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Modulation of June Rainfall in India by Winter Salinity Barrier Layer in the 1 

Bay of Bengal 2 

Abstract  3 

This study finds that the winter barrier layer (BL) in the Bay of Bengal (BoB) can 4 

modulate the subsequent Indian summer monsoon (ISM) onset and associated rainfall 5 

variability. In the years when the prior winter BL is anomalously thick, there is 6 

anomalous sea surface cooling caused by intensified latent heat flux loss, and this 7 

anomalous cooling persists into the following year due to positive cloud–SST feedback. 8 

During December–February, it is shown that the vertical entrainment of warmer 9 

subsurface water due to anomalously thick BL acts to limit excessive cooling of the sea 10 

surface and maintain deep atmospheric convection over the BoB. Then, during March–11 

May, the thinner mixed layer linked to anomalously thick BL allows more shortwave 12 

radiation to penetrate below the mixed layer. This tends to reinforce the cold SST 13 

anomalies, and advance the onset of ISM and enhance June ISM precipitation through 14 

an increase in the tropospheric temperature gradient between land and sea. We also find 15 

that most CMIP5 models fail to reproduce the observed relationship between June ISM 16 

rainfall and the prior winter BL. This may be attributable to their difficulties in 17 

realistically simulating the winter BL in the BoB and ISM precipitation. The present 18 

results indicate that it is important to realistically capture the winter BL of the BoB in 19 

air–sea coupled models for improving the simulation and prediction of ISM. 20 

 21 
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Introduction 25 

The Indian monsoon is characterized by a distinct seasonally reversing wind, along 26 

with well–defined dry and wet seasons in the annual cycle1-3. The seasonal cycle of the 27 

Indian monsoon is forced predominantly by the annual cycle of solar radiation 28 

interacting with the different heat capacities of the tropical ocean and land, and their 29 

geographical arrangements4. Because the summer monsoon occurs during the prime 30 

agricultural season for most of South Asia, crop yields are highly sensitive to seasonal 31 

precipitation variability5. Thus, the onset of the Indian summer monsoon (ISM) and the 32 

magnitude of its precipitation strongly affect agricultural output as well as surface water 33 

and ground water resources6-9, which are intimately connected to the region’s economic 34 

and humanitarian costs8,10. ISM activity is controlled by multi–scale thermodynamic 35 

and dynamic processes including monsoon depressions, intraseasonal oscillations11,12, 36 

and interannual to decadal climate modes such as the Indian Ocean Dipole (IOD), El 37 

Niño Southern Oscillation (ENSO), and Pacific decadal oscillation13-18. Although great 38 

effort has been made to improve ISM rainfall prediction, it is still one of the biggest 39 

challenges in climate science19.  40 

The Bay of Bengal (BoB) is a tropical semienclosed basin, bounded on the west 41 

and northwest by India. The BoB receives considerable freshwater flux from local 42 

precipitation and river discharge that originates from the ISM20-24. The freshwater 43 

drains into the northern BoB, inducing strong near–surface salinity stratification after 44 

the ISM25-28. The low–salinity surface water is further advected southward along the 45 

boundary of the BoB and into the interior of the BoB in the post–monsoon season and 46 

https://en.wikipedia.org/wiki/India
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persists until the early spring of the following year25,28-30. A thin salinity–induced mixed 47 

layer (ML) is situated above the deep isothermal layer, leading to a thick barrier layer 48 

(BL) between the base of the ML and the top of the thermocline27,28,31. Acting to limit 49 

the turbulent entrainment of cold thermocline water into the ML27,28,31,32, BLs can 50 

impact air–sea interaction and thus impact weather and climate variability29,32-43. BLs 51 

in the BoB develop during October–November and peak during December–March27,44. 52 

Generally, it is difficult for weak wind–induced mixing in the fall and winter to 53 

penetrate below the ML due to the strong near–surface salinity stratification. 54 

Consequently, atmospheric cooling is confined near the sea surface, and subsurface 55 

water remains warm23,45,46. Simultaneously, the BL also traps the abundant penetrative 56 

solar radiation to heat the subsurface. These processes together result in subsurface 57 

temperature inversions (Supplementary Fig. 1) that can affect the heat budget of the 58 

surface ML and resultant air–sea interaction45,47.  59 

Several studies have shown that small sea surface temperature (SST) variability 60 

superimposed on the high background SST in the BoB can have a significant effect on 61 

