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33 Abstract

34 Early morning precipitation (EMP) events occur most frequently during January and 

35 February over the northern coast of West Java and are characterized by propagating 

36 systems originating from both inland and offshore. The initial location, direction, and speed 

37 of the propagating precipitating system determine the timing of EMP. This study explores 

38 processes that characterize such propagating precipitation systems by performing 

39 composite analysis and real-case numerical simulations of selected events using the 

40 Weather and Research Forecasting (WRF) model with a cloud-permitting horizontal 

41 resolution of 3 km. In the composite analysis, EMP events are classified according to the 

42 strength of the northerly background wind ( , defined as the 925-hPa meridional wind 𝑉𝐵𝐺)

43 averaged over an area covering western Java and the adjacent sea. We find that under both 

44 strong northerly (SN) and weak northerly (WN) wind conditions, EMP is mainly induced by 

45 a precipitation system that propagates from sea to land. For WN cases, however, 

46 precipitating systems that propagate from inland areas to the sea also play a role. The WRF 

47 simulations suggest that mechanisms akin to cold pool propagation and advection by 

48 prevailing winds are responsible for the propagating convection that induces EMP, which 

49 also explains the dependence of EMP frequency on the strength of . Based on the WRF 𝑉𝐵𝐺

50 simulations, we also discuss the roles of sea breeze and gravity waves in the initiation of 

51 convection.

52 Keywords diurnal cycle; early morning precipitation; western Java; coastal precipitation; cross-
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53 equatorial northerly surge.

54 1. Introduction

55 Diurnal convection over the Maritime Continent (MC) leads to a dominant pattern in which 

56 precipitation peaks during the afternoon and night over land, and during the night and 

57 morning over sea (e.g., Qian et al. 2008). However, there are greater variations in the timing 

58 of peak precipitation over coastal regions due to propagating convective systems (Yulihastin 

59 et al. 2020). A more detailed understanding of these propagating convective precipitation 

60 systems is important, as the MC is the region with the highest coastline density (defined as 

61 coastal length divided by land area) on Earth and it receives twice as much rainfall as the 

62 global mean (Yamanaka et al. 2018).

63 The land–sea contrast of diurnal precipitation has mainly been explained by land–sea 

64 breeze interactions and prevailing monsoon circulations (Houze 1981), but other 

65 mechanisms are required to explain the characteristics of propagating precipitation systems 

66 (e.g., Mori et al. 2004). The key dynamic processes of such systems are likely related to the 

67 mean wind interacting with the land, producing different flow regimes; e.g., sea breezes and 

68 topographic waves. Variations in the prevailing winds can also change the rainfall and 

69 mesoscale flows over small islands (Wang and Sobel 2017).

70 Yulihastin et al. (2020) reported that the occurrence of early morning precipitation (EMP) 

71 events over the northern coast of West Java is strongly characterized by both land- and 
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72 seaward propagating precipitation systems. Moreover, the timing of EMP events seems to 

73 be independent of the phases of land–sea breeze development. In any case, the timing of 

74 EMP events should be largely determined by two factors: (i) the location of the initial 

75 convection; and (ii) the direction and speed of propagation. To understand the possible 

76 physical processes related to these key factors, a numerical study is the most feasible 

77 approach, as detailed observations of such events are not available.

78 A numerical study by Wei et al. (2020) showed that the initiation of convection in the MC 

79 is associated with convergence owing to the interactions between prevailing background 

80 flows and more locally induced circulations. Their results also imply that gravity waves play 

81 an important role in determining the location of new convective systems that sustain the 

82 diurnal cycle of precipitation over the MC. Ruppert and Zhang (2019) pointed out that 

83 traveling gravity waves can potentially affect convection over a long distance across the MC. 

84 However, none of these studies examined EMP events over coastal regions.

85 In this study, we aim to investigate the factors associated with the development of EMP 

86 events over the northern coast of West Java by conducting real-case simulations. Based on 

87 the results of Li et al. (2017), it is expected that the propagation of coastal convection 

88 systems is mainly attributable to the effects of background winds. Several EMP events were 

89 identified by Yulihastin et al. (2020) and were found to generally coincide with the occurrence 

90 of a cross-equatorial northerly surge (CENS; Hattori et al. 2011) and the South China Sea 
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91 cold tongue (SCS-CT; Koseki et al. 2013; Mori et al. 2018) in January and February. While 

92 we still consider such phenomenological attribution, this study is more focused on how EMP 

93 over western Java is influences by the strength of northerly background winds.

