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Abstract 24 

 25 

This study investigated the impact of mixed Rossby-gravity waves (MRGWs) on the 26 

diurnal cycle of precipitation over the southwestern coastal area of Sumatra using data 27 

captured during a pilot field campaign of the Years of the Maritime Continent (YMC) 28 

Project. The study focused on a 19-day period from 24 November to 12 December 2015, 29 

using data from intensive surface observations, radiosondes, a C-band polarimetric radar 30 

collected onboard the research vessel Mirai at 4.067°S, 101.900°E, and data from global 31 

objective analysis. The results indicated a relationship between oscillations with periods 32 

of several days in the intensity of diurnal precipitation and the wind field. Wind 33 

oscillations were attributed to several westward-propagating MRGWs traversing the 34 

study site. Diurnal convection and precipitation over the land and ocean were enhanced 35 

(suppressed) when MRGW-induced offshore (onshore) wind perturbations dominated. 36 

Large-scale low-level convergence and upper-level divergence, stronger sea-breeze flow, 37 

and colder land-breeze flow were also observed with the intensification of MRGW-38 

induced offshore wind perturbations. However, diurnal precipitation displayed a similar 39 

well-defined phase and propagation pattern over the land and ocean, coherent with the 40 

regular evolution of sea- and land-breeze circulations, regardless of wind perturbations 41 

induced by MRGWs. The results suggest that local convergence induced by the land-sea 42 

contrast is mainly responsible for driving the diurnal cycle. Notwithstanding, MRGWs 43 

exert a significant impact on the amplitude of diurnal convection and precipitation by 44 

modulating the large-scale dynamic structure of the atmosphere and the intensity of local 45 

sea- and land-breeze circulations. 46 

  47 
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1. Introduction 48 

 49 

There are widespread diurnal variations of precipitation over the Maritime Continent, 50 

attributed to diurnally forced sea and land breezes (Yang and Slingo 2001; Hadi et al. 51 

2002; Yamanaka 2016). Diurnal convective activity in this region generates a large 52 

amount of heat and is therefore a great source of energy for atmospheric circulation 53 

(Ramage 1968). 54 

Among the islands of Indonesia, diurnal convection over the western and southwestern 55 

coastal areas of Sumatra is extremely active and has received considerable attention. As 56 

illustrated by previous observational studies (e.g., Renggono 2001; Mori et al. 2004; 57 

Kawashima et al. 2006; Sakurai et al. 2011; Yokoi et al. 2017), diurnal cycles of 58 

precipitation around the western and southwestern coastal areas of Sumatra share 59 

common features. Associated with the development of local sea and land breezes, diurnal 60 

precipitation in these regions usually propagates inland and peaks in the afternoon, 61 

followed by migration offshore and the reinforcement of precipitation over the nearby 62 

ocean at night. New convection can be generated successively over the sea-breeze front 63 

during the afternoon and over the land-breeze front overnight. 64 

The amount of rainfall over the ocean west of Sumatra during nighttime can be much 65 

larger as compared with that of afternoon rainfall over land (Mori et al. 2004). It is thought 66 

that diurnal convection over land during afternoon hours plays an important role in 67 

enhancing nighttime convection and rainfall over the ocean. Several physical mechanisms 68 

for this enhancement have been proposed, including the seeder-feeder process over the 69 

ocean induced by the anvil clouds of land convection (Mori et al. 2004), the enhancement 70 

of the land breeze due to afternoon convection over land (Wu et al. 2009; Sakurai et al. 71 
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2011), and the intensification of updrafts over the ocean caused by gravity waves 72 

emanating from land convection (Mori et al. 2004; Yokoi et al. 2017). Sakurai et al. (2011) 73 

also found that a larger precipitation system formed over the ocean following the merger 74 

of the precipitation system migrating from the land with newly generated ocean 75 

convection. 76 

Large-scale atmospheric disturbances propagating over Sumatra exert an influence on 77 

the phase, amplitude, migration, and morphology of local diurnal precipitation. Many 78 

studies have detailed the modulation of the diurnal cycle of precipitation around Sumatra 79 

associated with convectively inactive and active phases of intraseasonal oscillation or the 80 

Madden-Julian Oscillations (MJO; Madden and Julian 1972), which traverse the region 81 

episodically over dozens of days (e.g., Kawashima et al. 2006; Ichikawa and Yasunari 82 

2007; Hamada et al. 2008; Fujita et al. 2011; Mori et al. 2011; Rauniyar and Walsh 2011; 83 

Kamimera et al. 2012; Peatman et al. 2014; Vincent and Lane 2017). However, to date, 84 

few studies have investigated the variability of local diurnal precipitation associated with 85 

higher-frequency tropical waves that traverse Sumatra over several days. 86 

Baranowski et al. (2016) found that if convectively coupled Kelvin waves arrived in 87 

phase with the diurnal cycle over Sumatra, then diurnal precipitation was enhanced by a 88 

factor > 5. Mixed Rossby-gravity waves (MRGWs) are another high-frequency tropical 89 

wave traversing Sumatra (Widiyatmi et al. 2001; Takasuka, et al. 2019). Although 90 

Kawashima et al. (2011) emphasized the role of a westward-propagating MRGW in the 91 

formation of damaging surface winds under a mesoscale convective system in western 92 

