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34 Abstract

35 The structure and climatology of the monsoon low level jet (MLLJ) is studied based on 

36 dynamically downscaled simulations over a 37-year period (1980-2016) using the Weather 

37 Research Forecasting (WRF) model. The simulations are conducted by adopting a continuous 

38 initialization method with daily re-initializations using ERA-Interim data as initial and boundary 

39 conditions. Validation of the downscaled fields with radiosonde data shows that the model has 

40 reasonable skill in reproducing MLLJ characteristics. Analysis of the simulations suggests that 

41 the MLLJ exhibits systematic diurnal variation: maximum winds of the synoptically induced 

42 large-scale monsoon jet occur during the day-time, and the orographic channeled winds through 

43 the mountains of East Africa, Hejaz, and Western Ghats in the night-time. These diurnal changes 

44 in monsoon winds modulate the moisture convergence process and the associated evolution of 

45 rainfall over India. Seasonal and monthly climatology of monsoon winds show that the model 

46 accurately reproduces the spatial pattern of winds and slightly overestimates (2 to 3 m/s) the 

47 mean monthly winds over the Bay of Bengal and Arabian Seas. Analysis of wind variability and 

48 the trends using 37 years simulations suggest that the MLLJ exhibits an increasing trend in wind 

49 speed on both seasonal and monthly scales, except for August which shows a decreasing trend. 

50 The weakening of the MLLJ in August has a profound influence on the number of monsoon 

51 depressions forming over the Bay of Bengal (which are decreasing), and on the number of break 

52 days (which are increasing) and associated precipitation reduction over the central Indian region. 

53 Keywords: Indian Summer Monsoon, Monsoon Low Level Jet, Dynamical Downscaling, 

54 Monsoon Depression, and Rainfall.

55  

56
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57 1. Introduction

58 The Indian summer monsoon (ISM) is an important component of the earth’s climate 

59 system, involving complex interactions between the atmosphere, hydrosphere, and biosphere. 

60 The ISM alone brings 75–80% of India’s annual precipitation from June to September (Jain and 

61 Kumar 2012). India is an agricultural country, and the ability to understand and forecast the 

62 monsoon systems (such as the onset, progression, and withdrawal of the ISM) has a profound 

63 influence on India’s agricultural output, and consequently on its gross domestic product (GDP) 

64 (Gadgil 2006; Sabeerali et al. 2012). The major moisture component of the monsoon circulation 

65 results from the formation of the monsoon low level jet (MLLJ), which is also known as the 

66 Somali jet, or Findlater jet (Findlater 1969), over the western Arabian Sea. 

67 The MLLJ constitutes the strongest low-level cross-equatorial southwesterly wind-flow 

68 confined to a narrow region over the mountains of East Africa, it then turns anti-cyclonically and 

69 forms south-westerly winds off the Somali coast (at 10° N). The MLLJ is formed primarily from 

70 the cross-equatorial flow induced by differential heating in the summer hemisphere (between the 

71 latitudes 20° N and 20° S), which creates pressure gradient forces of heat lows over the Indian 

72 subcontinent and Mascarene High (Murakami 1976; Krishnamurti and Bhalme 1976; Hart 1977). 

73 MLLJ winds blow primarily at heights between 1000 and 4000 m, with a core of jet at around 

74 1500 m above mean sea level (Boos and Emanuel 2009), transport moisture from the southern to 

75 northern hemisphere (Cadet and Reverdin 1989; Roxy et al. 2017), and also control the 

76 formation and maintenance of monsoon inversion layers over the western central Arabian Sea 

77 (Sathiyamoorthy et al. 2013; Dwivedi et al. 2016). The MLLJ also plays a major role in 

78 modulating the amount of rainfall over the Indian subcontinent (Wu et al. 1999), in the active-

79 break monsoon rainfall spells, and intra-seasonal oscillations of the ISM (Sam and Murty 2002; 
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80 Joseph and Sijikumar 2004). Apart from the MLLJ, the strong winds that funneled through 

81 mountain valleys over east Africa region and eastern Arabian Peninsula have a profound 

82 influence on the ISM and associated rainfall (Shown in Figure 1b). For instance, The passage of 

83 warm, dry and dust-laden Shamal winds (from the east Arabian Peninsula), and Levar winds 

84 (through mountains gaps in the southeast Iran) over the cold and moist monsoonal air mass 

85 triggers the development of positive lapse rates and creates the thermal inversion layers over the 

86 western Arabian Sea (Narayanan and Rao, 1989). The formation  of the thermal inversion layers, 

87 called monsoon inversion, play a major role in controlling the moisture budget in the lower and 

88 mid-troposphere over the WAS, and also in transporting moisture towards the Indian 

89 subcontinent (Narayanan and Rao, 1989; Dwivedi et al. 2016; Ramaswamy et al. 2017). The 

90 monsoonal winds funneled through gaps of the east Africa region (ISM winds from the Tokar 

91 gap) strongly constitute to the actual strength and spatial extent of MLLJ over the western 

92 Arabian Sea. It was recently suggested that the branch of the monsoon winds channeling through 

93 the gaps of east African mountains (Tokar and Afar) is a proxy to determine the strength of the 

94 MLLJ (Bryan et al. 2019).

95 Several modelling studies have quantified different physical process associated with the 

96 Somali jet and ISM, such as the role of the east African mountains, latent heating, and 

97 strengthening and maintenance of the jet (e.g., Krishnamurti et al. 1976; Rodwell and Hoskins, 

98 1995; Martin et al. 2013). Modeling efforts using the planetary boundary layer (PBL) model 

99 (Krishnamurti et al. 1976, 1983) have successfully reproduced observed features of the Somali 

100 jet, such as its curvature, peak intensity, and position. Many other numerical studies have 

101 reported the significance of the Somali jet as a cross-equatorial moisture-flux feeding mechanism 
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102 for the ISM and determined its role in creating convective instabilities required for triggering 

103 heavy events over the west coast of India (Raymond 1978; Xavier 2018). 

104 The inter-annual variability of monsoon winds and associated impact on ISM rainfall 

105 (ISMR) has been investigated in recent studies (Sandeep and Ajayamohan 2015; Aneesh and 

106 Sijikumar 2016; Roxy et al. 2017). Wang et al. (2013) reported a significant increasing trend in 

107 the northern hemispheric monsoon rainfall (∼0.08 mm d−1 per decade) due to intensification of 

108 the Hadley and Walker circulations. The study shows that the hemispheric thermal contrast, 

109 which is related to increased meridional pressure gradients, enhances cross-equatorial flow from 

110 the northern to the southern hemisphere and results in increased moisture convergence and 

111 rainfall over the Asian monsoon regions. Aneesh and Sijikumar (2016) showed an increasing 

112 trend for the MLLJ in July and September using three reanalysis datasets (NCEP2, ERAI, and 

113 MERRA). Few studies (Rajendran et al. 2012; Krishnan et al. 2013) have proposed a weakening 

114 mechanism for the monsoon circulation with respect to the increase in stability parameters over 

115 the ISM region; however, the obtained results are not consistent with the increasing trend in 

116 observed rainfall over central India (Goswami, 2006). Nevertheless, Sandeep and Ajayamohan 

117 (2015) reported that the increased land-sea contrast over the ISM region results in a pole-ward 

118 shift of the MLLJ, which in turn shifts associated rainfall over India. In addition, Krishnamurthy 

119 and Ajayamohan (2010) suggested that monsoon trough strengthening and the low-level south-

120 westerly winds enhance moisture transport from the Arabian Sea towards the Indian 

121 subcontinent, thereby providing positive feedback for intensifying rainfall over central India. 

