the two CMBLJ’s intensity, and further 

112 discusses their relevant dynamic and thermodynamic effects. The results of this 

113 study are summarized in section 5.     

114 2. Data and Methodology

115 a. Data used in this study

116 The latest ECMWF atmospheric reanalysis ERA5 is utilized to analyze the 

117 CMLLJs’ activities and related atmospheric processes. ERA5 is the fifth 

118 generation of ECMWF atmospheric reanalysis of the global climate that follows 

119 ERA-Interim. Since ERA5 has high spatial and temporal resolution with a 

120 horizontal spacing grid of 0.25°  0.25° and a time interval of 1 h, it has been ×

121 widely used to identify low-level jets (Du and Chen 2019b; Kalverla et al. 2019; 

122 Chen et al. 2021). Other datasets like ERA-Interim are also examined and 

123 show similar results but with lower resolution. 

124 To display the precipitation distributions associated with the CMLLJs, we 

125 used Climate Prediction Center morphing technique (CMORPH) rainfall data 

126 (Joyce et al. 2004) with a temporal resolution of 30 min and a horizontal 

127 resolution of 8 km. CMORPH is derived by low-orbit satellite microwave data 
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128 and geostationary infrared data. CMORPH data presents good performance 

129 in rainfall estimates and has been widely used in previous studies (Chen et al. 

130 2018; Du and Chen 2018). For consistency in temporal resolution and period 

131 coverage, both CMORPH rainfall data and ERA5 used in the present study 

132 cover from 1998 to 2018 and have a temporal resolution of 1h.

133 b. Criteria for identifying CMBLJ

134 To identify the existence of a BLJ, the criteria are adopted as: (1) the 

135 maximum wind speed is more than 10 m s-1 within the lowest layer of 100 hPa 

136 above surface, (2) below the 600 hPa the wind speed must decrease by at 

137 least 3 m s-1 from the height of the wind maximum to the wind minimum above 

138 that, (3) the meridional wind component at the jet vertical core is greater than 

139 zero. The criteria to identify BLJ have been widely used in previous studies in 

140 East Asia (Du et al. 2014; Du and Chen 2019a; Tu et al. 2019). 

141 Based on the high occurrence region of BLJs (Fig. 1), we further define a 

142 CMBLJ event over Beibu Gulf (BLJ-WEST) or NSCS (BLJ-EAST). The BLJ-

143 WEST and BLJ-EAST events are defined as more than 50 % of the grid points 

144 in the boxes A and B of Figure 1b satisfy the BLJ criteria, respectively. There 

145 is no requirement for the duration of the BLJ events, and the criteria of the BLJ 

146 events are hourly-based. 

147 c. Budget of CAPE generation
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148 The budget of Convective Available Potential Energy (CAPE) is calculated 

149 to investigate the influence of the CMBLJ on the change of CAPE distribution. 

150 The local change of CAPE can be written as (Emanuel 1994; Zhang 2002; Chen 

151 et al. 2014)

152

∂𝐶𝐴𝑃𝐸
∂𝑡 = ∫

𝑝𝑠𝑙

𝑝𝑙𝑛𝑏

𝑅𝑑(∂𝑇𝑣𝑝

∂𝑡 ―
∂𝑇𝑣𝑒

∂𝑡 )𝑑ln 𝑝

               ≈ 𝐶𝑝(𝑇𝑣𝑠𝑙 ― 𝑇𝑣𝑙𝑛𝑏
)
∂ln 𝜃𝑒

∂𝑡 ―
∂
∂𝑡

(𝜙𝑙𝑛𝑏 ― 𝜙𝑠𝑙)  , 

153 when the air parcel is lifted from the source level  to the level of neutral 𝑝𝑠𝑙

154 buoyancy .  and  are virtual temperatures of the air parcel and the 𝑝𝑙𝑛𝑏 𝑇𝑣𝑝 𝑇𝑣𝑒

155 environment aloft.  is the geopotential thickness of convection layer. 𝜙𝑙𝑛𝑏 ― 𝜙𝑠𝑙

156 Based on the method introduced by Chen et al. (2014), the local change of 

157 CAPE is linked to the boundary layer forcing  and 𝑇𝑒𝑟𝑚𝑏𝑙 = 𝐶𝑝(𝑇𝑣𝑠𝑙 ― 𝑇𝑣𝑙𝑛𝑏
)∂ln 𝜃𝑒

∂𝑡

158 the free-atmospheric forcing . 𝑇𝑒𝑟𝑚𝑓𝑎 = ―
∂
∂𝑡

(𝜙𝑙𝑛𝑏 ― 𝜙𝑠𝑙)

159 Furthermore, the local change of the air parcel’s equivalent potential 

160 temperature  is given as follows:𝜃𝑒

161
∂𝜃𝑒

∂𝑡 = ―𝑢
∂𝜃𝑒

∂𝑥 ― 𝑣
∂𝜃𝑒

∂𝑦 ― 𝑤
∂𝜃𝑒

∂𝑧 + 𝑄 ,

162 which means the boundary layer forcing can be further divided into horizontal 

163 advection, vertical lifting, and external diabatic heating Q. Q is calculated as 

164 residual. In addition to Q, the residual term also includes radiation effects, 

165 rainfall evaporation, and sub-grid processes like turbulence. The estimation 

166 errors of Q become large near surface. So, the generation of convective 
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167 instability by various processes due to LLJs can be calculated at a high 

168 accuracy using hourly data. The difference of  and  
∂𝐶𝐴𝑃𝐸

∂𝑡 𝑇𝑒𝑟𝑚𝑏𝑙 + 𝑇𝑒𝑟𝑚𝑓𝑎

169 represents a calculation error of this budget estimate, which is relatively small 

170 in this case. In this way, we can analyze the influence of the CMBLJ 

171 quantitatively via the budget of CAPE. 