94

95 2. Data and methods

96 The methodology employed in this study consists of two main parts. First, we perform a 

97 composite analysis of satellite-derived precipitation data to confirm that the strength of 

98 northerly background winds can be used to distinguish different propagation characteristics 

99 of coastal precipitation. We then conduct numerical experiments on selected cases to 

100 understand the relevant physical and dynamical processes.

101 2.1 Classification and composite analysis of the effects of background wind

102 To investigate the effects of background wind on the propagation of convective systems 

103 from observational data, we perform a composite analysis using a TRMM Multi-Satellite 

104 Precipitation Analysis (TMPA) Real-Time 3B41RT (hereinafter TMPA-RT) dataset and the 

105 JRA-55 reanalysis dataset. TMPA-RT data consist of estimated precipitation from 

106 microwave and infrared sensors that have been calibrated using rainfall gauge data 

107 (Huffman et al. 2007). These data have been used extensively to study diurnal rainfall 

108 propagation over various regions (Harris et al. 2007; Liu et al. 2008; Yong et al. 2015), 

109 including the MC (Hassim et al. 2016; Yulihastin et al. 2020). The JRA-55 reanalysis data 
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110 are used here instead of those from NCEP/NCAR because of their higher horizontal 

111 resolution. A detailed description of the JRA-55 reanalysis can be found in Kobayashi et al. 

112 (2015). We obtained the data from the Japan Meteorological Agency data portal 

113 (https://jra.kishou.go.jp/JRA-55/index_en.html).

114 In this study, we use samples of EMP events that were identified by Yulihastin et al. 

115 (2020). The occurrence of EMP is strongly correlated with CENS events in January and 

116 February. Hence, we categorize the EMP events according to the strength of the prevailing 

117 northerly background wind, , which is defined as the 925-hPa meridional wind velocity 𝑉𝐵𝐺

118 averaged over the rectangular area 105.5°E–108.5°E, 3°S–7.5°S (red boxes in Fig. 1). We 

119 categorize the northerly background wind into two groups:

120 o Strong northerly (SN): ,𝑉𝐵𝐺 ≤ 𝑉𝑀

121 o Weak northerly (WN): ,𝑉𝑀 < 𝑉𝐵𝐺 ≤ 0

122 where is the median value calculated for all EMP events.𝑉𝑀 = ―6.3 m s ―1 

123 Table 1 lists the dates of EMP events falling into each of the two categories. From a total 

124 of 50 EMP events, we obtained 24 SN samples, 23 WN samples, and 3 samples that do not 

125 fall into either SN or WN categories because  > 0 (Fig. S1). These three rare events are 𝑉𝐵𝐺

126 regarded as outliers and are excluded from the composites; however, one of the three 

127 events is numerically simulated and the results are discussed in the context of the initiation 
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128 of inland convection (see Section 5). Composite maps of wind fields and 24-hour time–

129 latitude Hovmöller diagrams for the SN and WN cases are plotted in Fig. 2.

130 2.2 Numerical simulation using the WRF model 

131 To understand the dynamical factors that affect the propagation of precipitation systems 

132 towards the coastal region, we perform a numerical simulation of two EMP events 

133 representing each of the two EMP categories. The events of 8–9 February 2008 (Case 1) 

134 and 4–5 January 2005 (Case 2) are selected as the SN and WN cases, respectively. They 

135 were manually selected after inspecting the results of several attempted simulations. Due to 

136 limited computational resources, we could only conduct case studies rather than simulating 

137 all EMP events.

138 We used the Weather Research and Forecasting (WRF) model version 3.9.1.1 

139 (Skamarock et al. 2008). The initial and boundary conditions were derived from the National 

140 Center for Environmental Prediction Final Analysis (NCEP–FNL) and have a spatial and 

141 temporal resolution of 1o and 6 hours, respectively. Table 2 shows the WRF model 

142 configuration, which was adopted from Fonseca et al. (2015) who succeeded in simulating 

143 diurnal precipitation over the MC and capturing offshore propagation over the coastal region. 

144 The results are in good agreement with satellite-observed precipitation in terms of intensity, 

145 duration, timing, and location (Yulihastin et al. 2021). However, to ensure that the WRF 

146 model can realistically simulate the EMP events, we perform sensitivity tests with convective 
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147 parameterization, 3 model domains, and spin-up. The sensitivity tests showed that a better 

148 representation of EMP events is obtained by using three nested domains (Fig. 1) with Betts–

149 Miller–Janjić (BMJ) convective parameterization (Janjić, 1994) and a 24-hour spin-up time. 

150 In the third domain, the horizontal resolution is 3 km, allowing shallow convection to be 

151 explicitly resolved. Other model parameters are from Fonseca et al. (2015) except for the 

152 Planetary Boundary Layer scheme, for which we use the WRF default settings (see Table 

153 2).