122 Furthermore, Roxy et al. (2017) reported a threefold increase in the number of extreme 

123 precipitation events over central India which is significantly related to the changes in MLLJ over 

124 the Arabian Sea. Their study also quantified the contribution of moisture content to these 
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125 extreme events and their results indicate that about ∼36% from the Arabian Sea, 26% from the 

126 Bay of Bengal and 9% from the central Indian Ocean. This moisture contribution from Indian 

127 seas is mainly through the MLLJ due to the northwestward propagation of the monsoon 

128 depressions (Sandeep and Ajaymohan, 2015). 

129 High-resolution dynamical downscaling using the regional climate models (RCMs) has 

130 facilitated many researchers to conduct a detailed analysis of various physical processes (Giorgi 

131 and Mearns, 1991) and has been utilized in many climate impact studies to reproduce regional 

132 climatic features (e.g., Giorgi, 2006; Hari Prasad et al. 2014; Pattnayak et al. 2013; Srinivas et al. 

133 2013, 2015; Raju et al. 2014; 2015). However, as the RCMs are primarily driven by initial and 

134 boundary conditions from global fields, systematic errors present in the global model often 

135 amplify after downscaling at regional scale (Rojas and Seth, 2003; Viswanadhapalli et al. 2017). 

136 Chen et al. (2018) conducted seasonal simulations of the ISM using the cloud-permitting 

137 Weather Research and Forecasting (WRF) model for a period of five years (2007 to 2011) and 

138 reported that systematic errors are reduced when simulating the monsoon intra-seasonal 

139 oscillations at regional scale. However, the results of this study also indicated significant 

140 quantitative model biases in the downscaled fields which were attributed to the continuous 

141 integration of the RCM on a seasonal scale. To minimize the influence of these systematic model 

142 errors, and to retain the knowledge of the sequence of weather events in the climate flow field 

143 (Lucas-Picher et al. 2013), many researchers have employed the dynamic downscaling technique 

144 with continuous re-initializations in climate downscaling studies (e.g., Lo et al. 2008; Jiang et al. 

145 2009; Lucas-Picher et al. 2013; Viswanadhapalli et al. 2017; Hima Bindu et al. 2018; Dasari et 

146 al. 2019).  
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147 Based on the continuous re-initialization simulations with WRF model, the objective of 

148 this study is to first evaluate the skill of the downscaled fields in re-producing the regional 

149 climatology of the MLLJ and its variability during 1980 and 2016. We then provided the 

150 evidence that the decreasing trend in the number of monsoon depressions forming in August over 

151 the Bay of Bengal due to the decrease tendency in wind strength of the MLLJ and explain its 

152 mechanism. The study is structured as follows. Section 2 describes the model design, 

153 experimental setup, and observational datasets; Section 3 presents the validation of the 

154 downscaled simulations based on the gridded reanalysis datasets and radiosonde observations, 

155 and followed by the analysis of spatial and temporal variability of MLLJ. Section 4 summarizes 

156 the main results of this study and offers concluding remarks.

157 2. Data and methodology

158 The Advanced Research core of WRF (WRF-ARW) version 3.9.1 was configured with a 

159 model domain of 18 km horizontal resolution, and 53 vertical levels. The model domain covered 

160 the ISM region between longitudes and latitudes of 26° E–115° E and 23° S–47° N, respectively 

161 (Figure 1). Terrain elevation, land use, land cover, and soil information over the model domain 

162 were obtained from the arc 5-min (∼10 km) resolution USGS data.

163 A combination of the following physical parameterization schemes was used: Thompson 

164 et al. (2008) for the cloud microphysical process; Mellor-Yamada-Nakanishi-Niino level 2.5 

165 (Nakanishi and Niino, 2004) closure for PBL turbulence; Betts–Miller–Janjic for cumulus 

166 convection (Janjic, 1994); NOAH MP scheme for the land surface processes (Niu, 2011); and the 

167 RRTMG radiation scheme (Iacono et al. 2008) for both longwave and shortwave radiation 

168 processes. These model physics configurations were adopted after considering several Monsoon 

169 studies conducted with WRF (Mukhopadhyay et al. 2010; Rajeevan et al. 2010; Srinivas et al. 
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170 2013, 2015, 2018; Samala et. al. 2013; Raju et al. 2015; Attada et al. 2018). Simulations were 

171 conducted using a consecutive re-initialization method with initialization on a daily basis at 1200 

172 UTC, and the model was integrated for 36-h using ECMWF ERAI data (Dee et al. 2011) as 

173 initial and boundary conditions. On every daily-initialization cycle, the model was configured to 

174 generate hourly outputs over the 36-hours simulation time. The first 12-hour outputs from each 

175 simulation are discarded as spin-up and the remaining 24 hour outputs are merged to generate a 

176 comprehensive climate dataset over the 37-year period. 

177 The downscaled fields are evaluated against the Modern-Era Retrospective Analysis for 

178 Research and Applications version-2 (MERRA2) obtained from the Global Modeling and 

179 Assimilation Office, NASA (Gelaro et al. 2017) at lower tropospheric levels (925, 900, 850, and 

180 700 hPa. WRF surface winds are further compared to the Cross-Calibrated Multi-Platform 

181 (CCMP) multi satellite surface wind analysis, version-2 (Atlas, 2011), and the performance of 

182 downscaled profiles is evaluated using the quality controlled instantaneous radiosonde data 

183 obtained from the NOAA Integrated Global Radiosonde Archive (IGRA).The twice daily 

184 temperature, humidity and wind profiles (at 0000 UTC and 1200 UTC) extracted from the 

185 nearest model grid points to the observed locations are considered to compute the statistical 

186 scores against the radiosonde data over the 37-year simulation period. The downscaled rainfall is 

187 compared with the TRMM 3B42V7 satellite merged rainfall product (Huffman et al. 2007) 

188 obtained at 3-hourly intervals from ftp://trmmopen.gsfc.nasa.gov/pub/merged. The model 

189 comparisons are performed using 6-hourly precipitation estimates (mm/h) of TRMM s which we 

190 prepared by combining adjacent 3 hourly of TRMM data (i.e, mean of TRMM 3-hourly rainfall 

191 (mm/h) at 0000UTC and 0300 UTC used as 0000 UTC TRMM 6-hourly rainfall). 
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192 3. Results and Discussion 

193 In this section, 37 years downscaled data for the ISM period (June to September, JJAS) are 

194 validated with IGRA radiosonde data. Further, the climatology of the MLLJ, its vertical and 

195 horizontal extensions, and its influence on ISM rainfall are analyzed. The trends in MLLJ 

196 strength and their impact on rainfall over the Indian subcontinent are then investigated. 