172 3. Characteristics of the CMBLJs

173 a. Structures and variations of the CMBLJs

174 Before the influence of the CMBLJs on rainfall is elucidated, it is necessary 

175 to investigate their own characteristics including the spatial structures and 

176 temporal variations. Figure 1b shows the horizontal distribution of the 

177 occurrence frequency of BLJs during Jan-Dec 1998-2018. Two regions with a 

178 high occurrence of BLJs are identified over Beibu Gulf (around 19 °N, 108 °E, 

179 a maximum of ~18%) as well as over NSCS (in proximity to northeastern coast 

180 of Hainan, around 19.5 °N, 111.5 °E, a maximum of ~14%). Compared to the 

181 two high-incidence regions, BLJs rarely occur over land of South China. These 

182 two high-incidence CMBLJs on either side of Hainan Island are BLJ-WEST 

183 and BLJ-EAST. The vertical distributions in occurrence frequency of the two 

184 CMBLJs show that both the BLJ-WEST and BLJ-EAST have peaks at 950 hPa 

185 (Fig. 2a). Compared to the BLJ-EAST, more BLJ-WEST occur below 950 hPa. 
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186 As shown in Fig. 2b, the occurrence frequency of the BLJ-WEST and BLJ-

187 EAST events exhibits pronounced diurnal cycle with a maximum at night (02-

188 05 Local Solar Time, LST = UTC + 8h). The peak in occurrence of the BLJ-

189 WEST occurs ~2-3h earlier than that of the BLJ-EAST. In addition, the 

190 amplitudes of diurnal cycle of the BLJ-WEST is larger than those of the BLJ-

191 EAST. The mechanism of diurnal cycle of the two CMBLJs has been discussed 

192 in the previous studies (Kong et al. 2020; Du and Chen 2019). Kong et al. 

193 (2020) documented that the BLJ-WEST mainly occurs at night because the 

194 upstream wind strengthens and flows over the Annamite Range after sunset, 

195 which includes a hydraulic jump jet over the downstream of the mountain. Du 

196 and Chen (2019b) suggested that the nocturnal enhancement of the BLJ-

197 EAST is caused by the inertial oscillation coupled with large-scale land-sea 

198 breeze circulation. It is noted that a sharp decrease exists between 1700 and 

199 1800 LST (and between 0500 and 0600 LST) in diurnal variation of the two 

200 CMBLJs because ERA5 uses the 12-h windows of 4D-Var data assimilation 

201 from 09 UTC to 21 UTC and 21 UTC to 09 UTC (Chen et al. 2021).

202 Besides diurnal variations, the occurrence frequencies of the two CMBLJs 

203 both exhibits pronounced seasonal variation with a maximum in April-June, 

204 which is the early-summer rainy season in South China. Additionally, the BLJ-

205 WEST events occur more frequently than the BLJ-EAST events (28% vs 15%) 

206 in the early-summer rainy season (Fig. 2c). Given high occurrence of the 
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207 CMBLJs and large precipitation in South China, we mainly focus on the early-

208 summer rainy season in the following study.

209 Figure 3 presents the horizontal wind speeds at low levels averaged during 

210 the BLJ-WEST events and the BLJ-EAST events compared to those in the 

211 whole early-summer rainy season. During the BLJ-WEST or BLJ-EAST events, 

212 the southerly or southwesterly low-level winds near the coast of South China 

213 (~8-12 m s-1) are much stronger than those for the seasonal mean (~0-6 m s-

214 1). In general, the locations of maximum winds are vertically tilted to the north 

215 (Fig. 3) due to the rise in terrain or stronger boundary layer mixing over the 

216 land. For instance, the 950-hPa southerly winds are centered in the Beibu Gulf 

217 and the NSCS (Figs. 3a, c, and e), whereas the 850-hPa southwesterly winds 

218 are maximized over the land of southern China (Figs. 3b, d, and f). The wind 

219 maximum cores at 950 hPa over the Beibu Gulf and the NSCS (Figs. 3c and 

220 3e) correspond to high occurrence frequencies of the two CMBLJs (Fig. 1b). 

221 During the BLJ-WEST events, the wind core over the Beibu Gulf (~12 m s-1) is 

222 stronger than that over the NSCS (~10 m s-1). On the other hand, southerly 

223 winds over the NSCS (12 m s-1) become strong during the BLJ-EAST events 

224 while strong winds prevail over the Beibu Gulf (~12 m s-1) as well. The results 

225 suggest that the two CMBLJs are not completely independent and are related 

226 with each other. 