Sumatra, little is known about the modulation of diurnal precipitation around Sumatra as 93 

the result of MRGWs. 94 

During a pilot field campaign of the Years of the Maritime Continent (YMC) Project 95 
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(Yokoi et al. 2017), intensive observations using the research vessel Mirai were conducted 96 

in the Indian Ocean, approximately 50 km off the southwestern coast of Sumatra, from 97 

late November to mid-December 2015. During the early and middle stages of the 98 

observation period, precipitation demonstrated a pronounced diurnal cycle over both the 99 

land and ocean (Yokoi et al. 2017). As shown in section 3 of this study, several MRGWs 100 

traversed the region and induced episodic and distinct large-scale background circulation 101 

over Sumatra during this period. The aim of this study is to investigate the variability of 102 

the diurnal cycles of precipitation and local environment associated with MRGWs around 103 

the southwestern coast of Sumatra. 104 

 105 

2. Data and methods 106 

 107 

Surface observations, radiosonde flights, and measurements using a C-band 108 

polarimetric radar onboard the research vessel Mirai were conducted in the Indian Ocean 109 

at 4.067°S, 101.900°E (Fig. 1). The Mirai polarimetric radar has been operated since the 110 

summer of 2014 (Katsumata 2014). Table 1 shows major operating characteristics of the 111 

Mirai polarimetric radar. 112 

This study analyzed data from 0000 UTC 24 November to 0000 UTC 13 December 113 

2015, when diurnal convection was pronounced over the observation site (Yokoi et al. 114 

2017). Radiosonde observations were conducted on a 3-hourly basis, and the shipborne 115 

polarimetric radar performed volume scans every 6 min in elevation angles from 0.5° to 116 

40° (or 33.5°). The radar range of volume scans was 100 km (Fig. 1). The attenuation of 117 

reflectivity was corrected using the linear differential phase method (Bringi et al. 1990), 118 

with an attenuation correction coefficient of 0.072 being obtained experimentally by 119 
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applying the method of Carey et al. (2000) to the observed data. 120 

Volume-scan data of the radar were interpolated onto Cartesian grids using a Cressman 121 

(1959) weighting scheme, with horizontal and vertical grid intervals of 1 and 0.5 km, 122 

respectively. Reflectivity data at an altitude of 2 km were used for convective-stratiform 123 

partitioning (Yuter and Houze 1998) and rainfall estimation through the reflectivity-124 

rainfall rate relationship suggested by Keenan et al. (2000). As it is not possible to validate 125 

rainfall estimations over the ocean, radar-derived rainfall was analyzed only in a relative 126 

sense. Frequency-altitude diagrams (FADs) of reflectivity with an interval of 1 dBZ were 127 

constructed following Yuter and Houze (1995). Similar to Mandapaka et al. (2013), each 128 

FAD was normalized using the total number of occurrences. 129 

Large-scale conditions during the study period were ascertained from grid point values 130 

of global objective analysis data (hereafter called GPV data) from the Japan 131 

Meteorological Agency (Nakagawa 2009). To isolate large-scale disturbances associated 132 

with MRGWs, a Lanczos bandpass filter of 211 weights (Duchon 1979) was applied both 133 

in time and zonal space. Based on previous studies (e.g., Wheeler and Kiladis, 1999; 134 

Roundy and Schreck, 2009), the filter included periods of 3.5–5.5 days and wavenumbers 135 

of 1–20. 136 

 137 

3. Variations of precipitation and large-scale circulation during the study period 138 

 139 

Figure 2a shows a time series of radar-derived volume rainfall, which is defined as the 140 

integral of the multiplication of rainfall rate at each pixel by the pixel area and is 141 

commonly used to assess the temporal variability of local precipitation (e.g., Lang et al. 142 

2007; Jackson et al. 2009). Figure 2a indicated a pronounced diurnal cycle and peak 143 
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diurnal rainfall characterized by multiday variations. To characterize the variability of this 144 

diurnal cycle, a volume rainfall threshold was used to designate precipitation as having a 145 

strong or weak diurnal cycle. The value of the threshold was set to 38.6 m hr-1 km2, which 146 

was twice as high as the standard deviation of volume rainfall. Based on this designation, 147 

there were 10 (9) days with a strong (weak) diurnal cycle. 148 

The low-level shore-normal wind component observed by radiosonde exhibited 149 

pronounced diurnal variation (Fig. 2b). A relationship existed between the intensification 150 

of offshore winds (negative values) from the lower to upper troposphere and the 151 

occurrence of strong diurnal precipitation. Low-level offshore wind shear (negative 152 

values) was enhanced on days with a strong diurnal cycle (Fig. 2c). Specific humidity 153 

derived from radiosonde data also exhibited pronounced diurnal variation (Fig. 2d). From 154 

1 to 7 December, relatively dry air, as evidenced by a decrease in specific humidity, was 155 

observed in the 800–400-hPa layer. However, the decrease in humidity was not as drastic 156 

as the dry-air intrusion induced by MRGWs (e.g., Numaguti et al. 1995; Yasunaga et al. 157 