197 3.1 Validation of downscaled ISM dataset 

198 To understand model errors associated with resolving the MLLJ, five radiosonde stations 

199 namely Minicoy (8.3°N, 73.15°E), Salalah (17.03°N, 54.08°E), Mumbai (19.11°N, 72.85°E), 

200 Thiruvananthapuram (8.43°N, 76.95°E), and Chennai (13.0°N, 80.18°E) were selected to 

201 compute statistical scores (such as bias and RMSE) between the model simulations and 

202 observations from surface to 5-km height above ground level (AGL) for different atmospheric 

203 variables (Figure 2). The temperature RMSE is minimum, around 1°C at the surface for 

204 Thiruvananthapuram, Chennai, and Minicoy stations (Figure 2a) which is, but increases to 

205 1.75°C for heights between 1 km and 2 km. The bias values vary between -1°C and 0.5°C 

206 between the surface and 2.5 km AGL. Radiosonde stations located near the core of the MLLJ 

207 (Salalah, Mumbai, Thiruvananthapuram and Minicoy) shows a moderately high bias (> -1.5°C) 

208 and RMSE (> 1.5°C) from the surface to 2-km AGL. The RMSE of RH at three stations 

209 (Thiruvananthapuram, Chennai, and Minicoy) is about 8% in lower levels and increases up to 

210 15% in the upper levels (2-3km). The bias values of mean bias at these stations also suggest that 

211 the model exhibits a moist bias at lower levels and a dry bias at upper levels (1.5 and 2.5 km, 

212 Figure 2f to 2j). Though the RH errors at Salalah have similar pattern as the other four stations, 

213 they show the maximum values and slightly (moist bias) shifted toward the lower levels. The 
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214 RMSE of the wind speed is about 2-3 m s-1 in the upper levels and is maximum (between 3 to 3.5 

215 m s-1) in the lower levels. The RMSE and bias obtained from the comparison of the temperature 

216 and RH profiles suggests a strong relation with the corresponding errors in zonal and meridional 

217 winds. The day-height section of 37-year mean daily RMSE and bias computed with radiosonde 

218 data for the different variables at Minicoy station (Figure 3). The RMSE values and bias are 

219 computed by selecting instantaneous radiosonde data and respective model parameters (both 

220 0000 UTC and 1200 UTC) for each day of the year (1 to 365 days) over the 37-year period (74 

221 values on a day), and the averages of 74 twice-daily means values are presented in Figure 3. The 

222 daily mean RMSE and bias values plotted against the model height reveals a bias in wind speed 

223 around 2 m s-1, and RMSE of about 3 m s-1 over the core region of the MLLJ (over Salalah from 

224 0.5 to 2-km) from the month of June to September. These errors indicate that the model 

225 reproduced reasonably well the height and temporal variability of the MLLJ and the errors in the 

226 simulated wind speed mainly aroused from the meridional component. For temperature and 

227 relative humidity, bias and RMSE during the JJAS period associated with MLLJ (1 to 3-km) are 

228 approximately -1°C and 2°C, and -10% and 20% respectively. Hima Bindu et al. (2018) has 

229 validated the same downscaled simulations of WRF model at different heights using the 

230 radiosonde observations over a tropical station ‘Gadanki’ (13.5°N and 79.2°E), and reported that 

231 the WRF model exhibits very good skill for wind and temperature from surface to 13-km (RMSE 

232 of 1 to 2 m s-1 for winds and 0.5 to 1 °C for temperature). Their results also indicate that the 

233 model skill found to be slightly variable (RMSE of 2 to 3m s-1) with the radiosonde observations 

234 in the jet regions of easterly and westerlies (from 13 to 18-km AGL) during ISM season and 

235 winter months, respectively. The results of these comparisons between the model and 
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236 observations suggest that WRF exhibits a reasonable high skill in reproducing the MLLJ 

237 characteristics.

238 3.2 Diurnal evolution of MLLJ

239 Previous studies have emphasized the need for high spatial-temporal resolution data for 

240 analysis of the diurnal cycle of monsoon (Roja Raman et al. 2011). In this respect, the 

241 availability of high resolution downscaled WRF winds enables to study the diurnal evolution of 

242 low-level winds. The spatial distribution of 925 hPa winds during different times of the JJAS 

243 season (0000, 0600, 1200, and 1800 UTC shown in Figure 4) clearly outlines the large diurnal 

244 variation of the MLLJ. The speed at the core of MLLJ (> 22 m s-1) does not change significantly 

245 in magnitude between the hours; but there is a change in the spatial extent of MLLJ winds. A 

246 longitudinal-pressure section of horizontal winds (Shown in Figure S1) reveal, however, that the 

247 spatial extent of the MLLJ core is high during 0600 UTC and 0000 UTC, with maximum wind 

248 speeds (> 24 m s-1) extending both vertically (from 950 to 850 hPa) and horizontally over a large 

249 region of the western Arabian Sea (Figure 4a and b).  The spatial and vertical extent of MLLJ 

250 core is reduced significantly during 1800 UTC and confined to a smaller region, also the 

251 magnitude of MLLJ core reduced to around 20-21 m s-1 and the core of MLLJ shifted to lower 

252 heights (950 -900 hPa) during the evening hours (1800 UTC). The strong winds over the Tokar 

253 (Tokar jet over Sudan), Shamal jet (eastern part of Iran),  westerly winds over eastern part of 

254 Maharashtra and Andhra Pradesh  are found maximum at 0000 UTC, while the westerly winds 

255 over the leeward side of Kerala, Tamilnadu and Sri Lanka peak at 1800 UTC (Figure S2).  A 

256 similar analysis (Figure S3) was conducted for the winds at 850 hPa, and results suggest that the 

257 diurnal variability of winds at the mountain gaps is stronger at lower levels (925 hPa). The 

258 development of a nocturnal low-level jet (LLJ) through the valleys over the Western Ghats could 
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259 be the major driver for the maximum winds occurring at 1800 UTC. Prabha et al. (2011) argued 

260 that the nocturnal jet, which is induced over the eastern parts of the Western Ghats, possibly 

261 develops due to the baroclinicity of the valley environment; it is then amplified during the night 

262 hours as a result of thermal wind phenomena that has different characteristics from the large-

263 scale MLLJ of monsoon origin. Nair et al. (2015) also reported systematic diurnal variation in 

264 the MLLJ, with a maximum jet speed at lower altitudes during midnight hours and a minimum 

265 wind speed and maximum height during evening hours using radiosonde observations. In this 

266 study, the analysis of simulated ISM winds at different heights (Figure S4) confirms the findings 

267 by Nair et al. (2015); the MLLJ flowing through the Western Ghats does exhibit systematic 

268 diurnal variation. The vertical extent of the MLLJ is maximum during evening hours (1800 

269 UTC) and reaches up to 750 hPa over the Indian peninsular, with wind speed of around 16 m s-1. 

270 The MLLJ reaches maximum speed of around 18 m s-1 in the morning hours, with core speeds 

271 confined to lower heights between 950 and 900 hPa.  

272 To further understand the diurnal evolution of the MLLJ winds, radiosonde winds at 0000 

273 UTC and 1200 UTC over a 37-year period were analyzed from data recorded at Minicoy station 

274 (8.30° N, 73.15° E), which is located near the core region of the MLLJ and the Western Ghats. 