154

155 3. Composite analysis of early morning precipitation events under different 

156 northerly background winds

157 Figure 2 shows composite maps and Hovmöller diagrams for EMP events that are 

158 classified into the SN and WN categories. The synoptic pattern of the 925-hPa wind field 

159 indicates a meridional flow that is predominantly northerly, suggesting the influence of the 

160 Asian winter monsoon during the study period. However, stronger northerly winds are 

161 observed over the regions extending southward from the SCS to the north of western Java 

162 (Fig. 2a, d). Moreover, the composite maps in Fig. 2b, e indicate that precipitation is more 

163 strongly concentrated over the coastal region under SN conditions than under WN 

164 conditions.
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165 In Hovmöller diagrams, the early morning peaks in precipitation over the northern coast 

166 of West Java are well captured in both cases (Fig. 2c, f). The main differences in the 

167 characteristics of the propagation and extent of EMP between the two composites are as 

168 follows.

169  The SN group shows a more confined EMP signal with a seaward extension to 

170 approximately 4.5°S in the Java Sea (Fig. 2b) and a more prominent sea-to-land 

171 (hereinafter β) propagation pattern. The SN composite is also characterized by 

172 signals of earlier precipitation events that occurred in the late afternoon, between 

173 19:00 LST and 22:00 LST.

174  The WN group also shows a β propagation pattern that extends north of 4°S (Fig. 

175 2e). In addition, afternoon precipitation occurs deeper inland, peaking at around 

176 19:00 LST and followed by a land-to-sea (hereinafter α) propagation pattern.

177 Figure 2 clearly shows the strong effects of northerly background winds on the onshore-

178 propagating precipitation, leading to EMP events over the northern coast of West Java. The 

179 contrasting effects of southerly background winds can be seen in the rare outlier events 

180 where  > 0, which are dominated by seaward-propagating precipitation (Fig. S1).𝑉𝐵𝐺

181 Most of the EMP events coincide with enhanced northerlies associated with CENS 

182 (Yulihastin et al. 2020). In the SN cases, the strengthening of northerlies over the northern 

183 SCS may be modulated by cold surge episodes (Lim et al. 2017). This could then promote 

Page 9 of 39 For Peer Review



10

184 the CENS and eventually enhance precipitation over Java Island (Hattori et al. 2011). 

185 Increased moisture fluxes toward the MC during cold surge periods (Abdillah et al. 2021) 

186 may also influence the development of night-time convection over the sea that is shifted 

187 towards land (Koseki et al. 2013). However, the WN cases indicate that enhanced coastal 

188 precipitation and EMP events may also occur without CENS. In summary, both SN and WN 

189 cases are characterized by propagating precipitation systems that are connected to EMP.

190

191 4. Simulated Propagating Convection over Land and the Java Sea

192 We conducted numerical simulations of the two selected EMP events to further 

193 understand the processes that control the propagating coastal precipitation (see Section 

194 2.2). Observed features of the two EMP events are depicted in Fig. 3, with time-snapshot 

195 maps and Hovmöller diagrams showing the evolution of precipitation systems corresponding 

196 to the events. Different snapshots are plotted to illustrate the features that are most relevant 

197 to each case. The EMP event of Case 1 is characterized by concentrated precipitation along 

198 the coastal regions of western Java (Fig. 3a-c) with pronounced β propagation (Fig. 3d), 

199 which is consistent with the SN composite shown in Fig. 2c. In contrast, the WN of Case 2 

200 exhibits more complex features, with precipitating systems originating from regions both 

201 north and south of the coastline. A β propagation pattern is evident (Fig. 3h), and although 

202 α propagation cannot be clearly identified, a relatively large region of precipitation appeared 
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203 from 23:00 LST on 4 January 2005 and persisted until the next morning over the southwest 

204 of the study area.

205 Results from the numerical simulation of the two selected cases are shown in Fig. 4. By 

206 comparing Fig. 4 and Fig. 3, we can see that the β propagation patterns in the observed and 

207 simulated features are in qualitative agreement, while there are some discrepancies in the 

208 timing and exact location of the peak precipitation. Considering that the model was not fine-

209 tuned to match observations, these simulations should still be appropriate for investigating 

210 the mechanisms responsible for the propagation of convective systems approaching the 

211 coastline from offshore. The initiation of both inland and offshore convection is another key 

212 factor in understanding EMP, and is addressed separately in Section 5 owing to there being 

213 fewer supporting data to confirm the model results.