2010).  158 

Figure 3 shows the bandpass-filtered 700-hPa wind field from the GPV data. During 159 

strong diurnal cycles, northeasterly (offshore) wind perturbations dominated over the 160 

radar domain (Fig. 3a). Conversely, southwesterly (onshore) wind perturbations prevailed 161 

during weak diurnal cycles (Fig. 3b). Northeasterly and southwesterly winds around the 162 

study site blew from and into the equatorial region, respectively, where they were 163 

sandwiched between two counter-rotating gyres. These circulation patterns match the 164 

structures of MRGWs (Wheeler and Kiladis 1999; Kiladis et al. 2009). Consequently, 165 

wind fluctuations around the study site can be attributed to the passage of MRGWs. 166 

MRGW-induced meridional wind oscillations over Sumatra propagated from the region 167 
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east of 110°E (Fig. 3c); most came from the Pacific Ocean, consistent with the findings 168 

of Widiyatmi et al. (2001). 169 

Strong (weak) diurnal cycles occurred with the intensification of MRGW-induced 170 

offshore (onshore) wind perturbations (Fig. 3d). The coincidence of strong (weak) diurnal 171 

cycles and the intensification of offshore (onshore) wind perturbations was also evident 172 

in Fig. 4a. These results are consistent with sounding data (Fig. 2b), which showed the 173 

intensification of offshore winds during strong diurnal cycles. In particular, period-174 

averaged wind perturbations in the middle troposphere were offshore (onshore) in each 175 

period of strong (weak) diurnal cycles (Fig. 4b). 176 

Shore-normal wind perturbations tilted with time (or eastward) in the 700–400-hPa 177 

layer, and then tilted westward in the upper troposphere (Fig. 4a). Such vertical tilt of 178 

wind perturbations is consistent with the vertical structure of MRGWs observed in other 179 

regions (Takayabu and Nitta 1993; Kiladis et al. 2009). During strong diurnal cycles, 180 

MRGW-induced offshore 1000–700-hPa wind shear (negative values) was enhanced (Fig. 181 

4c), consistent with the enhancement of low-level offshore wind shear shown by sounding 182 

data (Fig. 2c). 183 

Around the study site, low-level convergence and divergence were enhanced with the 184 

intensification of offshore and onshore wind perturbations, respectively (Figs. 4a and 4d), 185 

consistent with low-level off-equatorial convergence in the off-equatorial flow and 186 

divergence in the equatorward flow induced by MRGWs (Kiladis et al. 2009). Upper-187 

level divergence and convergence were also enhanced with the intensification of offshore 188 

and onshore wind perturbations, respectively. Strong diurnal cycles were highly 189 

correlated with the appearance of MRGW-induced low-level convergence and upper-190 

level divergence (Fig. 4d). Conversely, weak diurnal cycles occurred with the formation 191 
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of MRGW-induced low-level divergence and upper-level convergence. These features 192 

were more apparent in the period-averaged divergence field (Fig. 4e). Updrafts and 193 

downdrafts developed in association with offshore and onshore wind perturbations, 194 

respectively (Figs. 4a and 4f). Notably, strong (weak) diurnal cycles occurred with the 195 

development of deep updrafts (downdrafts). 196 

Mean thermodynamic profiles (Figs. 5a and 5b) indicated that the stratification of the 197 

atmosphere was similar on days with either strong or weak diurnal precipitation cycles. 198 

In both cases, the atmosphere was relatively moist and conditionally unstable, featuring 199 

moderate values of convective available potential energy (CAPE) and small values of 200 

convective inhibition (CIN). 201 

The above results suggest that the radar-derived strong and weak diurnal cycles are 202 

mainly driven by offshore and onshore wind oscillations, respectively, induced by the 203 

propagation of MRGWs. Hereafter, offshore and onshore wind regimes induced by 204 

MRGWs are referred to as MRGW-offshore and MRGW-onshore wind regimes, 205 

respectively. In the following two sections, diurnal precipitation cycles and the local 206 

environment are compared between the radar-derived strong and weak diurnal cycles, in 207 

other words, between the MRGW-offshore and MRGW-onshore wind regimes, 208 

respectively. 209 

 210 

4. Mean diurnal cycle of radar echoes under different regimes 211 

 212 

4.1 Horizontal distribution of occurrence frequency 213 

 214 

Figure 6 shows the evolution of the horizontal distribution of hourly occurrence 215 
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frequency, which was calculated based on number of reflectivity measurements 216 

exceeding 10 dBZ divided by the total number of observations within an hour. In both the 217 

MRGW-offshore and MRGW-onshore wind regimes, areas of higher occurrence 218 

frequencies of convective and stratiform echoes emerged over land in the afternoon. The 219 

areas of higher occurrence frequencies of radar echoes moved away from the coast in the 220 

early evening (~1900 LST, LST = UTC + 7), developed over the offshore regions before 221 

midnight (~2200 LST), and then diminished after midnight. These behaviors of the 222 

occurrence frequency suggest that in general, the timing and location of the formation, 223 

development, and decay of diurnal precipitation in both regimes are similar. 224 

During the MRGW-offshore wind regime, the magnitude and areal coverage of the 225 

occurrence frequency of convective and stratiform echoes after 1600 LST were 226 

consistently larger as compared with the MRGW-onshore wind regime. This difference 227 

suggests that the MRGW-offshore wind regime facilitates more active convection and 228 

widespread precipitation. 229 

 230 

4.2 Vertical distribution of occurrence frequency 231 

 232 

Vertical sections of the occurrence frequency of convective echoes are shown in Fig. 233 