275 The time–height section of wind speeds from radiosonde and the corresponding WRF 

276 downscaled values are presented in Figure 5. The observations and model simulations confirm 

277 that the height of the MLLJ reaches up to 4 km, with vertical extension of isotachs seen at 1200 

278 UTC (evening hours). Though the model pattern of isotachs matched with radiosonde, significant 

279 variations are not seen in the simulated height and strength of MLLJ core at both times (0000 

280 UTC and 1200 UTC). There is, however, a clear increase (by 2 m s-1) in the observed winds of 

281 radiosonde from 0000 UTC to 1200 UTC during the months of June and July. 
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282 An analysis of the diurnal variations of MLLJ during the individual monsoon months 

283 (Figure S5) indicates that the strength of the MLLJ is higher and exhibits larger diurnal 

284 variations during the peak monsoon months of July and August than in June and September. The 

285 influence of the pressure gradient and the resulting large-scale southwesterly flow is stronger 

286 during the day time, while the effect of mountain gaps is predominant during night time where 

287 the secondary flow of the MLLJ winds is found to be stronger (Ruchith et al. 2014; Du et al. 

288 2015). The diurnal changes in the winds can alter the humidity gradients in the LLJ outflow 

289 region, which then triggers moisture convergence and favors the formation of convection 

290 systems (Chen and Tomassini, 2015). The analysis of 6-h rainfall (mm/h) from TRMM and WRF 

291 suggest that rainfall over the Indian region (Figure 6) exhibits high spatial variability, with 

292 maximum day-time rainfall over the windward side of the Western Ghats and night-time rainfall 

293 over the central and peninsular India. A similar analysis of peak rainfall over the central Indian 

294 region during the night to early morning hours has been reported in previous studies (Basu, 2007; 

295 Deshpande and Goswami, 2014). Therefore, diurnal changes in the strength and position of the 

296 MLLJ play a significant role in the evolution of diurnal monsoonal rainfall over India from June 

297 to September. Though the spatial patterns of WRF rainfall are in close agreement with TRMM, 

298 the magnitude of rainfall is overestimated (1 to 2 mm/h) over the Western Ghats, central India 

299 and west coast of Myanmar. This can be attributed to the tendency of the WRF model to simulate 

300 enhanced pressure gradients between the heat low and mascarene high, which leads to the 

301 overestimation of the monsoon winds and associated rainfall (Srinivas et al. 2013).   

302  3.3 Structure and climatology of MLLJ 

303 The validation of downscaled fields with radiosonde data at five stations may not well infer the 

304 skill of the model in capturing the seasonal flow pattern of ISM. A seasonal scale comparison of 
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305 downscaled fields with an independent product of comparable resolution may indeed provide 

306 more confidence in the downscaling capability of WRF. Before analyzing the intra-seasonal 

307 variability and trends in monsoon winds during JJAS months, we further compared JJAS winds 

308 from WRF against the MERRA2 analysis to illustrate that the downscaled mean JJAS winds 

309 accurately capture the seasonal pattern.    

310 3.3.1 Seasonal analysis of MLLJ 

311 Figure 7 presents the 37-year climatology of ISM winds (averaged from June to 

312 September) at 850 hPa (Figure 7a and b), 925 hPa (Figure 7c and d), and (Figure 7e and f) from 

313 CCMP, MERRA2, and WRF. The WRF mean flow patterns of ISM winds (such as the cross-

314 equatorial flow associated with south-easterlies at the south of the equator and the strong south-

315 westerlies in the north of the equator with core maximum winds (> 18 m s-1) lie between the 

316 regions of 8° N to 15° N and 50° E to 60° E and are in good agreement with the reanalyzed 

317 datasets. The core region of the jet (MLLJ) extends vertically up to 850 hPa in both MERRA2 

318 and WRF and is the backbone for the ISMR as it transports moisture from the Indian Ocean to 

319 the land masses of India (Krishnamurti et al. 1976; Krishnamurti et al. 1983). The amount of 

320 moisture transported to the Indian land mass is mainly associated with the strength, position, and 

321 vertical structure of the MLLJ (Sandeep and Ajaymohan, 2015). The position of the MLLJ in 

322 both MERRA2 and WRF is elongated in a southwest to northeast direction (starting from the 

323 equator to around 18° N at 10 m and 925 hPa) and entering over the west coast of India. At 850 

324 hPa, the MLLJ becomes more parallel to the equator and its core is located at around 8o N -12o 

325 N, 55oE -60o E (mainly westerly), which suggests that its position as well as its vertical and 

326 horizontal structure from the surface to the lower troposphere, are not uniform. These results are 
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327 consistent with those of the 35-year (1980–2014) mean wind-flow pattern obtained from 

328 MERRA version-1, as reported in recent studies (Aneesh and Sijikumar, 2016).

329  In addition to the simulation of MLLJ, the WRF model was also successful in capturing 

330 the orographically channeled winds of an ISM origin (Viswanadhapalli, et al. 2017) over the Red 

331 Sea, which passes through mountain gaps in east Africa and on the western Arabian Peninsula. 

332 There is a slight underestimation (0.5 to 1 m s-1) in WRF downscaled cross-equatorial flow over 

333 the southern Indian Ocean and Shamal jet over Arabian Gulf compared to MERRA2 and CCMP 

334 datasets.  A slight overestimation of simulated winds (1 m s-1) is also noticed over the BOB and 

335 Arabian Seas and also of orographically driven winds over the Gulf of Aden. This can be 

336 attributed to the tendency of the WRF model to simulate a stronger Tibetan anticyclone, which 

337 results in an increased pressure gradient between the Indian Subcontinent and Madagascan 

338 regions (Srinivas et al. 2013).

339 To characterize the spatial and vertical extensions of the MLLJ in both the north–south 

340 and east–west directions, we analyzed the height-section of winds averaged over latitudinal (5° 

341 N–20° N) and longitudinal (50° E–60° E and 84° E–94° E) regions of the MLLJ from MERRA2 

342 and the WRF fields (Figure 8) for the JJAS season. The height–longitude section of wind speeds 

343 (Figure 8a and b) averaged over 5° N–20° N from MERRA2 shows that the core of the MLLJ (< 

344 15 m s-1) is located at around 50° E–60° E and that it is vertically extended up to 800 hPa (with a 

345 maximum at around 925 hPa). Although similar wind patterns are noticed from the WRF, the 

346 core regions of the WRF MLLJ (> 15 m s-1) are extended in both vertical and horizontal 

347 directions than MEERA2. In addition, the height of the simulated maximum of the MLLJ is also 

348 larger than with MERRA2. Similarly, the height–latitude section of wind speeds averaged over 

349 50oE–60oE (Arabian Sea) from both MERRA2 and the WRF (Figure 8c and d) shows two cells 
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350 located to the south (around 10° S–15° S) and north of the equator (around 10° N–15° N). The 

351 northern cell of the MLLJ is extended up to 700 hPa with a maxima located at around 900 hPa in 

352 MERRA2, but MLLJ core is slightly located higher extended (from 900 hPa to 850 hPa) 

353 vertically in WRF compared to MERRA2 (from 925 hPa to 875 hPa). In addition, the strength of 

354 the downscaled MLLJ with the WRF is relatively higher than that of MERRA2. Although the 

355 height-section of wind speeds averaged over 84oE–94oE (i.e., BOB) from both MERRA2 and the 

356 model (Figure 8e and f) shows two cells located south (at around 10oS–15oS) and north of the 

357 equator (around 10o N–15o N), the jet intensities in BOB are weak (< 11 m/s) compared to the 

358 Arabian Sea. The analysis conducted here clearly suggests that the core region of the MLLJ is 

359 located at around 10° N–15° N and 50° E–60° E and that it is extended vertically up to 700 hPa 

360 with maximum core winds persisting at around 900 hPa. 