ISM activity due to the critical dependence of ISM on deep convection over the BoB 62 

and the land–sea temperature contrast22,48. Thus, any process that affects SST may play 63 

a role in ISM activity. Previous studies mainly focused on the effects of BL on 64 

concurrent SST variability32,38-40,43,49,50, but the persistent effect of the prior winter 65 

(December–February) BL on air–sea interaction in the following seasons and its 66 

mechanisms remain unclear. Here we show evidence that an anomalously thick BL in 67 

the BoB in the prior winter may advance the ISM onset date and enhance precipitation 68 
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in June over the South Asian subcontinent. The abnormal BL can impact the evolution 69 

of winter SST anomalies through its effects on thermodynamic and dynamic processes. 70 

A cloud–SST positive feedback process and penetrative shortwave heating, due to the 71 

thinning of the mixed layer associated with the thick BL, act to prolong the SST 72 

anomalies into the spring (March–May), when they can impact ISM variability. 73 

Results 74 

Relationships between the prior winter barrier layer and ISM activity 75 

The BL in the BoB reaches its maximum thickness and horizontal extent during 76 

December–February (DJF). Thus, we select the barrier layer thickness (BLT) regionally 77 

averaged over BoB in DJF for the period of 1951–2010 to study its impact on ISM 78 

activity. Since DJF spans two calendar years, hereafter year (0) denotes the reference 79 

year, and the following year is labeled with (+1). Figure 1a shows the correlations 80 

between the prior winter–averaged BoB BLT and each following month’s rainfall over 81 

different regions of the South Asian subcontinent, including total India, central 82 

northeast India, northeast India, northwest India, west–central India, and peninsular 83 

India. There is a significant link between the prior winter BL and rainfall, especially for 84 

total India and west–central India. The positive correlations reach a maximum of up to 85 

0.5 in June, which is significant at the 95% confidence level (Fig. 1a). The results 86 

indicate that a thick (thin) BL in the BoB in the prior winter will be accompanied by 87 

enhanced (reduced) rainfall in June.  88 

In fact, however, interannual climate modes such as Arctic Oscillation (AO), IOD 89 

and ENSO can trigger anomalies of wind, precipitation, and SST in the tropical Indian 90 
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Ocean and consequent ISM activity13-18. Hence, it is essential to examine whether the 91 

significant prior winter BL–June ISM rainfall connection may be partly driven by the 92 

AO, IOD, and ENSO. Figure 1b shows lead–lag correlation coefficients between DJF 93 

BLT and AO, IOD, and Niño 3.4 indices. The September–November (SON) IOD index 94 

of year (0) is significantly negatively correlated with DJF BLT. In particular, the linear 95 

correlation coefficient between DJF BLT and simultaneous DJF Niño 3.4 indices can 96 

be up to –0.55 in the past 60 years, significant at the 99% confidence level. This 97 

indicates that IOD and ENSO events certainly can induce winter BL variability. We 98 

select the season of SON, which has the highest correlation coefficients between BLT 99 

and IOD of year (0), and the season of DJF, which has the highest correlation between 100 

BLT and ENSO, to investigate the relationships of IOD and ENSO with June ISM 101 

rainfall of year (+1). The linear correlation between SON IOD of year (0) and June ISM 102 

rainfall of year (+1) is low and less significant, especially after removing winter BL 103 

effects (Supplementary Table 1; Supplementary Fig. 2). Similar results are found for 104 

the correlation between the DJF ENSO index and June (+1) ISM rainfall.  105 

To clarify whether the anomalous winter BL independently affects ISM rainfall in 106 

June of the following year, we also calculate the partial correlation between the prior 107 

winter BLT and ISM rainfall in June after removing the influences of IOD and ENSO. 108 

The partial correlations between the DJF BLT and June (+1) rainfall are still high and 109 

statistically significant for total India, central northeast India, and west–central India 110 

(Supplementary Table 1). These results indicate that the prior winter BL anomalies, 111 

although partly forced by the simultaneous ENSO or the SON IOD of year (0), can 112 
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potentially impact ISM rainfall anomalies in June independently of these climate events. 113 

This highlights the potential importance of ocean thermodynamic and dynamic process 114 

associated with the prior winter BL anomalies for regulating SST and atmospheric 115 

circulation.  116 

To further explore the effect of the prior winter BL variations in the BoB on ISM 117 

activity, we define winter thick and thin BL years based on when the winter regionally–118 

averaged BoB BLT anomalies are greater than one standard deviation or less than minus 119 

one standard deviation, respectively. We identify 10 thick BL years and 6 thin BL years 120 