7. In both regimes, the regions of higher occurrence frequencies featured landward 234 

advection in the afternoon and seaward advection from the early evening (~1700 LST). 235 

These features of the occurrence frequency imply that on average, diurnal convection in 236 

both regimes propagates inland in the afternoon and propagates offshore during nighttime, 237 

similar to the findings of Mori et al. (2004). As evidenced by the emergence of new and 238 

independent regions with higher occurrence frequencies, the preferential locations for 239 
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new convection were also similar in both regimes. New convection was triggered on the 240 

inland side of existing convection during the early afternoon (1300–1500 LST). From the 241 

late afternoon (~1600 LST), new convection formed on both the offshore and inland sides 242 

of existing convection. Similar to the findings of Sakurai et al. (2011), in both regimes, a 243 

merger of the convection migrating from the land with newly generated convection 244 

offshore was apparent overnight. 245 

The vertical extent of convective echoes differed between the two regimes (Fig. 7). 246 

Occurrence frequencies of ≧ 12% extended beyond an altitude of 14 km at 1500–1600 247 

LST during the MRGW-offshore wind regime (Fig. 7a); however, they did not reach 12.5 248 

km during the MRGW-onshore wind regime (Fig. 7b). Furthermore, occurrence 249 

frequencies of ≧ 24% could reach as high as 10 km over both the land and ocean during 250 

the MRGW-offshore wind regime, while the maximum occurrence frequency was less 251 

than 24% during the MRGW-onshore wind regime. These results imply the development 252 

of deeper diurnal convection during the MRGW-offshore wind regime as compared with 253 

the MRGW-onshore wind regime. 254 

  Figure 8 shows the vertical distribution of the hourly occurrence frequency of specific 255 

differential phase (KDP) exceeding 0.3° km-1 in stratiform echoes. This threshold of KDP 256 

is above the typical measurement error of KDP at C band (~0.2° km-1; e.g., Bechini et al. 257 

2013). The calculation of the occurrence frequency of KDP is similar to that of the 258 

reflectivity shown in section 4.1. For both regimes, stratiform precipitation was 259 

characterized by a region of high frequency centered near an altitude of 10 km, where the 260 

temperature was approximately −30°C. This result implies the enhancement of KDP 261 

values in the ice region of stratiform precipitation. 262 

As indicated by previous studies (e.g., Bechini et al. 2013), the elevated region of 263 
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enhanced KDP in stratiform precipitation is related to an increase in the concentration 264 

and/or the growth of ice hydrometeors. Comparing Fig. 8 with Fig. 7 revealed that the 265 

enhancement of KDP aloft in stratiform precipitation was associated with the development 266 

of convective precipitation, indicating that the enhancement of snow and ice particles 267 

aloft by deep convection (e.g., Houze 1989) plays an important role in the development 268 

of stratiform precipitation in both regimes. 269 

The magnitudes and vertical and horizontal extensions of the frequency of higher KDP 270 

values aloft in stratiform precipitation were much larger during the MRGW-offshore wind 271 

regime as compared with the MRGW-onshore wind regime (Fig. 8). These differences 272 

were most prominent at night over the ocean, where diurnal convection occurred over a 273 

much larger area under the MRGW-offshore wind regime (Fig. 7a). These results suggest 274 

that under the MRGW-offshore wind regime, stratiform clouds involve more robust ice 275 

hydrometeors. 276 

 277 

4.3 Frequency-altitude diagram 278 

 279 

Convective FADs during the MRGW-offshore and MRGW-onshore wind regimes are 280 

shown in Figs. 9a and 9b, respectively. Before 1600 LST, when diurnal convection mainly 281 

occurred over land (Fig. 6), convective FADs in both regimes exhibited relatively high 282 

occurrence of reflectivity values of > 40 dBZ. Over land, mean convective reflectivity 283 

values near the surface during the MRGW-offshore wind regime were slightly larger as 284 

compared with those during the MRGW-onshore wind regime. From 1900 to 0400 LST, 285 

when diurnal convection occurred mainly over the ocean (Fig. 6), convective FADs 286 

indicated that the occurrence of reflectivity values of > 40 dBZ in the MRGW-offshore 287 
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wind regime was larger as compared with those in the MRGW-onshore wind regime. 288 

Over the ocean, mean convective reflectivity values near the surface under the MRGW-289 

offshore wind regime were approximately 2 dBZ larger than those of the MRGW-onshore 290 

wind regime. These results indicate that diurnal convection, especially that which evolves 291 

over the ocean, is stronger under the MRGW-offshore wind regime than under the 292 