361 3.3.2 Variability of MLLJ during El Niño and La Nina years 

362 The composite mean of 850 hPa JJAS winds during the strong (1982, 1987, 1991, 1997, 

363 and 2015), moderate to week (1986, 1994, 2002, 2004, 2006, 2009, and 2014) El Niño years as 

364 well as the strong (1988, 1998, 1999, 2007, and 2010) and moderate to week (1983, 1984, 1995, 

365 2005, 2008, 2011, 2016) La- Niña years are analyzed from WRF and MEERA2 data. The results 

366 of the mean seasonal winds and their difference (La-Nina – El-Nina) from moderate to week 

367 ENSO years (Figure S6) do not differ much from the normal years. However, the differences in 

368 the mean seasonal winds are significant during strongest La- Niña and El-Niño years. So, we 

369 presented the results of wind pattern during the strongest ENSO years (Figure 9) which reveal 

370 that the spatial extent and core wind velocity of LLJ is higher during the La- Niña years 

371 compared to El-Nino years over Arabian Sea and also the stronger winds up to 2 to 3 m/s seen 

372 through mountain gaps over Red Sea and Gulf of Aden. However, the contrast feature found 
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373 with 850-winds over Peninsular India and BOB with stronger winds are seen in El-Nino years 

374 when compared to La-Nino years. In addition, though the similar features are noticed in both 

375 WRF and MERRA2 data, the downscaled winds of WRF exhibit increased wind speeds by 1 m/s 

376 and the extent of MLLJ is large compared to MERRA during El-Nino years. Also there is a clear 

377 enhancement in the cross-equatorial flow (1 m/s) in the downscale simulations during La- Niña 

378 years. The latitudinal (from 5 to 20oN) average JJAS winds between the longitude from 55°E to 

379 60 °E from WRF (Shown in Figure S7) suggests that the prevalence of strong winds are 

380 observed during the La- Niña, particularly the vertical and longitudinal extent of the MLLJ core 

381 during La- Niña years is high over AS. Moreover, African Easterly Jet (600 hPa) and Shamal jet 

382 from the top (600 hPa to 500 hPa) with core around 550 hPa near 40 °E is observed to be strong 

383 during La- Niña years. However, the vertical extent of the westerly winds (up to 650 hPa) over 

384 peninsular India and BOB (between 80°E -95 °E) exhibit higher winds (by 2 to 3 m/s) during El-

385 Nino while westerly winds confined at lower levels 750 hPa during La-Nino with the strength of 

386 winds found to be less. Although the variability of MLLJ during El Niño and La Niña years was 

387 extensively investigated, our results reveal an intensification of the westerly winds in terms of 

388 magnitude and an enhancement of their vertical extent over the India Peninsula and the Bay of 

389 Bengal regions during El Niño years. We also noticed an increased channeled flow through the 

390 mountain gaps of the East-African and Western Ghats of India during La Niña years.  

391 3.3.3 Analysis of MLLJ on sub-seasonal scale 

392 The monthly mean winds at 850 hPa from MERRA2 and WRF for June to September are 

393 presented in Figure 10. Although the monsoon characteristics, such as south-easterlies to the 

394 south of the equator and the south-westerly flow (MLLJ) to the north of the equator, prevail 

395 during June, the MLLJ attains its maximum strength in July and August and its magnitude 
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396 significantly decreases in September. The mean position of the MLLJ shifts from 12° N to 13° N 

397 latitude and its width increases during July and August; this is attributed to the increased 

398 pressure gradient between the Indian sub-continent and the Madagascar regions, and also partly 

399 to the rise in the mountain gaps winds through the east-African mountains ranges and the winds 

400 over the Red Sea region (Tucker and Pedgley, 1977; Viste and Sorteberg, 2013; Viswanadhapalli 

401 et al. 2017). The difference between MERRA and WRF outputs (shown in left panels of Figure 

402 10) clearly demonstrates the added value of the downscaled fields with a difference of nearly 2 to 

403 3 m/s in the mountain gaps of the Gulf of Aden and over the Bay of Bengal. The impact of 

404 downscaling is also significant in the case of channeled wind flow over the East-African 

405 mountains and Western Ghats regions of India. The increased channeled flow in the downscaled 

406 fields is one of the contributing factors for the increase in the spatial extent of MLLJ over 

407 western Arabian Sea. A comparison between WRF and MERRA for the peak months (July and 

408 August) reveals that the mean flow pattern and position of MLLJ are well simulated by the WRF 

409 model, although the major differences (up to 3 m s-1) in their intensities noticed over the eastern 

410 Arabian Sea and BOB. Monthly variations in the vertical extent of MLLJ winds are plotted in the 

411 height–longitude section at 10° N, as shown in Figure 11. The longitudinal section of the winds 

412 suggests that the strength and width of the MLLJ (both vertically and horizontally) are increased 

413 from June to July; further MLLJ started reducing its strength and width in the month of August 

414 and subsequently reduced to its minimum strength and extension in September. The latitudinal–

415 height cross-section plotted at 13° N (Figure S8) further confirms that the winds are at their 

416 maximum strength during July and August, possibly due to the merging of orographically driven 

417 winds from the Red Sea with those of the Somali jet.            

418 3.4 Interannual variability of MLLJ 
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419 The strength of the MLLJ was analyzed at different levels to study the long-term 

420 variability during the ISM. The time series of the MLLJ and winds averaged over 10° N–15° N 

421 and 50° E–60° E at four different heights (925, 900, 850, and 700 hPa levels) from MERRA and 

422 the WRF model clearly show (Figure 12) a significant increasing trend in the strength of the 

423 winds at all analyzed levels. Mean seasonal surface temperature (shown in Figure S9) shows 

424 significant increasing trends in temperature from Central India to Pakistan. These changes 

425 leading an increase in the land–sea temperature contrast and associated changes in the surface 

426 pressures (Figure not shown), between the heat-low over the Indian subcontinent and high 

427 pressure over Madagascar, are the possible reasons in increasing trends in the MLLJ (at 850 

428 hPa). The results of this study also reveal that the magnitude of increasing trend in MLLJ is 

429 relatively lower at 925 hPa and higher at 850 hPa, compared to the other levels (700 and 900 

430 hPa). Although the WRF model reproduces similar trends to those observed in MERRA data, the 

431 strength of the winds is slightly overestimated by about 0.5 m s-1 at lower levels (900 hPa and 

432 925 hPa), as reported in the previous section. The model therefore reproduces the observed trend 

433 with almost the same strength as that of MERRA2 at higher levels (850 hPa) but it slightly 

434 overestimates at lower levels, and significantly overestimates at higher levels (700 hPa); this is 

435 probably related to the model simulated pressure gradients being higher at lower levels, thereby 

436 resulting in a slight overestimation of winds.  