227 b. Relationship between the BLJ-WEST and the BLJ-EAST
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228 As shown in Fig. 4a, the occurrence frequency of the BLJ-WEST (24%) is 

229 higher than that of the BLJ-EAST (13%) during the early-summer rainy season. 

230 Interestingly, the simultaneous occurrence frequency of BLJ-WEST and BLJ-

231 EAST (BLJ-WEST-EAST events) is particularly high (~ 9.1%), which accounts 

232 for the majority of BLJ-EAST. The results suggest that the BLJ-EAST typically 

233 happens with accompanied by the BLJ-WEST. Figure 5b presents the scatter 

234 diagram of 950-hPa wind speed averaged over the CMBLJs core regions 

235 during the BLJ-WEST, the BLJ-EAST, and the BLJ-WEST-EAST events. The 

236 linear regression of wind speeds of the two CMBLJs shows high correlation of 

237 them (R=0.63, 0.59, and 0.50 for the BLJ-WEST, BLJ-EAST, and BLJ-WEST-

238 EAST events, respectively), which further confirms a close relationship 

239 between the BLJ-WEST and the BLJ-EAST, and implies that both CMBLJs are 

240 controlled by the same large-scale environment (e.g., monsoon flows), but with 

241 different intensity of monsoonal airflow. When the airflow is strong, the BLJ-

242 EAST and BLJ-WEST tend to appear together; when the airflow is weak, only 

243 the BLJ-WEST occurs. Therefore, the BLJ-EAST events show higher wind 

244 speed extending more eastward compared to the BLJ-WEST (Fig. 3). Since 

245 the two CMBLJs may convey different thermodynamic features derived from 

246 their different upstream regions (e.g., Indochina Peninsula or South China 

247 Sea), it is necessary to examine their varying effect on rainfall in South China.  

248 4. Rainfall associated with CMBLJs
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249 The spatial distribution of rainfall associated with the two CMBLJs (BLJ-

250 WEST and BLJ-EAST) are examined compared to the seasonal rainfall mean. 

251 Figure 5a shows the climatological horizontal distribution of rainfall during the 

252 early-summer rainy season (April-June). Four main rainfall maximum centers 

253 (>0.4 mm h-1) occur over the northeastern Guangxi (Region L1), central 

254 Guangdong (Region L2), northern Fujian (Region L3) and Yangjiang (Region 

255 C2). An additional minor rainfall maximum center (~0.35 mm h-1) is observed in 

256 Shanwei (Region C3). Those rainfall centers are in well agreement with surface 

257 observations (Luo et al. 2017).

258 During the BLJ-WEST or BLJ-EAST events, all those rainfall centers are 

259 significantly strengthened compared to the seasonal mean (Figs. 5b-c). The 

260 rainfall intensity over Region L1 (~0.8 mm h-1) is larger than that over Region 

261 L2 (~0.6 mm h-1) during the BLJ-WEST events (Fig. 5b), whereas the rainfall 

262 over Region L2 (~1 mm h-1) becomes stronger in turn than that over Region L1 

263 (~0.9 mm) during the BLJ-EAST events (Fig. 5c). The enhanced rainfall is 

264 closely linked to the strengthened low-level winds of the BLJ-WEST or BLJ-

265 EAST. The influence of the two CMBLJs on rainfall exhibit their similarities and 

266 differences. Next, we will discuss the detailed impact mechanisms from the 

267 dynamic and thermodynamic perspectives. 

268 a. Dynamical effects

269 From a dynamic perspective, Figure 6 compares the vertical cross sections 
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270 of upward motion and meridional winds along lines a-c during the early-summer 

271 rainy season, the BLJ-WEST events, and the BLJ-EAST events. Compared to 

272 the seasonal mean, the vertical motion is strengthened near the coasts and on 

273 the windward side of mountains along with the enhancement of the BLJ-WEST 

274 or BLJ-EAST (Fig. 6). During the BLJ-WEST or BLJ-EAST events, strong 

275 CMBLJs peaking at 950-975 hPa impinge on the coastal terrain, which induces 

276 evident ascent with a center of 925 hPa near the coasts including south coast 

277 of Guangxi (Region C1) and the southwest and southeast coasts of Guangdong 

278 (Regions C2 and C3). Additionally, the CMBLJs further migrate to the north with 

279 rising of wind core, which impinge inland higher mountains and produces 

280 elevated mesoscale ascent due to the terminus of the CMBLJ as well as terrain-

281 induced lifting (Fu et al. 2019). As a result, significant 850-hPa vertical motion 

282 centers occur on the windward side of Yun-Gui Plateau (Region L1), Nanling 

283 mountain (Region L2) and Wuyi mountain (28°N, 118°E, Region L3), which are 

284 near the terminus of the CMBLJs. The intensified upward motion is consistent 

285 with the enhanced low-level convergence and/or moisture flux convergence 

286 related to the CMBLJs and their interaction with coasts or terrain (Fig. 7). The 

287 upward motion averaged during the BLJ-EAST events (Figs. 6c, f, i) is slightly 

288 stronger (~0.05 Pa s-1) than that in the BLJ-WEST events (Figs. 6b, e, h) 

289 because of stronger CMBLJs in the BLJ-EAST events (Fig. 3), resulting in more 

290 rainfall over South China in the BLJ-EAST events (Fig. 5c).