214 Figure 5 shows the simulated propagating precipitating systems in Case 1 (EMP under 

215 SN conditions). At 00:00 LST, there are two precipitation centers near points A (offshore) 

216 and B (near the coastline). From 01:00 LST to 05:00 LST, the convective activities around 

217 point B are characterized by rapidly developing and decaying clouds, with high values of  𝜃𝑒

218 below the 1 km level. The cloud systems slowly migrate to the northeast over time. The 

219 propagation of offshore convection to the coastline along the A–B transect is clearly 

220 simulated. 
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221 The convection near point A develops by 00:00 LST, but then moves and decays quite 

222 rapidly around 200 km from the coastline by 01:00 LST. This is when a  anomaly, which 𝜃𝑒

223 we interpret as a “cold pool” (CP), starts to develop below 0.5 km altitude. At 02:00 LST, the 

224 CP moves closer to the coastline to about 150 km offshore and seems to induce deep 

225 convection leeward. Interestingly, another deep convective cell develops windward of the 

226 cold pool, resembling a “back-building” mechanism in a mesoscale convective system 

227 (MCS). This mechanism is a quasi-stationary system that forms as a result of lifting 

228 generated by cold pools inside the MCS structure (Schumacher and Johnson 2005; 

229 Yulihastin et al. 2021).

230 Although there is almost no precipitation over land in the simulated EMP event for Case 

231 1, these results suggest that the observed propagating precipitation systems associated with 

232 EMP events can be explained by cold pool development below a decaying convective cloud 

233 and its advection by the prevailing background wind. This mechanism also explains the 

234 preferred direction of propagation; i.e., from land to sea in the event of northerly winds, and 

235 vice versa in the event of southerly winds. Thus, β propagation of precipitation systems 

236 occurs more frequently under SN conditions that are influenced by CENS (Yulihastin et al. 

237 2020), which is also in agreement with the results of Koseki et al. (2013).

238 For the Case 1 simulation, we can roughly estimate the speed of onshore CP propagation 

239 from Fig. 5 by tracing the movement of the leading edge of the CP along the path of the A–B 
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240 transect, yielding a figure of around 12 . This propagation speed is somewhat slower m s ―1

241 than that of gravity waves, which is between about 15 (Mapes et al. 2003) and 17 m s ―1 

242 (Ruppert and Zhang 2019), but nevertheless the two may still be related.m s ―1 

243 It is necessary to examine the consistency of the model results. If a CP behaves like a 

244 density current, its propagation speed should be proportional to the depth of the CP and the 

245 density difference between the CP and the ambient air. Under the influence of background 

246 winds and vertical wind shear, the propagation speed of a CP can exceed 10  m s ―1 

247 (Hutson et al. 2019). If the CP mechanism holds for most cases, a slower propagation speed 

248 (Schlemmer and Hohenegger 2016) should be observed under weaker background winds 

249 and over land where surface roughness could also affect air movement.

250 As mentioned above, Case 2 is an example of an EMP event belonging to the WN 

251 category (Table 1). Figure 4 shows that the horizontal winds over Java in Case 2 are not 

252 weaker than in Case 1, but the northerly winds inland are suppressed owing to counteracting 

253 southerlies. As a result, there seem to be multiple EMP events with both  and  propagation 

254 occurring over the northern coast of West Java. Despite an overall complex situation, we 

255 can see the clear evolution of convective cells in Fig. 6. Deep convection appears at 20:00 

256 LST and decays at 21:00 LST, inducing a CP that spreads over several kilometers. Like 

257 Case 1, the CP is advected towards the coastline, but without inducing new convection, until 

258 it penetrates deeper to about 25 km onshore. We estimate that the propagation speed of 
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259 the CP is around 7 , which is slower than that of Case 1 (offshore propagation under m s ―1

260 SN conditions).

261 Our results from the WRF simulation confirm that CP propagation and advection by 

262 background winds is a plausible mechanism for the propagating convective systems 

263 associated with EMP events over the northern coast of West Java. The direction of 

264 propagating convective systems relative to the coastline is determined by the prevailing 

265 background wind, in agreement with Li et al. (2017). Although our model resolution is still 

266 too coarse to simulate the detailed structure of the CP, the propagation speed (7 to 12 m s ―1

267 ) is comparable to that of observed precipitation from TMPA data (Fig. 4). This implies that 

268 once a CP has been generated below a decaying precipitation system, it can serve as a 

269 self-replicating mechanism (Mori et al. 2004) for more convection, both offshore and 

270 onshore, with various propagation speeds. Moreover, because the propagation of the CP is 

271 not necessarily phase-locked to the land–sea breeze, the timing of the CP-induced 

272 precipitation peak is somewhat random (Yulihastin et al. 2020). However, the timing and 

273 location of the first convective system, with a scale that can generate a CP, may be 

274 influenced by the land–sea breeze and gravity waves (e.g., Wei et al. 2020). Therefore, we 

275 briefly discuss this matter in the following section.