MRGW-onshore wind regime. 293 

  Figures 9c and 9d showed that the occurrence of relatively high reflectivity was 294 

enhanced above the melting level (~5 km) in stratiform FADs for both regimes, related to 295 

increased reflectivity aloft in convective FADs (Figs. 9a and 9b). The enhancement of 296 

stratiform reflectivity above the melting level occurred below the region with an increased 297 

presence of higher KDP values (Fig. 8), and was concentrated at heights of 6–8 km, where 298 

environmental temperatures ranged from −5 to −17°C. These results imply that the 299 

enhancement of stratiform reflectivity above the melting level can be attributed to 300 

processes such as aggregation (Houze 1993; Bechini et al. 2013). Similar to previous 301 

studies (e.g., Kennedy and Rutledge 2011; Kumjian and Lombardo 2017), the 302 

enhancement of KDP and reflectivity values above the melting level was also linked to an 303 

increase in the intensity of stratiform echoes below the melting level. This linkage 304 

suggests that the development of ice hydrometeors in stratiform clouds leads to the 305 

intensification of stratiform precipitation. 306 

  Stratiform FADs showed that the occurrence of reflectivity values of > 30 dBZ under 307 

the MRGW-offshore wind regime was larger as compared with that of the MRGW-308 

onshore wind regime (Figs. 9c and 9d). Mean stratiform reflectivity values below 8 km 309 

during the MRGW-offshore wind regime were also larger than those during the MRGW-310 

onshore wind regime. At 2200 LST, mean near surface stratiform reflectivity values 311 
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during the MRGW-offshore wind regime were approximately 4 dBZ larger as compared 312 

with those during the MRGW-onshore wind regime. These results suggest that diurnal 313 

stratiform precipitation during the MRGW-offshore wind regime was also stronger as 314 

compared with the MRGW-onshore wind regime. 315 

 316 

5. Mean diurnal cycle of rainfall and local environment under different regimes 317 

 318 

5.1 Volume rainfall 319 

 320 

  The time series of convective volume rainfall indicated that both regimes displayed 321 

two major diurnal peaks (Figs. 10a and 10b). The first peak occurred near 1500 LST and 322 

the second near 2200 LST, coinciding with convection development over the land and 323 

ocean, respectively (Fig. 6). There was a tendency for stratiform rainfall to peak following 324 

convective rainfall (Figs. 10a and 10b), in agreement with the result of enhanced 325 

stratiform precipitation following convection, as shown in section 4 (Figs. 7 and 8). These 326 

results indicate that the phase of the diurnal cycle is similar for both regimes. The peak 327 

timings of land and ocean based diurnal precipitation are consistent with previous studies 328 

(e.g., Mori et al. 2004; Kawashima et al. 2006; Sakurai et al. 2011; Yokoi et al. 2017). 329 

  The volume rainfall of convective and stratiform precipitation over both the land and 330 

ocean during the MRGW-offshore wind regime were much larger as compared with the 331 

MRGW-onshore wind regime. The two convective rainfall peaks of the MRGW-offshore 332 

wind regime were at least twice as high as those of the MRGW-onshore wind regime and 333 

a similar pattern was apparent for stratiform rainfall peaks. These results indicate that the 334 

amplitude of diurnal precipitation differs markedly between the two regimes, leading to 335 
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the conclusion that the MRGW-offshore wind regime is favorable for the occurrence of 336 

more intense rainfall over both the land and ocean. 337 

 338 

5.2 Local environment 339 

 340 

The development of a sea-breeze circulation was common in both regimes. Low-level 341 

onshore flow (i.e., the sea-breeze flow) over the study site intensified after 1100 LST 342 

(Figs. 10c, 10d, 10g, and 10h). Offshore flow above the sea-breeze flow, which peaked 343 

between 850 and 800 hPa, was associated with the sea-breeze return flow. In both regimes, 344 

the development of diurnal convection over land and its landward movement in the 345 

afternoon (Figs. 7, 10a, and 10b) were coincident with the regular development of the 346 

sea-breeze flow. 347 

However, the magnitudes of both the sea-breeze flow and return flow during the 348 

MRGW-offshore wind regime were larger as compared with the MRGW-onshore wind 349 

regime. The maximum speed of the surface sea-breeze flow reached 4 m s-1 during the 350 

MRGW-offshore wind regime, and approximately 2 m s-1 during the MRGW-onshore 351 

wind regime (Figs. 10g and 10h), indicating that the sea-breeze circulation is stronger 352 

under the MRGW-offshore wind regime. Figure 11 showed that compared with the 353 

MRGW-onshore wind regime, the sea-breeze circulation during the MRGW-offshore 354 

wind regime was coincident with a larger shore-normal temperature gradient at low levels 355 

over the coastal ocean. 356 

A land-breeze circulation also developed regularly in both regimes. The offshore 357 

propagation of diurnal convection from ~1700 LST (Fig. 7) was coincident with a 358 

decrease in low-level onshore flow over the study site (Figs. 10c, 10d, 10g and 10h), 359 
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suggesting the development of a land breeze in the early evening. The land-breeze 360 

circulation was observed over the study site after 2000 LST, as evidenced by the 361 

appearance of a relatively intense offshore flow near the surface and onshore flow aloft 362 

(~900 hPa). The reinforcement of convective rainfall over the ocean in both regimes (Figs. 363 