291 b. Thermodynamical effects
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292 Apart from dynamical effect, rainfall can be also influenced by the 

293 thermodynamic processes of the CMBLJs. The horizontal distributions of CAPE 

294 and CIN under the effect of CMBLJs are shown in Fig. 8. The CAPE and CIN 

295 shown here are most unstable CAPE (MUCAPE) and surfaced-based CIN, 

296 respectively, which are obtained from ERA5 dataset directly. In the seasonal 

297 mean, large CAPE occurs over the NSCS with a maximum of 2000 J kg-1 to the 

298 south of Hainan Island (~17°N, 110°E, Fig. 8a) because of abundant warm 

299 moist low-level airflows from the ocean. The large CAPE is transported by low-

300 level southerlies to the north with two branches surrounding the Hainan Island 

301 and reaches Regions C1 and C2, respectively. When the BLJ-WEST events 

302 occur, more CAPE (~600 J kg-1) is induced by warm moist air advection 

303 transporting to the Region C1 as well as the Region C2 with stronger high-

304 CAPE branches (Fig. 8c). The branch of high CAPE to the east of Hainan Island 

305 becomes more significant during the BLJ-EAST events compared to the west 

306 branch (Fig. 8c vs Fig. 8e). Therefore, the CAPE production induced by warm 

307 moist air advection accompanied by CMBLJs promote the rainfall near the 

308 coast areas (Regions C1 and C2). On the other hand, CIN is relatively large 

309 over Beibu Gulf (~200-300 J kg-1), with a maximum ~ 400 J kg-1 along the 

310 downstream (northeast) of the Annamite Range climatologically (Fig. 8b). When 

311 stronger winds prevail and pass over the Annamite Range during the BLJ-

312 WEST or BLJ-EAST events, higher CIN (~150 or 200 J kg-1) occurs 

313 downstream of the Annamite Range (Figs. 8d and 8f), which mainly affects the 
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314 Region C1. Therefore, high CIN caused by the CMBLJs induces unfavorable 

315 condition for coastal rainfall in the region. The CMBLJ induces stronger 

316 convergence in the both Region C1 and C2, but causes higher CIN in the 

317 Region C1, which probably results in weaker rainfall in the Region C1 compared 

318 to the Region C3.

319 Next, we explain why high CIN is observed downstream of the Annamite 

320 Range (over Beibu Gulf). In the lee of the mountain, isentropic surfaces are 

321 depressed and characterized by a hydraulic jump (Fig. 9a), which result in 

322 smaller lapse rate of temperature at low levels (Fig. 10a). In addition, relative 

323 humidity at 950 hPa along the lee of the mountain is anomalously low (Fig. 10b) 

324 due to adiabatic heating (Fig. 9a). The two effects indicated above may jointly 

325 contribute to anomalously large CIN in the lee of the mountain (Fig. 9d), which 

326 is consistent with results from idealized model in Markowski and Dotzek (2011). 

327 When the CMBLJs occur, the two effects become more significant (Fig. 9b and 

328 10c-f) and thus yield larger CIN in the lee of the mountain (Figs. 8d, f).

329 c. Rainfall with Varying CMBLJ’s Intensity

330 We further examine the variations of rainfall pattern along with the CMBLJs’ 

331 intensity. The CMBLJs are classified into four categories based on the wind 

332 speed of the CMBLJ core averaged over regions A or B of Fig. 1b. Weak, 

333 moderate, strong, and extremely strong CMBLJs are defined when the wind 

334 speed at 950 hPa of the CMBLJ core is less than 11 m s-1, between 11 and 13 
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335 m s-1, between 13 and 15 m s-1, and greater than 15 m s-1. Figure 2d shows the 

336 histogram distribution of wind speed at 950 hPa for the BLJ-WEST and BLJ-

337 EAST. Most of CMBLJs are identified as weak and moderate one (10-13 m s-

338 1). There are enough samples for those four categories. We tried to classify 

339 groups using different percentiles, the results shown latter are consistent with 

340 fixed thresholds. Since the threshold of 15 m s-1 in wind speed is located at 

341 around 92% percentile, the fourth category (> 15 m s-1) represents extremely 

342 strong CMBLJs.   

343 The horizontal distributions of rainfall under the effect of the BLJ-WESTs 

344 or BLJ-EASTs are shown in Figure 11. As we expected, the rainfall rate over 

345 the inland regions (Regions L1-L3) increases along with the CMBLJs’ intensity. 