437 To explain the sub-seasonal variability in the MLLJ, the time-series of MLLJ strength 

438 (averaged over 10° N–15° N and 50° E–60° E) was plotted from MERRA and WRF at 925 hPa 

439 and 850 hPa levels for individual months. The results presented in Figure 13 suggest that the 

440 trend pattern for the MLLJ is essentially similar at both 925 and 850 hPa for all four months. 

441 However, there is a clear positive or increasing trend in the MLLJ in June, July, and September, 
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442 and a significant declining trend in August, which suggests the strong sub-seasonal variability of 

443 MLLJ winds. The geopotenital height at 850-hPa in August indicate (Figure S10) a decreasing 

444 trends in geopotenital (where the increasing trends in temperatures) over central to northern 

445 Arabian Peninsula, resulting the decreasing strength of Arabian Anti cyclone may be the one of 

446 possible factor for the weakening of MLLJ (at 850 hPa). This declining trend of the MLLJ in 

447 August influences the progression of the monsoon and the transport of moisture towards the 

448 Indian landmass and associated ISMR (Joseph and Sijikumar, 2004). Previous studies (Pattnayak 

449 et al. 2016; Aneesh and Sijikumar, 2016) reported that the weaker convection over BOB and 

450 increased surface pressure over the heat-low region can lead to a decrease in the strength of the 

451 MLLJ in August and subsequent intensification of the heat-low over Pakistan in September. 

452 These changes in the monsoon circulation are likely reasons behind the increasing trends of 

453 MLLJ in September. Although the ISM season extends basically from June to September, the 

454 active phase of the ISM is confined to July and August (Aneesh and Sijikumar, 2016). 

455 3.5 The impact of the MLLJ variability on ISM Rainfall 

456 To study the influence of MLLJ winds on ISMR, we compute the correlations between 

457 the mean seasonal MLLJ (at 850 hPa) from MERRA and WRF with the observed mean seasonal 

458 ISMR (Figure 14). We chose 850-hPa winds to check the influence of MLLJ winds on ISMR as 

459 the previous studies (e.g., Wang and Fan, 1999; Webster and Yang, 1992) suggest that the 850-

460 hPa wind is one of the prime indictor of monsoon. However, the correlation between 925 hPa 

461 wind and ISMR also produce a similar pattern of 850 hPa wind (Figure not shown). The spatial 

462 correlations clearly indicate (Figure 14a and f) that the MLLJ is strongly correlated (more than 

463 95% confidence) with the mean seasonal ISMR, except over the extreme north and northeastern 

464 India and in the monsoon shadow region like Tamil Nadu where north east winter monsoon has a 
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465 strong influence. However, there are considerable differences in the correlations between 

466 individual mean monthly MLLJ against monthly rainfall compared to seasonal MLLJ against 

467 mean seasonal ISMR. The MLLJ strength in June is significantly positively correlated (Figure 

468 14b and g) with ISMR rainfall extending from eastern India to northwestern India. The strength 

469 of the MLLJ is negatively correlated with southern, northern, and northeastern India in June, and 

470 it is positively correlated (more than 95% confidence) over most of the Indian subcontinent in 

471 July, except in the northeastern and central parts of southern India (Figure 14c and h). This 

472 suggests that the variability of the MLLJ in July plays an important role in the seasonal monsoon 

473 rainfall. In August, the strength of the MLLJ is positively correlated (with 95% confidence) over 

474 the Western Ghats and east central India, but it is negatively correlated with the southern 

475 peninsular and north-eastern parts of India. In September, strong positive correlation is observed 

476 between the strength of the MLLJ and the rainfall (Figure 14e and j) over the Indian 

477 subcontinent, except in the western part of Tamil Nadu and northeastern parts of India (where 

478 correlations are negative). Both the WRF model and MERRA show similar patterns between 

479 MLLJ intensity at both 925 and 850 hPa (not shown) and ISMR, which suggests that the WRF 

480 model reproduces the inter-annual variability of MLLJ as captured in MERRA2.

481 The correlation analysis clearly indicates that variation in the MLLJ strength alters 

482 rainfall patterns over India on a seasonal and sub-seasonal scale. Our 37-year variability 

483 analyses, discussed in the previous Sections (from 3.2 to 3.5), suggested that the trend in the 

484 strength of MLLJ significantly increases in June, July, and September but decreases during the 

485 month of August. This increasing trend in MLLJ strength throughout the three months (June, 

486 July, and September) clearly leads to an increase in rainfall over positively correlated regions 

487 and a decrease in rainfall over negatively correlated areas, except in the northeastern parts of 

Page 21 of 63

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only



Peer Review Only

22

488 India. Rainfall over the northeastern parts of India is negatively correlated with MLLJ in all 

489 months, which indicates that rainfall over this region is independent on MLLJ and probably 

490 influenced BOB branch of Monsoon and localized weather phenomena; which requires further 

491 investigation. Being in the active phase of monsoon, the declining trend in the strength of MLLJ 

492 in August has profound influence on ISMR. Variations in rainfall during August lead to drought 

493 conditions over the entire Indian region, which affects the growth of crops (Annamalai and 

494 Slingo, 2001; Singh et al. 2014). In addition, it influences rainfall over central India as the 

495 monsoon depressions that form over BOB pass through monsoon trough regions. 

496 Monsoon variability has a direct impact on the Indian subcontinent through the 

497 occurrence of droughts and floods (Turner, 2012; Niranjan Kumar, 2013). Previous studies on 

498 trends in monsoon circulation have suggested that monsoon variability has been higher over the 

499 last few decades (Dash et al. 2011; Vinnarasi et al. 2016). These circulation changes have been 

500 directly observed in alterations in rainfall over the Indian region (Guhathakurta and Rajeevan, 

501 2008; Naidu et al. 2011; Krishnan et al. 2013) and also in the form of sudden increases in the 

502 occurrence of extreme rainfall and flood events (Goswami, 2006; Pattanaik and Rajeevan, 2010; 

503 Krishnan et al. 2016). Guhathakurta et al. (2011) examined the variability of extreme rainfall 

504 events over India and suggested that the occurrence of these extreme events is highly localized 

505 and their frequency is not uniform over a spatial-temporal scale. Most of these events result from 

506 low-pressure systems (depressions and cyclones with wind speeds of ≥ 8.5 m s−1) in BOB, 

507 which transports moisture to the central Indian subcontinent, but a declining trend in the 

508 variability of these depressions has been noted in recent years (Naidu et al. 2015; Roxy et al. 

509 2017; Sandeep et al. 2018). The MLLJ acts as a major source of moisture feeding the monsoon 

510 depression formed over the BOB (Nagar et al. 2009; Walker et al. 2015; Roxy et al. 2017), and 
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511 therefore, variations in the MLLJ also has a strong influence on the formation of depressions 

512 over BOB and the occurrence of extreme rain events over central India (Roxy et al. 2017). 