(Fig. 2a). The mean onset date of the following BoB summer monsoon in the 10 thick 121 

BL years is 4 days earlier than the climatological mean (11 May) and 10 days earlier 122 

than the mean onset date of the 6 thin BL years (Fig. 1c). This difference is significant 123 

at the 95% confidence level based on a Monte Carlo test with 10,000 samples. Likewise, 124 

the mean onset date of the following Indian summer monsoon in the 10 thick BL years 125 

is also 4 days earlier than the climatological mean (1 June) and 9 days earlier than the 126 

mean onset date of the 6 thin BL years (Fig. 1d), which is also significant at the 95% 127 

level. The earlier onset of the ISM indicates that the anomalously thick BL in the prior 128 

winter may promote the arrival of the rainy season over the South Asian subcontinent. 129 

To investigate the prior winter BL’s potential control on ISM rainfall, we focus on 130 

the seasonal evolution of atmospheric (Fig. 3) and oceanic (Fig. 4) factors associated 131 

with prior winter thick and thin BL years. During March–May (MAM) of year (+1) 132 

associated with the prior winter thick (thin) BL years, large cooling (warming) occurs 133 

over the entire bay (Fig. 4b, c). For the prior winter thick BL years, southwesterly winds 134 
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and precipitation significantly strengthen over the BoB in May of year (+1). The 135 

enhanced precipitation over the South Asian subcontinent peaks in June of year (+1) 136 

(Fig. 3b). These abnormally intensified southwesterly winds may result from the 137 

presence of cold sea surface anomalies (Fig. 5a) in the BoB, which favor a strong 138 

tropospheric temperature gradient between land and sea (Fig. 5b) and strengthen the 139 

southwest monsoon winds, displacing the intertropical convergence zone northward. 140 

The intensified southwesterly winds facilitate enhanced moisture transport into the 141 

South Asian subcontinent and intensified moisture convergence (Fig. 5c). The 142 

intensified moisture convergence is significantly correlated with the prior winter BLT 143 

(Fig. 5e) and rainfall over India in June (Fig. 5f). The opposite is true for the prior 144 

winter thin BL years (Fig. 5d).  145 

Role of wintertime salinity barrier layer  146 

What causes the prior winter SST anomalies and their persistence into the pre–147 

ISM season? For prior winter thick BL years, SST is colder than climatology during 148 

October–November of year (0) due to intensified latent heat loss (Figs. 6e, 7f) induced 149 

by stronger winds (Fig. 7j). Simultaneously, increased cloudiness (Fig. 7i) reduces the 150 

shortwave radiation flux absorbed by the mixed layer (Figs. 6b, 7b) from October (0) 151 

to January (+1). This prolongs the cold SST anomalies for several months (Fig. 7g). 152 

The reduced downward shortwave radiation implies a positive feedback between the 153 

SST anomalies and low cloud over the tropical ocean51: namely, when SST cools, cloud 154 

amount increases (Fig. 7i), leading to less shortwave radiation absorbed by the sea 155 

surface and further cooling of the ocean. Such a positive feedback could substantially 156 



8 

 

lengthen the persistence time of local SST anomalies. 157 

During MAM season, mixed layer depth (MLD) variability is significantly 158 

correlated with the prior winter BLT: a thicker BL is associated with a thinner ML 159 

(Supplementary Fig. 3a). Both a thinner MAM (+1) ML and thicker DJF BL are also 160 

linked to enhanced MAM (+1) precipitation over the BoB (Supplementary Fig. 3b, c). 161 

This suggests that higher rainfall, linked to the thicker BL during DJF season, may be 162 

the main cause of the thinner ML during MAM season. This thinner ML allows more 163 

shortwave radiation to penetrate below the ML (Fig. 7c) to warm the subsurface and 164 

further cool the surface layer (Fig. 7b). These thermal and dynamic processes result in 165 

cooler–than–normal SST, causing the increased tropospheric temperature gradient 166 

between land and sea and hence changing the atmospheric response in the early ISM 167 

season. 168 

We can also see in Supplementary Fig. 4a that the subsurface layer from October 169 