346 In particular, the enhanced BLJ-WEST tends to increase rainfall more over the 

347 Region L1 compared to Regions L2-L3 (Figs. 11a, c, e, and g), while the 

348 enhanced BLJ-EAST tends to increase rainfall more over the Regions L2-L3 

349 (Figs. 11b, d, f, and g). However, the variation of coastal rainfall associated with 

350 the CMBLJs’ intensity is complicated compared to that of inland rainfall. Coastal 

351 rainfall in the Region C1 and C2 becomes strongest in the strong BLJ-WEST 

352 events (Fig. 11e) rather than extremely strong BLJ-WEST events (Fig. 11g). 

353 Similarly, rainfall in the Region C2 peaks during the moderate BLJ-EAST events. 

354 In contrast, coastal rainfall in the Region C3 increases along with the intensity 

355 of BLJ-WEST or BLJ-EAST, which resembles the behavior of inland rainfall but 

356 differs from the other coastal rainfall centers. 
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357 Figure 12 further confirms the detailed variation of rainfall at different 

358 locations with different intensity of CMBLJs. Except for the Regions C1 and C2 

359 (black and dark blue bars of Fig. 12), rainfall intensity in other regions (L1-3, 

360 and C3) undergoes a nearly continuous increase with the CMBLJs’ intensity. 

361 Then, we explore the causes of non-monotone rainfall variations with the 

362 CMBLJs’ intensity in the Regions C1-C2. Figure 13 shows the response of 

363 vertical motion to the varying CMBLJs interacting with coasts and terrain. In 

364 addition to the upstream of inland mountains, upward motion is maximized at 

365 around 950 hPa near the coastal area due to the convergence at the terminus 

366 of the CMBLJs as well as induced by the variation in land-sea roughness (Fig. 

367 13). With the enhancement of the CMBLJs, the coastal lifting is strengthened 

368 accordingly, which is consistent with the variation of the inland topographic 

369 lifting. In addition, stronger moisture flux convergence is produced by stronger 

370 CMBLJs (Fig. 13). However, the strongest coastal lifting and moisture flux 

371 convergence among the four categories do not result in the most rainfall in the 

372 Regions C1-C2 in a perspective of dynamics, which implies that thermodynamic 

373 processes might play an important role. 

374 The variation of CIN along with the CMBLJs’ intensity is further examined 

375 (Fig. 14). It clearly shows that CIN near the Regions C1-C2 becomes higher 

376 with stronger CMBLJs (Fig. 14). It is because CIN is enhanced downstream of 

377 the Annamite Range accompanied with stronger southwesterly flow (Fig. 9), 

378 which is confirmed by Markowski and Dotzek 2011. The other possible reason 
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379 is that surface temperature is reduced (CIN thus increases) over the Indochina 

380 Peninsula at night when the CMBLJs are strengthened, and CIN over Beibu 

381 Gulf is increased by cold and dry air over the Indochina Peninsula transporting 

382 downstream by southwesterly flow accordingly. 

383 We also examine the variation of CAPE along with the CMBLJs’ intensity. 

384 The moderate (strong) BLJ-WEST produces larger CAPE in the Regions C1-

385 C3 than the weak (moderate) BLJ-WEST (Figs. 15a and 15b) since more warm 

386 moist air is transported by stronger southerlies flow from the South China Sea. 

387 When the BLJ-WEST further obtains stronger intensity (from strong to 

388 extremely strong), CAPE in the Region C1 is reduced instead because the cold 

389 and dry air is transported from the Indochina Peninsula to influence Beibu Gulf 

390 (Fig. 15c). In terms of BLJ-EASTs, similar variation of CAPE with the CMBLJs’ 

391 intensity occurs (Figs. 15d-f). The strong (extremely strong) BLJ-EAST results 

392 in lower CAPE in the Regions C1-C2 compared to the moderate (strong) BLJ-

393 EAST (Figs. 15e and 15f). CAPE over the Indochina Peninsula becomes lower 

394 at night due to the radiation cooling near the surface when the BLJ over the 

395 Indochina Peninsula (land) is strengthened owing to inertial oscillation. 

396 To further confirm that smaller CAPE induced by cold and dry air 

397 transported from the Indochina Peninsula to Beibu Gulf under the action of 

398 stronger CMBLJ, we calculate the budget of CAPE generation in diurnal cycle 

399 (Fig. 16). Since the CMBLJ becomes stronger at night, we mainly compare the 

400 horizontal advection in the between nighttime and daytime. Figure 16a shows 
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401 that CAPE at 950 hPa increases over the ocean especially over Beibu Gulf by 

402 more than 80 J kg-1 at 02 LST, whereas it decreases over land. The CAPE at 

403 950 hPa is computed from lifting the parcel at the source pressure of 950 hPa 

404 rather than at surface. We chose 950 hPa as the base level to calculate CAPE 

405 because the jet peaks at around 950 hPa and influences the transportation of 

406 warm moist air associated with CAPE changes. It is noted that CAPE at 950 

407 hPa has estimation errors in the inland region due to terrain height, but we 

408 mainly focus on the CAPE over the ocean and coastal area in the present study. 

409 The CAPE change is mainly caused by the boundary layer forcing (Fig. 

410 16b), while the free-tropospheric forcing generates a relatively small CAPE 

411 change over both the ocean and the land (Fig. 16c). As mentioned in section 2, 

412 the boundary layer forcing can be further divided into horizontal advection, 

413 vertical lifting, and external diabatic heating (Figs. 16d-f). Figure 16d shows that 

414 vertical lifting can enhance CAPE by more than 120 J kg-1 at the coastal area. 