276

277 5. Discussion
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278 We have shown from satellite observations and numerical simulations that the 

279 propagation of convective systems over the sea is a key process in inducing EMP over the 

280 northern coast of West Java. The initial location and timing of the developing convection 

281 are also important, but their identification from satellite and reanalysis data is more 

282 difficult. Therefore, we discuss these key aspects using the WRF simulations.

283 The most well-understood mechanism that can initiate diurnal convection is sea breeze 

284 convergence (e.g., Yang and Slingo 2001). In this study, the role of sea breeze in the 

285 initiation of convection is best illustrated by simulating the case of 19 January 2012, which 

286 is one of the three outlier EMP events (hereinafter referred to as Case 3). Figure 7 shows 

287 the observed and simulated precipitation for this case, where the daily averaged 925-hPa 

288 reanalysis wind field (Fig. 7a–c) is characterized by southerlies. On the other hand, the 

289 simulated 10 m wind fields in Fig. 7e–g show large temporal variations, indicating the strong 

290 influence of a sea breeze from 14:00 LST to 18:00 LST.

291 The role of sea breeze in the initiation of inland convection should be clearly evident for 

292 Case 3 because it is the only conceivable major factor coming from the sea without any 

293 precipitating system before 18:00 LST. Similarly to Fig. 7, Fig. 8 shows the spatial–temporal 

294 evolution of convective activity, but with the wind anomaly vectors computed as the 

295 departure from the daily mean, whereby the sea-breeze signature can be identified as an 

296 enhanced onshore flow at 16:00 LST and 18:00 LST. At 16:00 LST the atmospheric flow 
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297 over land is characterized by eddy-like structures without significant cloud development; 

298 however, convection appears to strengthen further south of the mountainous region, which 

299 matures later at 18:00 LST. Of note, the depth of the sea-breeze flow generated in the WRF 

300 model is ~1 km, which is comparable to observations (Hadi et al. 2000), and its role in 

301 initiating convection deeper inland is quite clear.

302 In addition to the initiation of convection, the simulated Case 3 also demonstrates that it 

303 is possible for an EMP event to be induced solely by a land-to-sea or α propagation pattern. 

304 We analyzed the simulated convective propagation in Case 3 (Fig. S2), which did not occur 

305 until after the sea-breeze flow had ceased at 20:00 LST. We found that the α propagation 

306 of the convection also involves CP propagation and advection, as in Cases 1 and 2. The 

307 estimated propagation speed of the CP for Case 3 is about 5 m s-1. This speed means the 

308 CP could be classed as a gravity current, but it is too slow to be attributable to gravity waves. 

309 Moreover, the seaward (α) propagation of the convective systems is consistent with the 

310 effects of background wind.

311 The initiation of convection over the sea is more difficult to explain by the effects of land 

312 breeze, especially under SN conditions. Therefore, we examine the Case 1 simulation for 

313 the possible influence of gravity waves in the initiation of convection offshore around 00:00 

314 LST (see Fig. 5). Figure 9 shows the meridional and zonal variations of temperature anomaly 

315 profiles after subtracting the diurnal cycle. Wave-like structures in the temperature profiles 
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316 seem to be more prominent in the longitudinal direction at 20:00 LST. Over point X, where 

317 the initial convection in Case 1 occurs, temperature profiles become increasingly unstable 

318 below 700 hPa owing to a downward-propagating low-temperature anomaly. These layered 

319 structures of temperature anomalies become disrupted when convection occurs at 00:00 

320 LST. This indicates the possible influence of zonally propagating gravity waves on the 

321 initiation of convection offshore of western Java, which is consistent with the results of 

322 Ruppert and Zhang (2019) and Wei et al. (2020).

323

324 6. Conclusion

325 We investigated the processes responsible for the propagating precipitation systems 

326 associated with early morning precipitation (EMP) events identified by Yulihastin et al. 