(0) to May (+1) associated with the prior winter thick BL years is much warmer than 170 

the climatological mean. This is due in part to a deepening of the thermocline caused 171 

by planetary waves in the ocean (October (0)–February (+1)), and it is also partly 172 

attributable to the enhanced penetrative solar heat flux due to the anomalously thin ML 173 

(March (+1)–May (+1)). Moreover, the thicker BL can reduce entrainment of the cold 174 

thermocline water, favoring anomalous subsurface warming (Supplementary Fig. 4a). 175 

This anomalous subsurface warming may act to reduce entrainment cooling, limit 176 

anomalous SST cooling caused by the surface heat flux, and maintain sufficient near–177 

surface humidity to increase rainfall of the BOB during MAM of year (+1).  178 
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To further clarify role of the winter BLs, we examine the ML heat budget using 179 

Eq. (1). Net surface heat flux is a significant contributor to the ML heat budget in the 180 

BoB (Fig. 6), but vertical processes also play an important role. Note that the 181 

contribution of vertical entrainment may be underestimated because it is difficult to 182 

separate the vertical entrainment term from the residual term. From the evolution of 183 

vertical entrainment anomalies in the heat budget equation, strong warming (cooling) 184 

tendencies in winter are associated with the prior winter thick (thin) BL years (Fig. 8b). 185 

The vertical entrainment anomalies vary nearly in phase with the BLT anomalies, with 186 

a maximum in boreal winter (Fig. 8b, d). For prior winter thick (thin) BL years, both 187 

the vertical entrainment heating (cooling) and positive (negative) ΔT (the temperature 188 

at the base of ML minus the temperature of ML average) anomalies persist into March 189 

(+1) (Fig. 8b, c), along with the anomalously thick (thin) BL (Fig. 8d). When the prior 190 

winter BL is thicker than climatological mean, the thick BLs allow vertical entrainment 191 

of more warm subsurface water (Supplementary Fig. 4a) into the ML to restrain the sea 192 

surface cooling through its modulation of ΔT. This indicates that vertical entrainment 193 

acts as a damping on the reduced net surface heat flux. The prior winter thick BLs 194 

therefore serve as a dynamical thermostat by restraining cold thermocline water 195 

entrainment into the ML: a thicker BL damps the surface flux–induced SST cooling 196 

during the winter (due to entrainment) and amplifies it during the spring (due to 197 

penetrative shortwave radiation). Over the tropical oceans, the deep convection remains 198 

weak and is rarely observed for SST < 26.5 ℃, while the monotonic increase in 199 

precipitation with respect to SST is limited to a range of 26.5 ℃ ~ 28 ℃–29.5 ℃, with 200 
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decay with further increase in SST52-57. Thus, the damping effect of thick BLs restricts 201 

the excessive cooling of the sea surface to maintain the deep convection over the BoB 202 

in winter. In contrast, in year (+1) of the prior winter thick BL years, there is more 203 

penetrative shortwave radiation during MAM season (Fig. 8a), which tends to reinforce 204 

the existing cold SST anomalies and enhance ISM rainfall through an increase in the 205 

tropospheric temperature gradient between land and sea.  206 

Summary and discussion 207 

We have shown an observed relationship between the winter BLs in the BoB and 208 

the subsequent ISM rainfall in June. It is found that the prior winter BL anomalies can 209 

modulate the occurrence of abnormal precipitation in June by modifying the monsoon–210 

related atmospheric circulation and oceanic dynamic process in the tropical Indian 211 

Ocean. A schematic of the mechanisms is shown in Fig. 9. For the prior winter thicker–212 

than–normal BL years, the SST cooling is caused by intensified latent heat loss since 213 

October of year (0), which is maintained by the wind–evaporation feedback. Moreover, 214 

less shortwave radiation is absorbed by the surface layer due to the increased clouds, 215 

which can also persist sea surface cooling into the following year through positive 216 

cloud–SST feedback. However, if the sea surface excessively cools, the deep 217 

atmospheric convection over the BoB will weaken and even interrupt. The warmer 218 

subsurface water associated with the prior winter thick BL is entrained into the ML, 219 

damping the sea surface cooling induced by the surface heat flux and allowing higher 220 

humidity and more precipitation over the BoB. This enhanced precipitation decreases 221 

sea surface salinity and MLD, allowing more penetrative shortwave radiation during 222 
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MAM of year (+1), which further amplifies the existing sea surface cooling and 223 

therefore leads to an increased tropospheric temperature gradient between land and sea. 224 