415 The warm and humid air in lower layer is uplifted by terrain-induced lifting along 

416 the coastal area, which leads to the increase of convective instability (CAPE 

417 thus increases). Because of the nocturnal radiation cooling near the surface, 

418 equivalent potential temperature over the Indochina Peninsula becomes lower 

419 at night (Fig. 16g). The horizontal advection brings relatively cold and dry air 

420 from the Indochina Peninsula to the Beibu Gulf, leading to the decrease of the 

421 warm and wet energy in the boundary layer over Beibu Gulf and thus the 

422 negative contribution of CAPE generation by about -200 J kg-1 (Fig. 16e). 
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423 Comparing the patterns at 02 LST and 14 LST (Figs. 16e and 16h), the CAPE 

424 reduction due to the horizontal advection more significantly over Beibu Gulf at 

425 night when the CMBLJ obtains stronger intensity. 

426 Therefore, the stronger CMBLJ transports the cold and dry air from 

427 Indochina Peninsula to Beibu Gulf more quickly, resulting in more decrease of 

428 warm and wet energy in the boundary layer and thus more negative contribution 

429 of CAPE generation, which can offset the CAPE generation contributed by 

430 coastal dynamic lifting. As a result, the decrease of CAPE generation inhibits 

431 the development of convection and weakens the nighttime precipitation of the 

432 western coast. 

433 5. Summary 

434 In the present study, 21 years of hourly ERA5 reanalysis and CMORPH 

435 satellite rainfall are used to investigate the characteristics of coastal marine 

436 boundary layer jets (CMBLJs) near the south coast of China and their impacts 

437 on coastal and inland rainfall over South China. The frequency distribution of 

438 CMBLJ indicates two main branches of southerly CMBLJs over Beibu Gulf 

439 (BLJ-WEST) and NSCS (BLJ-EAST) on either side of Hainan Island. The two 

440 CMBLJs peak at around 950 hPa and exhibit significant seasonal variation with 

441 a maximum in pre-summer rainy season (April-June). Similar to boundary layer 

442 jets over the inland of South China (Du et al. 2014), both two CMBLJs are 
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443 strengthened at midnight (~ 02-05 LST). The two CMBLJs are not independent 

444 each other and always get strong together. 

445 The two CMBLJs show a close relationship with rainfall in South China. 

446 Coastal and inland rainfall is significantly enhanced when the two CMBLJs 

447 occur. BLJ-WEST tends to intensify rainfall downstream in the northern 

448 Guangxi, while BLJ-EAST tends to intensify rainfall in central Guangdong, 

449 western and eastern coastal Guangdong (Yangjiang and Shanwei). The 

450 enhanced rainfall is mainly attributed to the lifting due to the convergence in the 

451 terminus of the CMBLJ or terrain-induced lifting interacting with the CMBLJ flow. 

452 CAPE changes induced by warm moist air advection from the NSCS to coastal 

453 or inland area by the CMBLJs are another favorable condition to the enhanced 

454 rainfall. Compared to the coastal Guangdong, rainfall near the coastal Guangxi 

455 is much weaker because of higher CIN in Beibu Gulf downstream of the 

456 Annamite Range. In the lee of the mountain, depressed isentropic surfaces 

457 decrease lapse rate of temperature at low levels, while adiabatic heating reduce 

458 relative humidity along the lee of the mountain. The two effects jointly contribute 

459 to anomalously large CIN in Beibu Gulf.

460 Dynamic lifting as well as anomalous CAPE and CIN associated with the 

461 CMBLJs jointly result in anomalous rainfall. The inland rainfall nearly 

462 continuously increases along with the CMBLJs’ intensity because of stronger 

463 dynamic lifting and stronger CAPE production induced by warm moist air 

464 advection under the effect of stronger CMBLJs. In contrast, the relationship 
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465 between CMBLJs’ intensity and coastal rainfall does not show a positive 

466 correlation except for rainfall near Shanwei. The coastal rainfall reaches a 

467 maximum when moderate or strong CMBLJs occur rather than extremely strong 

468 CMBLJs. The non-monotone rainfall variations with the CMBLJs’ intensity is 

469 attributed to the combination of favorable and unfavorable factors along with 

470 the CMBLJs’ intensity. With the intensification of the CMBLJs, dynamic lifting is 

471 enhanced (favorable condition) but CIN becomes higher (unfavorable 

472 condition). In addition, CAPE over the coastal area increases with an 

473 enhancement of the CMBLJs due to the warm and humid air uplifted by terrain-

474 induced lifting. However, CAPE in coastal area of Guangxi and Yangjiang is 

475 further reduced under the extremely strong CMBLJs because of the negative 

476 contribution of CAPE generation caused by the horizontal advection of cold and 

477 dry air from the Indochina Peninsula beyond the CAPE generation contributed 

478 by coastal dynamic lifting.