10a and 10b) was coincident with the regular development of low-level offshore flow (i.e., 364 

the land-breeze flow).  365 

  While the magnitude of the land-breeze flow in both regimes was comparable, the land-366 

breeze flow in the MRGW-offshore wind regime was colder as compared with the 367 

MRGW-onshore wind regime (Figs. 10c, 10d, 10e, and 10f). At 2200 LST, when 368 

convective rainfall peaked over the ocean (Figs. 10a and 10b), mean surface temperature 369 

at the observational site was 25.9°C during the MRGW-offshore wind regime and 27.8°C 370 

during the MRGW-onshore wind regime (Figs. 10g and 10h). The colder land-breeze flow 371 

during the MRGW-offshore wind regime can be attributed to cooling induced by stronger 372 

and more widespread precipitation (Wu et al. 2009; Sakurai et al. 2011). 373 

 374 

6. Enhancement of diurnal precipitation by MRGWs 375 

 376 

It appears that the MRGW-offshore wind regime favors the development of intense 377 

diurnal convection and precipitation (Figs. 7, 10a and 10b). The presence of low-level 378 

convergence and upper-level divergence during the MRGW-offshore wind regime (Fig. 379 

4e) is crucial for intense diurnal precipitation, because such a large-scale dynamic 380 

structure of the atmosphere is crucial for the growth of convection in the tropics (e.g., 381 

Cotton and Anthes 1989). 382 

Sea- and land-breeze circulations are the two local circulations primarily responsible 383 
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for triggering diurnal cycles of precipitation over Sumatra. Through interactions with 384 

these local circulations, the intensification of the offshore wind component and low-level 385 

offshore wind shear during the MRGW-offshore wind regime can also favor the 386 

development of intense diurnal convection and precipitation; this is due to two main 387 

aspects. 388 

First, the coincidence of the larger shore-normal gradient of temperature and the 389 

stronger sea-breeze flow during the MRGW-offshore wind regime (Figs. 10c and 11a) 390 

implies that the intensification of large-scale offshore winds in this regime (Fig. 4a) 391 

facilitates the strengthening of the shore-normal gradient of temperature, thereby 392 

benefiting the development of the sea breeze through frontogenesis. Such a process is 393 

similar to the influence of large-scale winds on sea breeze illustrated by previous studies 394 

(e.g., Bechtold et al. 1991; Arritt 1993; Atkins and Wakimoto 1997). In turn, the enhanced 395 

sea breeze facilitates the development of strong diurnal convection and precipitation over 396 

land (Figs. 7a and 10a) and the formation of the colder land breeze (Fig. 10e). 397 

In addition, since the circulation associated with offshore wind shear rotates in the 398 

opposite direction to the land-breeze circulation, the enhancement of low-level offshore 399 

wind shear during the MRGW-offshore wind regime (Figs. 2c and 4c) is effective in 400 

countering the colder land-breeze circulation, thereby promoting deeper lifting at low 401 

levels and the development of intense diurnal convection and precipitation over the ocean 402 

through the cold-pool-shear interaction process (Rotunno et al. 1988, Weisman and 403 

Rotunno 2004). 404 

 405 

7. Summary and conclusions 406 

 407 



17 

 

Modulation of the diurnal cycle of precipitation over the southwestern coastal area of 408 

Sumatra by westward-propagating mixed Rossby-gravity waves (MRGWs) was 409 

investigated. The variability of diurnal precipitation and local environment from 24 410 

November to 12 December 2015 was analyzed using data from intensive surface 411 

observations, radiosondes, and a C-band polarimetric radar collected onboard the research 412 

vessel Mirai at 4.067°S, 101.900°E. Data were obtained during a pilot field campaign of 413 

the Years of the Maritime Continent (YMC) Project. Large-scale background conditions 414 

during this period were ascertained from global objective analysis data from the Japan 415 

Meteorological Agency. 416 

Several westward-propagating MRGWs traversed the study site, inducing distinct 417 

offshore and onshore wind regimes. Around the study site, large-scale low-level 418 

convergence, upper-level divergence, and associated deep updrafts occurred in the 419 

MRGW-offshore wind regime, whereas large-scale low-level divergence, upper-level 420 

convergence, and associated deep downdrafts occurred in the MRGW-onshore wind 421 

regime. Low-level offshore wind shear was intensified during the MRGW-offshore wind 422 

regime. Local circulations also varied; the sea-breeze flow coincident with the larger 423 

shore-normal gradient of temperature was stronger and the land-breeze flow associated 424 

with deeper convection was colder in the MRGW-offshore wind regime as compared with 425 

the MRGW-onshore wind regime. 426 

In contrast to their distinctive large-scale dynamic structures, the mean thermodynamic 427 

stratification of the free troposphere over the study site displayed no marked difference 428 

between the two regimes. The free atmosphere in both regimes was relatively moist and 429 

conditionally unstable, featuring moderate values of convective available potential energy 430 

and small values of convective inhibition. 431 
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The intensity of diurnal precipitation was characterized by multiday variations and a 432 

relationship between these variations and the wind oscillations induced by MRGWs was 433 

apparent. Compared with the MRGW-onshore wind regime, diurnal convection was more 434 

active and widespread and convective precipitation more intense during the MRGW-435 

offshore wind regime. Accompanied by deeper, stronger, and more widespread diurnal 436 

convection of the MRGW-offshore wind regime, stratiform clouds also exhibited more 437 

robust ice hydrometeors, leading to increased diurnal stratiform precipitation in this 438 