As a result, there is a large–scale atmospheric adjustment: the ISM onset is earlier–225 

than–normal along with the enhanced southwesterly wind, and the ISM precipitation 226 

over India is enhanced. The results from this study suggest that the winter thick BL acts 227 

as a dynamical thermostat by restraining cold thermocline water entrainment into the 228 

ML. 229 

It is natural to ask whether current state–of–the–art coupled models participating 230 

in phase 5 of the Coupled Model Intercomparison Project (CMIP5) can reproduce the 231 

observed relationship between the prior winter BL and June ISM rainfall. We analyze 232 

the 55–year (1951–2005) outputs of historical runs by 17 coupled models. Only 3 233 

(BCC–CSM1–1, GFDL–CM3 and GFDL–ESM2M) out of 17 models can simulate the 234 

positive relationship between prior winter BL and June ISM rainfall averaged over the 235 

South Asian subcontinent, but the correlation coefficients are relatively low 236 

(Supplementary Fig. 5). In contrast, other models fail to simulate the observed 237 

relationship between prior winter BL and June ISM rainfall. The ensemble means of 17 238 

CMIP5 models show negligible impacts of the prior winter BL on the ISM rainfall 239 

because most coupled models in CMIP5 still have difficulties in realistically simulating 240 

interannual variations of salinity BL and ISM rainfall. To some extent, most of the 241 

models, with the exception of CNRM–CM5, GISS–E2–H and MRI–CGCM3, simulate 242 

anomalously thin BLs averaged over December–February (Supplementary Fig. 6). In 243 

addition, all models except CCSM4, MIRO–ESM and MIRO–ESM–CHEM show large 244 
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negative biases in rainfall over and around India during the ISM (Supplementary Fig. 245 

7). This suggests that the weak BL in CMIP5 models, combined with other factors, may 246 

be partially responsible for the ISM precipitation biases. 247 

Our study further indicates that there is a clear need to evaluate the performance 248 

of coupled general circulation models in reproducing the observed BLs in the BoB. 249 

Assessing the climate biases caused by the salinity BL effects in coupled climate 250 

models provides a step toward improving air–sea coupled model performance. These 251 

kinds of studies will greatly improve our understanding on the effect of the salinity BL 252 

on large–scale climate variations, including the ISM. 253 

Methods 254 

Datasets 255 

The Simple Ocean Data Assimilation (SODA) version 2.2.4 dataset, which is 256 

available from 1951 to 2010 and has horizontal resolution of 0.5° × 0.5° and 40 vertical 257 

levels, is used in this study. The monthly BLT is calculated from monthly SODA 258 

temperature and salinity. The atmospheric dataset is the National Center for 259 

Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) 260 

reanalysis58. The atmospheric variables used in this study include precipitation rate, 261 

surface wind, surface heat flux, specific humidity and air temperature, with spatial 262 

resolution of 2.5°×2.5° from 1951 to 2010. In addition, the observed monthly mean 263 

rainfall in different regions of India are from the Indian Institute of Tropical 264 

Meteorology (IITM)59. The monthly mean climate indices from 1951 to 2010, including 265 

Arctic Oscillation (AO), Niño 3.4, and Dipole Mode Index, were downloaded from the 266 

javascript:;
javascript:;
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NOAA/OAR/ESRL PSD website. The outputs of 55–year (1951–2005) historical runs 267 

by 17 coupled models participating CMIP5 are also used. 268 

Definition of BLT 269 

The BLT is defined as the difference between isothermal layer depth (ILD) and 270 

MLD. The ILD is defined as the depth at which temperature decreases by 0.2 ℃ from 271 

the reference depth of 10 m44. This avoids the diurnal variability in the top few meters 272 

of the ocean49. The MLD is defined as the depth at which potential density increases by 273 

an amount corresponding to a decrease in potential temperature of 0.2 ℃. 274 

Definition of onset date of summer monsoon 275 

The onset date of the BoB summer monsoon is defined as the first date when the 276 

mean meridional gradient of tropospheric temperature between 200–600 hPa over the 277 

region of (90°–110°E, 10°–20°N) turns from negative to positive and persists for at 278 

least seven consecutive days60,61. The onset date of the Indian summer monsoon is 279 

defined as the date when the meridional tropospheric temperature gradient changes sign 280 

from negative to positive62,63. The tropospheric temperature gradient is calculated as 281 

the difference in tropospheric temperature (defined as air temperature averaged 282 

between 200 hPa and 600 hPa) between a northern box (30°–110°E, 5°–35°N) and a 283 

southern box (30°–110°E, 15°S–5°N). 284 

Diagnostics of mixed layer heat budget 285 

To investigate the processes that control seasonal evolution of SST, we consider 286 

the surface ML heat balance36,64,65: 287 

( )h

p net p h

T TT T T dh
C h Q C h u v H W Residual

t x y dt h
 

 −     = − + + + +          
  (1) 288 
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where netQ  is the net surface heat flux and  289 