479  In the future, it is necessary to examine the CMBLJ activities using 

480 offshore observations in scientific research ships to compare with the results of 

481 reanalysis. Higher resolution WRF simulations are required to explore the 

482 CMBLJ features and mechanisms in details. Recently, Kong et al. (2020) 

483 documented that the BLJ-WEST is mainly driven by upstream continent 

484 nocturnal LLJ crossing over Annamite Range of Vietnam associated with 

485 hydraulic jump as well as topography blocking effects near Hainan Island. 

486 However, the cause of another high occurrence region of CMBLJ located to 
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487 east of Hainan island is not well understood and needs to be further studied. 

488 The influence of the CMBLJs on rainfall intensity is studied in the present study, 

489 but the detailed effects of the CMBLJs on coastal and inland convection 

490 initiation and development are required to be clarified from a climatological 

491 perspective in the future. 
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Fig. 1 (a) Terrain height (shading, m). (b) Distribution of BLJ occurrence frequency (shading, %). The
boxes A and B are the regions selected for the BLJ-WEST and BLJ-EAST event definition, respectively.
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647 Fig. 1 (a) Terrain height (shading, m). (b) Distribution of BLJ occurrence 

648 frequency (shading, %). The boxes A and B are the regions selected for the 

649 BLJ-WEST and BLJ-EAST event definition, respectively. 
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651

652 Fig. 2 (a) Vertical occurrence frequency distribution of BLJ cores for BLJ-

653 WEST and BLJ-EAST events. (b) Diurnal cycle and (c) seasonal variation of 

654 BLJ-WEST and BLJ-EAST event occurrence frequency during Jan-Dec 1998-

655 2018; (d) Histogram distribution of wind speed at 950 hPa averaged over 

656 boxes A and B for BLJ-WEST and BLJ-EAST events, respectively.
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658

Fig. 3 Distribution of horizontal winds (m s-1) at (a, c, and e) 950 hPa and (b, d, and f) 850 hPa for
(a-b) seasonal mean, (c-d) BLJ-WEST events and (e-f) BLJ-EAST events during the early-summer
rainy season.
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659 Fig. 3 Distribution of horizontal winds (m s-1) at (a, c, and e) 950 hPa and (b, 

660 d, and f) 850 hPa for (a-b) seasonal mean, (c-d) BLJ-WEST events and (e-f) 

661 BLJ-EAST events during the early-summer rainy season. 
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663

664 Fig. 4 (a) Occurrence frequency of BLJ-WEST, BLJ-EAST, and BLJ-WEST-

665 EAST events during the early summer rainy season; (b) Scatter diagram of 

666 wind speed at 950 hPa averaged over boxes A and B in Fig. 1b in BLJ-WEST, 

667 BLJ-EAST and BLJ-WEST-EAST events.
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669

Fig. 5 Distribution of average rainfall rate (mm h-1) for (a) the seasonal mean, (b) BLJ-WEST events
and (c) BLJ-EAST events during the early-summer rainy season. The dots in (b-c) denote the area
where the significance level of the difference of rainfall between BLJ-WEST and BLJ-EAST is
greater than 90% by two-tailed Welch’s test.
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670 Fig. 5 Distribution of average rainfall rate (mm h-1) for (a) the seasonal mean, 

671 (b) BLJ-WEST events and (c) BLJ-EAST events during the early-summer rainy 

672 season. The dots in (b-c) denote the area where the significance level of the 

673 difference of rainfall between BLJ-WEST and BLJ-EAST is greater than 90% 

674 by two-tailed Welch’s test. 
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676

Fig. 6 Vertical cross section of vertical motion (shading, Pa s-1) and meridional wind speed
(contour with interval of 1 m s-1) along (a-c) line a, (d-f) line b and (g-i) line c in Fig. 5 for the
(a, d, and g) seasonal mean, or during the (b, e and h) BLJ-WEST events and (c, f and i)
BLJ-EAST events during the early-summer rainy season. The dots denote the region where
the significance level of the difference of vertidal motion between BLJ-WEST and BLJ-EAST
is greater than 90% by two-tailed Welch’s test.
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677 Fig. 6 Vertical cross section of vertical motion (shading, Pa s-1) and meridional 

678 wind speed (contour with interval of 1 m s-1) along (a-c) line a, (d-f) line b and 

679 (g-i) line c in Fig. 5 for the (a, d, and g) seasonal mean, or during the (b, e and 

680 h) BLJ-WEST events and (c, f and i) BLJ-EAST events during the early-

681 summer rainy season. The dots denote the region where the significance level 

682 of the difference of vertical motion between BLJ-WEST and BLJ-EAST is 

683 greater than 90% by two-tailed Welch’s test. 
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685

686 Fig. 7 Vertical cross section of divergence (shading, s-1) and moisture flux 

687 divergence (white contour ≤ -2×10-7 kg kg-1 s-1 with interval of 2×10-7 kg kg-1 

688 s-1) along (a-c) line a, (d-f) line b and (g-i) line c in Fig. 5 for the (a, d, and g) 

689 seasonal mean, or during the (b, e and h) BLJ-WEST events and (c, f and i) 