regime. 439 

However, diurnal precipitation under both regimes displayed a similar well-defined 440 

phase and propagation pattern over both the land and ocean, regardless of the wind regime 441 

induced by MRGWs. In both regimes, diurnal precipitation moved inland and peaked 442 

over land in the afternoon, moving seaward from the early evening and peaking again 443 

over the ocean at night. Both regimes saw the regular development of local sea- and land-444 

breeze circulations from the late morning and early evening, respectively. Consequently, 445 

the diurnal cycle and propagation of precipitation in both regimes evolved in coherence 446 

with the regular evolution of sea- and land-breeze circulations. 447 

Our analysis suggests that local convergence induced by the land-sea contrast is mainly 448 

responsible for driving the diurnal cycle. At the same time, MRGWs can exert a 449 

significant influence on the amplitude of diurnal convection and precipitation by 450 

modulating the large-scale dynamic structure of the atmosphere, the intensity of local sea- 451 

and land-breeze circulations, and the ability of these local circulations to trigger intense 452 

convection. Detailed processes related to the modulation of diurnal convection and 453 

precipitation by MRGWs need to be investigated thoroughly in the future. 454 

 455 
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 621 

Item Description 

Frequency 5370 MHZ 

Antenna diameter 4 m 

Antenna gain 45 dB 

3-dB beamwidth 1.0° 

Transmitter type Solid-state 

Pulse configuration Using pulse-compression 

Polarization Simultaneous H and V 

Peak power 6 kW per polarization 

Receiver dynamic range 110 dB 

Minimum detectable signal -111 dBm 

Pulse width 1 μs (range < 12 km) and 64 μs (range ≥ 12 km) for Elv. ≤ 0.5° 

1 μs (range < 7.95 km) and 32 μs (range ≥ 7.95 km) for 0.5° < Elv. ≤ 15.2° 

1 μs (range < 7.2 km) and 32 μs (range ≥ 7.2 km) for Elv. > 15.2° 

PRF 667/833 Hz for Elv. ≤ 0.5° 

938/1250 Hz for 0.5° < Elv. ≤ 15.2° 

1333/2000 Hz for Elv. > 15.2° 

 622 

Table 1. Major operating characteristics of the polarimetric radar onboard the research 623 

vessel Mirai. 624 

 625 

 626 
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 628 

Figure 1. Topographical map of the study site. The circle radius is 100 km from the 629 

research vessel Mirai, showing the range of the radar data. Arrows indicate shore-normal 630 

and shore-parallel directions as labelled. 631 

 632 

 633 

  634 
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 635 

Figure 2. (a) Time series of volume rainfall (black curve; m hr-1 km2) estimated from radar 636 

data. The red curve indicates the 1.5-day running mean. The horizontal dashed line 637 

indicates a volume rainfall of 38.6 m hr-1 km2. (b) Time-height section of the anomalous 638 

shore-normal wind component (color shades; m s-1) observed by radiosonde. White areas 639 

denote missing data due to the loss of the radiosonde signal. (c) Time series of the 640 

anomalous shore-normal 1000–850-hPa wind shear (curve; 10-3 s-1) observed by 641 

radiosonde. (d) Same as (b), but for anomalous specific humidity (color shades; g kg-1). 642 

An anomaly is defined as a deviation from the mean value of the study period. In (b–c), 643 

positive (negative) values represent the component toward land (sea). Horizontal red bars 644 

at the top of each panel indicate days with a maximum volume rainfall of > 38.6 m hr-1 645 

km2. 646 

 647 

 648 

  649 
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 650 

Figure 3. (a) Mean 700-hPa stream function (blue contours; 105 m2 s-1) and wind (vectors; 651 

m s-1) derived from the bandpass-filtered global objective analysis (GPV) data during 652 
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days with a maximum volume rainfall of > 38.6 m hr-1 km2. The circle indicates the radar 653 

domain and land areas are shaded in grey. (b) Same as (a), but for days with a maximum 654 

volume rainfall of ≦ 38.6 m hr-1 km2. (c) Time-longitude diagram of the 700-hPa 655 

meridional wind component (contours; m s-1) derived from the bandpass-filtered GPV 656 

data. Negative values (northerly wind perturbations) are shaded in grey. Wind data are 657 

averaged from 5°S to 5°N. The location of the research vessel Mirai is indicated by a 658 

black vertical line. Vertical red bars illustrate days with a maximum volume rainfall of > 659 

38.6 m hr-1 km2. (d) Same as (c), but for the shore-normal wind component (contours; m 660 

s-1) averaged from 5.5°S to 2.5°S. Negative values (offshore wind perturbations) are 661 

shaded in grey. 662 

 663 

  664 
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 665 

Figure 4. (a) Time-height section of the shore-normal wind component (contours; m s-1) 666 

derived from the bandpass-filtered global objective analysis (GPV) data. Offshore and 667 

onshore wind perturbations are shaded in yellow and green, respectively. Wind data are 668 

averaged around the study site, from 100°E to 103°E and 5.5°S to 2.5°S. (b) Time series 669 

of the period-averaged 700–500-hPa shore-normal wind component (yellow bars for 670 

offshore winds and green bars for onshore winds; m s-1) derived from the data shown in 671 