 ( )
net shortwave pen long latent sensible

Q Q Q Q Q Q= − + + +   290 

where shortwaveQ  is net surface shortwave radiation, pen
Q  is shortwave radiation that 291 

penetrates below the ML, longwave
Q  is net longwave radiation, latentQ  is latent heat flux, 292 

and sensibleQ  is sensible heat flux. The terms in Eq. (1) represent, from left to right,  293 

ML heat storage rate, net surface heat flux, horizontal ML heat advection, vertical 294 

entrainment flux, and residual errors. Here, T  (℃) is temperature averaged over the 295 

ML, hT  is the temperature 15 m below the ML, h  is the depth of the ML,   is the 296 

density of seawater (1024 kg m–3), p
C  is the specific heat capacity of seawater (3993 297 

J kg–1 K–1), t  is time (in months), u  ( v )  is zonal (meridional) velocity (m s–1), hW  298 

is vertical velocity (m s–1; available directly from the SODA dataset), and H  is the 299 

Heaviside step function. Following Morel and Antoine66, the amount of shortwave 300 

radiation that penetrates below the ML base is parameterized using chlorophyll–a: 301 

 ( ) ( )1 2/ /

1 2( , )
h b h b

pen shortwave
Q h Chl Q a e a e

− − =  +  ,  302 

where the parameters 1a , 2a , 1b and 2b are calculated using monthly climatological near–303 

surface chlorophyll–a concentration from the Sea–Viewing Wide Field–of–View 304 

Sensor (SeaWiFS) onboard the SeaStar satellite. These data are available on a305 

0.08 0.08  grid for the period 1997–2010. The NCEP/NCAR reanalysis heat flux is 306 

linearly interpolated to the ML temperature grid for a consistent analysis across all 307 

fields.  308 

If we consider the impact of MLD anomalies on the efficiency with which the 309 

surface heat flux changes SST, the equation can be written as: 310 
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1 1

=net net net

p p p

Q Q Q

C h C h C h

 
  

+                        (2) 311 

In Eq. (2), a bar denotes a monthly climatological mean value, and   represents 312 

the difference between an individual month and the monthly climatological mean value. 313 

The term net

p

Q

C h



 is decomposed into an anamolous heat flux component ( 1
net

p

Q

C h



 ) 314 

and an anamolous MLD component ( 1
net

p

Q

C h



 ). 315 

Statistical significance test  316 

Statistical methods of linear correlation and composites are also used in this study. 317 

Both the observations and the reanalysis data mentioned above are detrended before 318 

analysis. The statistical significance is tested using two–tailed Student’s t test (the 319 

effective degree of freedom is recalculated67-68) for the composited fields and 320 

correlation values, except for the differences of onset date of summer monsoon for 321 

which the Monte Carlo test are used (Fig. 1c, d). The confidence levels are described 322 

in the figure captions.  323 

  324 
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Data availability 325 

SODA v2.2.4 is publicly available at: 326 

https://iridl.ldeo.columbia.edu/SOURCES/.CARTONGIESE/.SODA/.v2p2p4/.    327 

NCEP/NCAR reanalysis data and climate indices data are supported by the 328 

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their website 329 

http://www.esrl.noaa.gov/. Indian monthly rainfall dataset derived by IITM is publicly 330 

available at: https://tropmet.res.in/Data%20Archival-51-Page. CMIP5 multi-model 331 

dataset is publicly available at: https://esgf-node.llnl.gov/projects/cmip5/. 332 

 333 

  334 
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Captions 510 

Fig. 1 Linear correlation analysis and onset date of summer monsoon. Left panel: 511 

(a) Pearson’s correlation coefficients between DJF BLT averaged over BoB and 512 

subsequent rainfall in the all India (white dots), central northeast India (red dots), 513 

northeastern India (purple dots), northwest India (yellow dots), peninsular India (cyan 514 

dots), and west central India (black dots). (b) Pearson’s correlation coefficients between 515 