327 (2020). First, we performed a composite analysis on TMPA-RT for EMP events that were 

328 classified according to the strength of the northerly background winds. Second, we 

329 conducted numerical simulations of two selected events (one strong northerly (SN) and one 

330 weak northerly (WN) case) using the WRF model, with a configuration adopted from 

331 Fonseca et al. (2015). The main results can be summarized as follows.

332 o Both satellite observations and the WRF model simulations clearly indicate that 

333 the strength of the northerly background wind affects the characteristics of 

334 propagating precipitation systems offshore and onshore along the northern coasts 

335 of West Java. For SN conditions, the sea-to-land propagation pattern is dominant, 
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336 while WN conditions give rise to a complex mixture of onshore and offshore 

337 patterns.

338 o The WRF simulations suggest that cold pools (CPs) generated below decaying 

339 convective clouds induce new convective cells near their leading and/or trailing 

340 edge while propagating and being advected by the background wind. An additional 

341 simulation showed that the CP-induced propagation is consistently reproduced for 

342 onshore convection under a weak southerly background wind. Hence, this is a 

343 plausible “self-replicating” mechanism for the propagation of precipitating systems 

344 near coastal regions in the MC, as proposed by Mori et al. (2004). Recent studies 

345 have reported that both onshore- and offshore-propagating convective systems 

346 could produce CPs (Trismidianto et al. 2016), which determine the speed of the 

347 propagation and help to maintain a long-lasting mesoscale convective complex 

348 (Yulihastin et al. 2021).

349 The CP mechanism is also consistent with the tendency of precipitation to accumulate 

350 closer to land during active periods of SCS-CT, in association with the more frequent 

351 occurrence of CENS (Koseki et al. 2012; Yulihastin et al. 2020). The propagation speed of 

352 the simulated CP varies from 5 to 12  which is reasonable considering the m s ―1 m s ―1 ,

353 wide range of CP propagation speeds (Hutson et al. 2019; Yulihastin et al. 2021), and this 
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354 results in a more random timing of peak precipitation during EMP events (Yulihastin et al. 

355 2020).

356 The mechanisms involved in the development of initial convection that generates 

357 propagating CPs are important to understand, but they have only been discussed briefly in 

358 this work. It has been demonstrated that sea breeze and gravity waves may play important 

359 roles, as proposed in numerous other studies. However, large precipitation systems such 

360 as MCSs may also generate CP-like environments by the so-called sprinkler effect 

361 (Yamanaka et al. 2019) and trigger convection over a wider area. More studies are needed 

362 to investigate each of these mechanisms in more detail using observations. Considering that 

363 background synoptic flows are influenced by large-scale environmental conditions (Peatman 

364 et al., 2021), future studies should also explore model uncertainties associated with the 

365 multiple processes involved in the initiation and propagation of precipitating systems to 

366 improve weather prediction in the MC.
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476 Fig. 1 Figure 1. Configuration of model domains for simulating precipitation systems over 

477 the Maritime Continent. The first (D01), second (D02), and third (D03) domain have 

478 horizontal resolutions of 27 km, 9 km, and 3 km, respectively.

479 Fig. 2 Composite averages of EMP events classified as (a–c) strong northerly and (d–f) 

480 weak northerly cases (Table 1). (a, d) Daily mean of the 925-hPa wind field (color shading 

481 for the meridional component). Red boxes (105.5°E–108.5°E, 3°S–7.5°S) indicate the 

482 spatial window for measuring the background wind strength. (b, e) EMP rates averaged 

483 over 01:00–05:00 LST. (c, f) Hovmöller diagrams of diurnal precipitation in local time. The 

484 black dashed lines mark the northern coastline of western Java. Hatched areas indicate 

485 regions where differences between SN and WN composites satisfy statistical significance 

486 test (90% confidence levels). Black arrows denote land-to-sea (α) and sea-to-land (β) 

487 propagating systems.

488 Fig. 3 Temporal evolution of 925-hPa winds (vectors) and precipitation (shading) during the 

489 EMP events on (a–d) 8–9 February 2008 (Case 1) and (e–h) 4–5 January 2005 (Case 2), 

490 representing the strong northerly and weak northerly cases, respectively. (a–c) and (e–g) 

491 show full spatial structures that are averaged over the hours noted in local time at the top 

492 of the panels (hours). The Hovmöller diagrams in (d) and (h) show propagating 

493 precipitation associated with EMP events; black arrows denote land-to-sea (β) 

494 propagating systems of interest.

495 Fig. 4 Same as Fig. 3, but for the WRF model simulations. The simulated wind is at 10 m. 

496 Black arrows in (d) and (h) are the simulated land-to-sea (β) propagating systems that are 

497 comparable with the observed propagating systems in Fig. 3.