(a). (c) Time series of the shore-normal 1000–700-hPa wind shear (curve; 10-4 s-1) derived 672 

from the data shown in (a). (d) Same as (a), but for horizontal divergence (contours; 10-6 673 

s-1). Convergence and divergence perturbations are shaded in yellow and green, 674 

respectively. (e) Time series of period-averaged divergence (10-6 s-1) at 850 hPa (yellow 675 

bars) and 150 hPa (green bars) derived from the data shown in (d). (f) Same as (a), but 676 

for vertical p-velocity (contours; 10-2 Pa s-1). Upward and downward motion perturbations 677 
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are shaded in yellow and green, respectively. Horizontal red bars at the top of each panel 678 

indicate days with a maximum volume rainfall of > 38.6 m hr-1 km2. 679 

 680 

  681 
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 682 

Figure 5. (a) Skew-T log-P diagram of mean temperature (bold solid curve; °C) and dew-683 

point temperature (bold dashed curve; °C) observed by radiosonde during days with a 684 

maximum volume rainfall of > 38.6 m hr-1 km2. The grey shaded region indicates the 685 

positive area of convective available potential energy based on lifting a pseudo-adiabatic 686 

parcel from mixed layer. (b) Same as (a), but during days with a maximum volume rainfall 687 

of ≦ 38.6 m hr-1 km2. 688 

 689 

 690 

 691 
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 693 
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Figure 6. (a–b) Evolution of hourly occurrence frequency (color shades; %) centered at 694 

the time labeled in each panel with reflectivity values of ≧ 10 dBZ at an altitude of 2 km 695 

for (a) convective echoes and (b) stratiform echoes during the mixed Rossby-gravity 696 

waves (MRGW)-offshore wind regime. The region between the two straight lines is used 697 

to determine the mean shore-normal vertical sections shown in Figs. 7 and 8 and the 698 

coastline is indicated by a grey curve. (c–d) Same as (a–b), but during the MRGW-699 

onshore wind regime.  700 

 701 

  702 
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 703 

Figure 7. (a) Shore-normal vertical sections of hourly occurrence frequency (color 704 

shades; %) centered at the time labeled in each panel for convective echoes with 705 

reflectivity values of ≧ 10 dBZ during the mixed Rossby-gravity waves (MRGW)-706 
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offshore wind regime. The frequency is averaged in the shore-parallel direction between 707 

the two straight lines shown in Fig. 6 and traced by purple lines. The vertical dashed line 708 

indicates the approximate location of the shore. (b) Same as (a), but during the MRGW-709 

onshore wind regime. 710 

 711 

 712 

  713 
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 714 

Figure 8. (a) Shore-normal vertical sections of hourly occurrence frequency (color 715 

shades; %) centered at the time labeled in each panel for stratiform echoes with specific 716 

differential phase (KDP) values of ≧ 0.3° km-1 during the mixed Rossby-gravity waves 717 
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(MRGW)-offshore wind regime. The frequency is averaged in the shore-parallel direction 718 

between the two straight lines shown in Fig. 6. The vertical dashed line indicates the 719 

approximate location of the shore. (b) Same as (a), but during the MRGW-onshore wind 720 

regime. 721 

 722 

 723 

 724 

 725 
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 727 

Figure 9. (a–b) Evolution of the 3-hourly frequency-altitude distribution of convective 728 

echoes (color shades; %) centered at the time labeled in each panel during (a) the mixed 729 

Rossby-gravity waves (MRGW)-offshore wind regime and (b) the MRGW-onshore wind 730 

regime. (c–d) Same as (a–b), but for stratiform echoes. The solid and dashed curves in 731 

each panel represent the profiles of mean reflectivity for the MRGW-offshore and 732 

MRGW-onshore wind regimes, respectively.  733 
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 734 

Figure 10. (left panels) Mean diurnal cycles of rainfall and the local environment 735 

observed onboard the research vessel Mirai during the mixed Rossby-gravity waves 736 

(MRGW)-offshore wind regime as illustrated by (a) the time series of volume rainfall 737 

from convective echoes (red curve; m hr-1 km2) and from stratiform echoes (black curve; 738 

m hr-1 km2), (c) the time-height section of the shore-normal wind component (color 739 

shades; m s-1), (e) the time-height section of anomalous temperature (color shades; °C), 740 
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and (g) the time series of hourly mean surface temperature (red curve; °C) and surface 741 

shore-normal wind speed (black curve; m s-1). A temperature anomaly is defined as the 742 

deviation of temperature from its mean value at each height. Positive (negative) values of 743 

the shore-normal wind component represent onshore (offshore) winds. (right panels) 744 

Same as (left panels), but for mean diurnal cycles during the MRGW-onshore wind 745 

regime. 746 

 747 

 748 
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 751 

Figure 11. (a) Mean 850-hPa distribution of temperature (blue contours; °C) and the 752 

shore-normal gradient of temperature (color shades; 10-3 °C km-1) derived from the global 753 

objective analysis (GPV) data at 1300 LST during the mixed Rossby-gravity waves 754 

(MRGW)-offshore wind regime. The circle indicates the radar domain and land areas are 755 

shaded in grey. (b) Same as (a), but during the MRGW-onshore wind regime. 756 

 757 