DJF BLT and each month’s AO index (black dots), IOD index (white dots), and Niño 516 

3.4 index (cyan dots) in year (0) and year (+1). The current period is from 1952 to 2010, 517 

and the earlier period is from 1951 to 2009. The black lines (chain dotted) denote 95% 518 

confidence level. Right panel: Seasonal evolution of (c) meridional gradient  of the 519 

daily tropospheric air temperature (×10–6 ℃) in 200–600 hPa over the region of (90°–520 

110°E, 10°–20°N), and (d) meridional difference of the daily tropospheric air 521 

temperature (℃) in 200–600 hPa between a northern box (30°–110°E, 5°–35°N) and a 522 

southern box (30°–110°,15°S–5°N) from April to July, for climatology (black dashed 523 

lines), year (+1) of prior winter thick BL years (red lines) and thin BL years (blue lines). 524 

Fig. 2 Time series from 1951 to 2010. (a) Normalized BLT (m), (b) BLT, (c) ILD (m), 525 

and (d) MLD (m), averaged over BoB (75˚–95˚E, 5˚–25˚N) in December–February. 526 

When the BLT averaged over December–February is higher (lower) than one standard 527 

deviation it is defined as a thick (thin) BL year. The black chain dotted lines denote one 528 

standard deviation. The orange (cyan) dots denote the thick (thin) BL years. 529 

Fig. 3 Distributions of precipitation and wind fields. Climatology of (a) precipitation 530 

rate (mm day–1, shading) and 10 m wind (m s–1, vector) from January to September. 531 
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Composite of precipitation rate anomalies and 10 m wind anomalies from January (+1) 532 

to September (+1) for prior winter (b) thick BL years and (c) thin BL years. The black 533 

(green) spots (arrows) denote statistical significance at the 90% confidence level by 534 

two–tailed Student’s t test.  535 

Fig. 4 Distributions of SST. Climatology of (a) SST (℃) from January to September. 536 

The black lines denote the 28 ℃ contour. Composite of SST anomalies from January 537 

(+1) to September (+1) for prior winter (b) thick BL years and (c) thin BL years. The 538 

black spots denote statistical significance at the 90% confidence level by two–tailed 539 

Student’s t test.  540 

Fig. 5 Variations of atmospheric and oceanic factors. Seasonal evolution of (a) SST 541 

(℃) averaged over BoB and (b) land–sea thermal contrast in the tropospheric (850–542 

200 hPa average) temperature (℃) from January to December, for climatology (black 543 

solid lines), year (+1) of prior winter thick BL years (red lines) and thin BL years (blue 544 

lines). The land–sea thermal contrast is estimated as the difference in the values 545 

between the boxes over the South Asian subcontinent (70˚–85˚E, 10˚–30˚N) and BoB 546 

(75˚–95˚E, 5˚–25˚N). The black chain dotted line denotes the temperature of 28 ℃. The 547 

triangles denote statistical significance at the 90% confidence level by two–tailed 548 

Student’s t test. Composite of moisture flux (kg m–1 s–1) anomalies averaged over April 549 

(+1)–June (+1) for prior winter (c) thick BL years and (d) thin BL years. The red arrows 550 

denote statistical significance at the 90% confidence level by two–tailed Student’s t test. 551 

Scatterplots between June (+1) moisture flux convergence (×105 kg m–2 s–1) averaged 552 

over India (70˚–90˚E, 10˚–30˚N) and (e) DJF BLT (m) averaged over BoB and (f) June 553 
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(+1) precipitation (mm) averaged over India. The gray lines indicate the least–squared 554 

fits. Correlation coefficients are statistically significant at the 95% confidence level.  555 

Fig. 6 Seasonal evolution of anomalous SST tendency induced by surface heat flux 556 

and ML. Anomalous evolution of (a, f) net surface heat flux term (℃ month-1), (b, g) 557 

net shortwave radiation flux term (℃ month-1), (c, h) longwave radiation flux term (℃ 558 

month-1), (d, i) sensible heat flux term (℃ month-1), and (e, j) latent heat flux term (℃ 559 

month-1) in Eq. (2) averaged over BoB from September (0) to September (+1), for prior 560 

winter thick BL years (the first column) and thin BL years (the second column). The 561 

blue bars denote the anamolous surface heat flux component 1
net

p

Q

C h



  , and the 562 

orange bars denote the anamolous MLD component 1
net

p

Q

C h



 . The red lines denote 563 

the sum of anomalous surface heat flux component and anamolous MLD conmponent. 564 