513 In addition, previous studies on monsoon extremes have indicated that the number of 

514 depressions is highly correlated with central India rainfall, suggesting the strong dependence of 

515 rainfall on monsoon depressions (Hastenrath and Rosen, 1983; Cohen and Boos, 2014). A time 

516 series of the numbers of depressions for individual months (Figure 15a) shows a decreasing trend 

517 in August compared to July, indicating a decline in central India rainfall with a decrease in 

518 monsoon depressions. This suggests that the decrease in MLLJ strength and number of monsoon 

519 depressions (Figure 15b) reduces the amount of rainfall over central India. The observed central 

520 India rainfall, the strength of the MLLJ, and the number of monsoon depressions follow a 

521 decreasing trend, while the number of break days shows a significant increasing trend in August. 

522 Naidu et al. (2011) indicated that the weakening of the zonal wind shear over the BOB (5° N–

523 22° N and 80° E–100° E) between 850 and 100-hPa can lead to a decrease in the frequency of 

524 depression and cyclonic systems over the BOB and an associated decrease in the amount of 

525 rainfall during monsoon season. 

526 To determine whether the trend in the zonal wind shear is a factor in the decrease of 

527 number depression in the month of August, Figure 16 plots the time variation of the zonal wind 

528 at 850 and 100 hPa along with its vertical shear during the ISM season and for individual months 

529 from June to September. The analysis confirms that the zonal wind at 100 hPa and its vertical 

530 shear (difference between 850 and 100 hPa) exhibit strong decreasing trends (0.1 m s-1 yr-1) in 

531 August over the past 37 years, and resulting in the weakening of baroclinic instability associated 

532 with the tropical easterly jet (Shukla et al. 1978; Rao et al. 2004) has led to a decrease in the 

533 number of depressions formed over BOB in August. 
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534 The analysis conducted here shows that the contribution of moisture from the Arabian 

535 Sea and BOB significantly decreases in August, and thus central India rainfall also decreases 

536 compared to the other three months. These results suggest that the decrease in the MLLJ and 

537 monsoon depressions in August result in a steep decline in the amount of moisture transported 

538 from adjacent seas, which leads to break conditions and an associated deficit in the rainfall over 

539 central India. Accordingly, the active phase of the ISMR significantly changes due to the decline 

540 in the strength of MLLJ and the total number of monsoon depressions in August. 

541 4. Summary and conclusions

542 The monsoon low level jet (MLLJ) forms and maintains its strength due to the pressure 

543 gradient between the heat low over the Indian subcontinent and the Mascarene high during June 

544 to September; it plays a dominant role in transporting moisture towards the Indian subcontinent 

545 during the Indian Summer Monsoon (ISM). Understanding the structure and characteristics of 

546 monsoon circulation across different spatio-temporal scales provides an opportunity to 

547 understand the variability of rainfall over the Indian region. This study analyzes the 

548 characteristics of monsoon MLLJ and its variability using a dynamically downscaled regional 

549 analysis over 37-years (1980–2016) generated using Weather Research Forecasting (WRF) 

550 model. Validation of the WRF simulations with available radiosonde station data collected from 

551 IGRA indicates that the model reproduces reasonably well the variability in temperature, wind, 

552 rainfall, and relative humidity, but it slightly overestimates temperature and winds between the 

553 surface and 2-km AGL; these errors are high over the radiosonde stations near to the core of 

554 MLLJ (Salala, Mumbai, and Minicoy) and could be attributed to variations between the height 

555 and the intensity of the simulated jet and radiosonde observations. The major conclusions 

556 resulting from the MLLJ analysis on a diurnal to inter-annual scales are summarized as follows:
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557 1. The MLLJ exhibits distinct diurnal variability with respect to both intensity and height of 

558 jet. There is a clear difference between the diurnal characteristics of synoptic scale MLLJ 

559 winds and orographically driven low-level jet winds of a monsoon origin over Sudan, the 

560 Red Sea, and the windward and leeward side of the Western Ghats. The synoptic scale jet 

561 of the MLLJ shows a maximum during daytime (at 0600 UTC), while the orographic 

562 channeled jets show a peak in the late evening and during the night hours (1800 UTC and 

563 0000 UTC).  

564 2. Strong correlations between the diurnal variability of winds and maximum day-time 

565 rainfall found over the windward side of the Western Ghats and a maximum night-time 

566 rainfall occurring over central India is noticed. It is due to the fact that the diurnal 

567 variations in the winds amplify the moisture gradients in the LLJ outflow region, 

568 resulting in the moisture convergence and the formation of convection systems and 

569 rainfall. 

570 3. Compared to MERRA2 reanalyzed fields, the WRF simulations well capture the spatial 

571 distribution of JJAS winds albeit to a slight increase in intensities (2 to 3 m s-1) of MLLJ 

572 over the eastern Arabian Sea and the Bay of Bengal. The mean monthly wind differences 

573 between MERRA2 and WRF clearly demonstrate the advantage of regional climate 

574 downscaling, with an enhanced channeled flow observed in the mountain gaps of the 

575 East-African and Gulf of Aden. The increase mountain gap winds over Gulf of Aden are 

576 one of the contributing factors for spatial extension of MLLJ over western Arabian Sea.

577 4. Moreover, the comparison of MLLJ winds during strongest La-Nina and El-Nina years 

578 reveal that the spatial extent and intensity of the LLJ core over western Arabian is higher 
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579 during the La-Nino years while the stronger winds spread to higher pressure levels over 

580 Peninsular India and BOB are seen during El-Nino years. 

581 5. A sub-seasonal analysis of WRF winds and those of MERRA2 suggests that the MLLJ 

582 attains its maximum strength and spatial extent in July and August. The maximum spatial 

583 extent of MLLJ in the peak months could be due to the merging of orographically driven 

584 winds from the Red Sea with those of the Somali jet. 

585 6. A comparison of the variability of mean MLLJ winds during 37-years between the WRF 

586 and MERRA2 suggests that the WRF simulated winds capture the variability of MLLJ 

587 winds both upper and lower levels with slight overestimations at lower levels. The higher 

588 gradients of pressure simulated at lower levels lead to slight overestimation of winds at 

589 lower levels. 

590 7. Variability of the MLLJ (at 850 hPa) is strongly correlated (more than 95% confidence) 

591 with mean ISMR on both seasonal and sub-seasonal scales, except over the regions of 

592 extreme north and northeastern India and Tamil Nadu. 

593 8. The strength of the MLLJ exhibits a significantly decreasing trend in August. The 

594 combined effect of the weakened MLLJ and the decrease in the number of depressions in 

595 BOB during August suppress the ISMR due to reduced moisture transport from BOB and 

596 the Arabian Sea, which in turn leads to an increased number of break conditions. 

597 This study therefore concludes that the decreasing trend in the strength of MLLJ during 

598 August has a profound influence on the number of depressions formed over the North Indian 

599 Ocean, which in turn regulates the active phase of the ISM. In addition, the decreasing trend in 

600 the number of depressions leads to prolonged break conditions and suppression of rainfall over 

601 the Indian subcontinent. 
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868 Figure 1. a) Spatial extent of WRF model domain (18-km) configured for study; shaded areas 
869 indicate topography and the color circles show the locations of radiosonde stations used for the 
870 model validation and b) Schematic diagram of prevailing wind systems during JJAS months. 