498 Fig. 5 Time evolution of Case 1 from 00:00–05:00 LST. (a–f) Spatial pattern of hourly 
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499 precipitation (shading) and 10-m horizontal winds (vectors); (g–l) vertical cross sections 

500 of winds (vectors; vertical component multiplied by 40), equivalent potential temperature 

501 (contours), and cloud mixing ratio (shading) along the thick black line from point A to point 

502 B shown in panels (a–f). The x-axis is the distance in km from point X shown in panels 

503 (a–f). For clarity, the equivalent potential temperature has had 343 K subtracted from it. 

504 Blue (red) lines indicate negative (positive) values, with a contour interval of 1.5 K starting 

505 from −0.5 K (0.5 K).

506 Fig. 6 Same as Fig. 5, but for Case 2.

507 Fig. 7 (a–d) Observed and (e–h) simulated features of a unique EMP event that occurred on 

508 19 January 2012 (Case 3). Panels (a–c) and (e–g) show full spatial structures that have 

509 been averaged over the hours shown in local time at the top of the panels. Panels (d) and 

510 (h) show Hovmöller diagrams of precipitation based on the red box shown in Fig. 2. 

511 Shading denotes the rain rate. Vectors denote (a–c) the background wind field at 925 hPa 

512 and (e–g) the hourly wind field at 10 m. 

513 Fig. 8. As in Fig. 5, but for Case 3. Spatial pattern of precipitation at: (a) 16:00 LST, (b) 18:00 

514 LST, (c) 20:00 LST; and vertical cross sections along the thick black line from point A to 

515 point B of winds (vectors; vertical component multiplied by 40), equivalent potential 

516 temperature (contours), and cloud mixing ratio (shading) at: (d) 16:00 LST, (e) 18:00 LST, 

517 and (f) 20:00 LST.

518 Fig. 9. Vertical cross sections of potential temperature anomalies in Case 1 along (a–f) line 

519 A over 19:00–00:00 LST, and (g–l) line B over 19:00–00:00 LST. Pressure levels are given 

520 in hPa. The anomalies are constructed by subtracting the first harmonic of the diurnal 

521 cycle. Regions for lines A and B are shown in top left-hand corner.
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1 Table 1. List of early morning precipitation (EMP) events that are classified into two main 

2 groups and an outlier group based on the background wind. The parameter  is the 𝑉𝐵𝐺

3 925-hPa meridional wind averaged over 105.5°E–108.5°E, 3°S–7.5°S (see Fig. 2). Events 

4 selected for our modelling study are printed in bold.

5

6

Group Criteria Identified Cases # of 
Cases

Strong 

northerlies 

(SN) 

𝑉𝐵𝐺 < ―6.3 𝑚/𝑠 10Feb2001, 01Feb2002, 03Feb2002, 04Feb2002, 10Feb2002, 

12Feb2002, 13Feb2002, 16Feb2002, 26Jan2006, 27Jan2006, 

28Jan2006, 27Feb2006, 01Jan2008, 08Feb2008, 13Feb2008, 

14Feb2008, 18Feb2008, 13Jan2009, 14Jan2013, 17Jan2014, 

18Jan2014, 20Jan2014, 02Feb2014

23

Weak

northerlies 

(WN)

―6.3 𝑚/𝑠 < 𝑉𝐵𝐺 ≤ 0 28Jan2003, 03Jan2004, 04Jan2005, 07Feb2005, 28Jan2007, 

02Feb2008, 04Feb2008, 05Feb2008, 31Jan2009, 09Feb2009, 

14Jan2010, 22Feb2010, 05Jan2013, 20Feb2013, 21Feb2013, 

22Feb2013, 12Jan2014, 01Feb2014, 03Feb2014, 18Feb2014, 

22Jan2016, 29Jan2016, 03Feb2016, 21Feb2016

24

Outliers 𝑉𝐵𝐺 > 0 07Jan2002, 19Jan2012, 03Jan2014 3

Total 50

7
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9 Table. 2 Model configuration (adopted from Fonseca et al. 2015) used in this study for the 

10 simulation of real EMP events (see Fig. 1 for the spatial domain configuration). 