690 BLJ-EAST events during the early-summer rainy season.
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692

693 Fig. 8 Horizontal distributions of (a) CAPE (J kg-1) and (b) CIN (J kg-1) during 

694 the early-summer rainy season. The differences in (c) CAPE and (d) CIN 

695 between the BLJ-WEST events and seasonal mean. The differences in (e) 

696 CAPE and (f) CIN between BLJ-EAST events and seasonal mean. The dots 
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697 in (c-f) denote the area where the significance level of the difference of 

698 CAPE/CIN between BLJ-WEST and BLJ-EAST is greater than 90% by two-

699 tailed Welch’s test. 
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701

702 Fig. 9 Vertical cross section along the red line in Fig. 8b of potential 

703 temperature (shading, K) and flow vectors (m s-1 black curly vector along the 

704 cross section and with vertical velocity amplified by 200) for the (a) seasonal 

705 mean, or during (b) the BLJ-WEST events of the early-summer rainy season. 

706 The black curve indicates the terrain.
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708

Fig. 10 Distribution of (a) temperature difference between 1000 hPa and 950 hPa (Tdiff) and (b)
relative humidity (RH) at 950 hPa during the early-summer rainy season. The differences in (b) Tdiff
and (e) RH between BLJ-WEST events and seasonal mean. The differences in (c) Tdiff and (f) RH
between BLJ-EAST events and seasonal mean.
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709 Fig. 10 Distribution of (a) temperature difference between 1000 hPa and 950 

710 hPa (Tdiff) and (b) relative humidity (RH) at 950 hPa during the early-summer 

711 rainy season. The differences in (b) Tdiff and (e) RH between BLJ-WEST 

in 
pre

ss



712 events and seasonal mean. The differences in (c) Tdiff and (f) RH between 

713 BLJ-EAST events and seasonal mean. 
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715

Fig. 11 Distribution of average rainfall rate (mm h-1) for (a-b) weak, (b-d) moderate, (e-f) strong and
(g-h) very strong (a, c, e, and g) BLJ-WEST events and (b, d, f and h) BLJ-EAST events during the
early-summer rainy season
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716 Fig. 11 Distribution of average rainfall rate (mm h-1) for (a-b) weak, (b-d) 

717 moderate, (e-f) strong and (g-h) extremely strong (a, c, e, and g) BLJ-WEST 

718 events and (b, d, f and h) BLJ-EAST events during the early-summer rainy 

719 season.
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Fig. 12 Histogram distribution of rainfall amount (mm) averaged in Regions L1-L3 and C1-C3 for
different intensity of (a) BLJ-WEST and (b) BLJ-EAST (represented by wind speed at 950 hPa
averaged over boxes A and B in Fig. 1b).
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721 Fig. 12 Histogram distribution of rainfall amount (mm) averaged in Regions 

722 L1-L3 and C1-C3 for different intensity of (a) BLJ-WEST and (b) BLJ-EAST 

723 (represented by wind speed at 950 hPa averaged over boxes A and B in Fig. 

724 1b).
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726 Fig. 13 Vertical cross section of vertical motion (shading, Pa s-1), meridional 

727 wind speed (black contour with interval of 1 m s-1) and horizontal moisture 

728 flux divergence (red contour, ≤ -2×10-7 kg kg-1 s-1 with interval of 2×10-7 kg kg-

729 1 s-1) along (a, c, e and g) line a, (b, d, f and h) line b in Fig. 5 during the BLJ-

730 WEST events and BLJ-EAST events, respectively. 
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732

733 Fig. 14 Differences in CIN (J kg-1) and wind vectors (m s-1) at 950 hPa between 

734 (a) moderate and weak BLJ-WEST events; between (b) strong and moderate 

735 BLJ-WEST events, and between very strong and strong BLJ-WEST events. 

736 (d-f) Same as (a-c) expect for BLJ-EAST events. 
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738

Fig. 15 Differences in CAPE (J kg-1) and wind vectors (m s-1) at 950 hPa between (a) moderate and
weak BLJ-WEST events; between (b) strong and moderate BLJ-WEST events, and between (c)
very strong and strong BLJ-WEST events. (d-f) Same as (a-c) expect for BLJ-EAST events.
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739 Fig. 15 Differences in CAPE (J kg-1) and wind vectors (m s-1) at 950 hPa 

740 between (a) moderate and weak BLJ-WEST events; between (b) strong and 

741 moderate BLJ-WEST events, and between (c) very strong and strong BLJ-

742 WEST events. (d-f) Same as (a-c) expect for BLJ-EAST events. 
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744

745 Fig. 16 Distribution of (a) the CAPE change (unit: J kg-1 h-1) at 950 hPa at 02 

746 LST averaged during the early-summer rainy season and (b)–(f) the CAPE 

747 generation rates (unit: J kg-1 h-1) by various physical processes. Distribution of 

748 (g) equivalent potential temperature  (T) at 950 hPa at 02 LST and (h) the 𝜃𝑒 

749 CAPE changes (unit: J kg-1 h-1) attributable to horizontal advection term at 950 

750 hPa at 14 LST.
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