871 Figure 2. Statistical profiles of bias and RMSE calculated using WRF against radiosonde station 

872 data.

873 Figure 3. Day-height sections of statistical profiles of (a) RMSE and (b) bias at Minicoy 

874 radiosonde station.

875 Figure 4. Spatial patterns of 6-hourly 925 hPa winds at (a) 0000 UTC, (b) 0600 UTC, (c) 1200 
876 UTC, and (d) 1800 UTC averaged for JJAS months of 37-years.

877 Figure 5. Time-height sections of 37-year mean winds at (a, c) 0000 UTC, and (b, d) 1200 UTC 
878 from WRF (top panels) and radiosonde (bottom panels) plotted at Minicoy.

879 Figure 6. Spatial distribution of 6-hourly rainfall (mm/h) at (a, b) 0000 UTC, (c, d) 0600 UTC, 
880 (e, f) 1200 UTC, and (g , h) 1800 UTC from WRF (top panels) and TRMM (bottom panels).

881 Figure 7. 37-year mean JJAS winds plotted for surface (a, d), 925 hPa (b, e) and 850 hPa (c, f) 
882 levels. Wind magnitude shown in shaded and direction as vector.  

883 Figure 8. Pressure latitude and longitude sections of 37-year mean JJAS winds from MERRA2 
884 (left panels) and WRF (right panels). Horizontal wind magnitude shown in shaded and direction 
885 as vector. 

886 Figure 9. Composite of JJAS winds (at 850 hPa) plotted during (a, e) Strong La Niña years, (b,d) 
887 Strong El Niña years, and (c, f) difference between La- Niña and El Niña years.

888 Figure 10. Spatial variation of 37-year mean monthly winds (at 850 hPa) from MERRA2 (right 
889 panels) WRF (middle panels) and the respective wind differences between WRF and MERRA 
890 (left panels).
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898 Figure 14. Spatial distributions of correlation coefficients computed using the strength of MLLJ 
899 (at 850 hPa) and the corresponding observed ISMR.

900 Figure 15. Variations in the number of depressions over Bay of Bengal and number of days 
901 associated with break conditions during 1980–2016 July and August months.
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906 Figure S1. Longitudinal pressure sections of mean JJAS winds at latitude 10° N (left panel) and
907 13° N (right panel) at 0000 UTC (a, b); 0600 UTC (c,d); 1200 UTC (e, f) and 1800 UTC (g, h).

908 Figure S2. Spatial patterns of 6-hourly winds (925 hPa) over Indian Peninsular.

909 Figure S3. Same as Figure 4 but plotted at 850 hPa level.

910 Figure S4. Longitudinal height-section of JJAS winds (m/s) plotted at latitude 20° N at (a) 0000 
911 UTC, (b) 0600 UTC, (c) 1200 UTC, and (d) 1800 UTC. 

912 Figure S5. Spatial distribution of 6-hourly monthly winds shown at (a) 0000 UTC, (b) 0600 
913 UTC, (c) 1200 UTC, and (d) 1800 UTC. 

914 Figure S6. Composite of JJAS winds (at 850 hPa) plotted during (a, e) Moderate to week La 
915 Niña years, (b,d) Moderate to week El Niña years, and (c, f) difference between the moderate to 
916 week La- Niña and El Niña years. 

917 Figure S7. Longitudinal height-section of mean winds at latitude (10° N) from June to September 
918 plotted during a) El- Niña and b) La- Niña years. 

919 Figure S8. Longitudinal height-section of monthly mean winds at latitude (13° N) from June to 
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921 Figure S9. Spatial pattern of trends (1980–2016) in surface temperature (shown in shaded; oC) 
922 and mean sea level pressure (shown in contour; hPa) 

923 Figure S10. Analysis of trends in monthly mean temperature (°C/year) and geopotenital heights 
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Figure 1. a) Spatial extent of WRF model domain (18-km) configured for study; shaded areas indicate 
topography and the color circles show the locations of radiosonde stations used for the model validation and 

b) Schematic diagram of prevailing wind systems during JJAS months. 
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Figure 2. Statistical profiles of bias and RMSE calculated using WRF against radiosonde station data. 
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Figure 3. Day-height sections of statistical profiles of (a) RMSE and (b) bias at Minicoy radiosonde station. 
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Figure 4. Spatial patterns of 6-hourly 925 hPa winds at (a) 0000 UTC, (b) 0600 UTC, (c) 1200 UTC, and (d) 
1800 UTC averaged for JJAS months of 37-years. 
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Figure 5. Time-height sections of 37-year mean winds at (a, c) 0000 UTC, and (b, d) 1200 UTC from WRF 
(top panels) and radiosonde (bottom panels) plotted at Minicoy. 
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Figure 6. Spatial distribution of 6-hourly rainfall (mm/h) at (a, b) 0000 UTC, (c, d) 0600 UTC, (e, f) 1200 
UTC, and (g , h) 1800 UTC from WRF (top panels) and TRMM (bottom panels). 
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Figure 7. 37-year mean JJAS winds plotted for surface (a, d), 925 hPa (b, e) and 850 hPa (c, f) levels. Wind 
magnitude shown in shaded and direction as vector. 
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Figure 8. Pressure latitude and longitude sections of 37-year mean JJAS winds from MERRA2 (left panels) 
and WRF (right panels). Horizontal wind magnitude shown in shaded and direction as vector. 
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Figure 9. Composite of JJAS winds (at 850 hPa) plotted during (a, e) Strong La Niña years, (b,d) Strong El 
Niña years, and (c, f) difference between La- Niña and El Niña years. 
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Figure 10. Spatial variation of 37-year mean monthly winds (at 850 hPa) from MERRA2 (right panels) WRF 
(middle panels) and the respective wind differences between WRF and MERRA (left panels). 
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Figure 11. Longitude- pressure sections of 37-year mean monthly winds at latitude (10° N) from (a,b) June, 
(c, d) July, (e, f) August, and (g, h) September. 
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Figure 12. Time series of MERRA2 and WRF winds averaged over the core region of MLLJ (i.e., 10° N–15° N 
and 50° E–60° E) at (a) 925 hPa, (b) 900 hPa, (c) 850 hPa, and (d) 700 hPa levels. 
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Figure 13. Time series of monthly mean 925 hPa (left panels) and 850 hPa (right panels) winds of MLLJ 
during (a, b) June; (c, d) July; (e, f) August; and (g, h) September. 
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Figure 14. Spatial distributions of correlation coefficients computed using the strength of MLLJ (at 850 hPa) 
and the corresponding observed ISMR. 
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Figure 15. Variations in the number of depressions over Bay of Bengal and number of days associated with 
break conditions during 1980–2016 July and August months. 
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Figure 16. Variation of zonal wind (m/s) during the entire ISM season and for individual months  at 850 hPa 
(left panels), at 100 hPa,(middle panels) and vertical zonal wind shear (in m/s) between 850 hPa and 100 

hPa levels (left panels). 
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