11
12

Betts–Miller– Janji´c (BMJ) SchemeParameterization

D01 (27km) D02 (9km) D03 (3km)

Cumulus BMJ BMJ -

Microphysics WDM5 WDM5 WDM5

PBL MYJ MYJ MYJ

SW-Radiation RRTMG RRTMG RRTMG

LW-Radiation RRTMG RRTMG RRTMG

Surface Layer Monin-Obukhov Monin-Obukhov Monin-Obukhov

Land Surface 4-layer Noah LS 4-layer Noah LS 4-layer Noah LS

13
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Figure 1. Configuration of model domains for simulating precipitation systems over the Maritime Continent. 
The first (D01), second (D02), and third (D03) domain have horizontal resolutions of 27 km, 9 km, and 3 

km, respectively. 
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Figure 2. Composite averages of EMP events classified as (a–c) strong northerly and (d–f) weak northerly 
cases (Table 1). (a, d) Daily mean of the 925-hPa wind field (color shading for the meridional component). 
Red boxes (105.5°E–108.5°E, 3°S–7.5°S) indicate the spatial window for measuring the background wind 

strength. (b, e) EMP rates averaged over 01:00–05:00 LST. (c, f) Hovmöller diagrams of diurnal 
precipitation in local time. The black dashed lines mark the northern coastline of western Java. Hatched 

areas indicate regions where differences between SN and WN composites satisfy statistical significance test 
(90% confidence levels). Black arrows denote land-to-sea (α) and sea-to-land (β) propagating systems. 
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Figure 3 Temporal evolution of 925-hPa winds (vectors) and precipitation (shading) during the EMP events 
on (a–d) 8–9 February 2008 (Case 1) and (e–h) 4–5 January 2005 (Case 2), representing the strong 
northerly and weak northerly cases, respectively. (a–c) and (e–g) show full spatial structures that are 

averaged over the hours noted in local time at the top of the panels (hours). The Hovmöller diagrams in (d) 
and (h) show propagating precipitation associated with EMP events; black arrows denote land-to-sea (β) 

propagating systems of interest. 
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Figure 4. Same as Fig. 3, but for the WRF model simulations. The simulated wind is at 10 m. Black arrows in 
(d) and (h) are the simulated land-to-sea (β) propagating systems that are comparable with the observed 

propagating systems in Fig. 3. 
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Figure 5. Time evolution of Case 1 from 00:00–05:00 LST. (a–f) Spatial pattern of hourly precipitation 
(shading) and 10-m horizontal winds (vectors); (g–l) vertical cross sections of winds (vectors; vertical 

component multiplied by 40), equivalent potential temperature (contours), and cloud mixing ratio (shading) 
along the thick black line from point A to point B shown in panels (a–f). The x-axis is the distance in km 

from point X shown in panels (a–f). For clarity, the equivalent potential temperature has had 343 K 
subtracted from it. Blue (red) lines indicate negative (positive) values, with a contour interval of 1.5 K 

starting from −0.5 K (0.5 K).   
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Figure 7. (a–d) Observed and (e–h) simulated features of a unique EMP event that occurred on 19 January 
2012 (Case 3). Panels (a–c) and (e–g) show full spatial structures that have been averaged over the hours 
shown in local time at the top of the panels. Panels (d) and (h) show Hovmöller diagrams of precipitation 

based on the red box shown in Fig. 2. Shading denotes the rain rate. Vectors denote (a–c) the background 
wind field at 925 hPa and (e–g) the hourly wind field at 10 m. 
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Figure 6. Same as Fig. 5, but for Case 2.                                                                                    

                                                                                      

Figure 6. Same as Fig.5, but for Case 2.       



 

Figure 7. (a–d) Observed and (e–h) simulated features of a unique EMP event that occurred on 19 January 
2012 (Case 3). Panels (a–c) and (e–g) show full spatial structures that have been averaged over the hours 
shown in local time at the top of the panels. Panels (d) and (h) show Hovmöller diagrams of precipitation 

based on the red box shown in Fig. 2. Shading denotes the rain rate. Vectors denote (a–c) the background 
wind field at 925 hPa and (e–g) the hourly wind field at 10 m. 
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Figure 8. As in Fig. 5, but for Case 3. Spatial pattern of precipitation at: (a) 16:00 LST, (b) 18:00 LST, (c) 
20:00 LST; and vertical cross sections along the thick black line from point A to point B of winds (vectors; 
vertical component multiplied by 40), equivalent potential temperature (contours), and cloud mixing ratio 

(shading) at: (d) 16:00 LST, (e) 18:00 LST, and (f) 20:00 LST. 
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Figure 9. Vertical cross sections of potential temperature anomalies in Case 1 along (a–f) line A over 19:00–
00:00 LST, and (g–l) line B over 19:00–00:00 LST. Pressure levels are given in hPa. The anomalies are 

constructed by subtracting the first harmonic of the diurnal cycle. Regions for lines A and B are shown in top 
left-hand corner. 
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