The blue lines denote the anomalies simultaneously considering surface heat flux and 565 

MLD.  566 

Fig. 7 Seasonal evolution of atmospheric and oceanic factors. Anomalous evolution 567 

of (a) net heat flux (W m–2), (b) net shortwave radiation flux (W m–2), (c) penetrative 568 

shortwave radiation flux (W m–2), (d) longwave radiation flux (W m–2), (e) sensible 569 

heat flux (W m–2), (f) latent heat flux (W m–2), (g) SST (℃), (h) mixed layer depth (m), 570 

(i) total cloud amount (%), and (j) wind speed (m s–1), averaged over BoB from 571 

September (0) to September (+1), for prior winter thick BL years (blue bars) and thin 572 

BL years (orange bars). The asterisks (*) denote statistical significance at the 90% 573 

confidence level by two–tailed Student’s t test.  574 
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Fig. 8 Seasonal evolution of oceanic factors. Anomalous evolution of (a) penetrative 575 

shortwave radiation (W m–2), (b) vertical entrainment (W m–2), (c) 
hT T−   (℃; the 576 

temperature at the base of mixed layer minus the temperature of mixed layer average), 577 

and (d) BLT (m), averaged over BoB from September (0) to September (+1), for prior 578 

winter thick BL years (blue bars) and thin BL years (orange bars). The asterisks (*) 579 

denote statistical significance at the 90% confidence level by two–tailed Student’s t test.  580 

Fig. 9 Schematic of the mechanisms about the prior winter anomalously thick BL 581 

on modulating the June rainfall over India. The meridional section is the average 582 

temperature anomalies from 75°E to 95°E over the BoB. The zonal section is the 583 

average temperature anomalies from 5°N to 25°N over the BoB. The horizontal section 584 

is the sea surface temperature anomalies in the BoB. The solid (dashed) black lines 585 

indicate MLD (ILD). The little pink (light blue) arrows indicate increase (decrease) of 586 

the atmospheric and oceanic factors. In December–February, the vertical entrainment 587 

of the subsurface warm water associated with prior winter thick BL anomalies damps 588 

the sea surface cooling to maintain the deep atmospheric convection. In March–May, 589 

sufficient near-surface humidity increases rainfall, enhancing salinity stratification and 590 

reducing MLD. More shortwave radiation penetrates into the ML, maintaining surface 591 

cooling and increasing land–sea thermal gradient. In June, more moisture is transported 592 

into the Indian subcontinent, which therefore results in the increase of rainfall over the 593 

India.  594 
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Figures596 

 597 

Fig. 1 Linear correlation analysis and onset date of summer monsoon. Left panel: 598 

(a) Pearson’s correlation coefficients between DJF BLT averaged over BoB and 599 

subsequent rainfall in the all India (white dots), central northeast India (red dots), 600 

northeastern India (purple dots), northwest India (yellow dots), peninsular India (cyan 601 

dots), and west central India (black dots). (b) Pearson’s correlation coefficients between 602 

DJF BLT and each month’s AO index (black dots), IOD index (white dots), and Niño 603 

3.4 index (cyan dots) in year (0) and year (+1). The current period is from 1952 to 2010, 604 

and the earlier period is from 1951 to 2009. The black lines (chain dotted) denote 95% 605 

confidence level. Right panel: Seasonal evolution of (c) meridional gradient  of the 606 

daily tropospheric air temperature (×10–6 ℃) in 200–600 hPa over the region of (90°–607 

110°E, 10°–20°N), and (d) meridional difference of the daily tropospheric air 608 

temperature (℃) in 200–600 hPa between a northern box (30°–110°E, 5°–35°N) and a 609 

southern box (30°–110°,15°S–5°N) from April to July, for climatology (black dashed 610 

lines), year (+1) of prior winter thick BL years (red lines) and thin BL years (blue lines). 611 
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 613 

Fig. 2 Time series from 1951 to 2010. (a) Normalized BLT (m), (b) BLT, (c) ILD (m), 614 

and (d) MLD (m), averaged over BoB (75˚–95˚E, 5˚–25˚N) in December–February. 615 

When the BLT averaged over December–February is higher (lower) than one standard 616 

deviation it is defined as a thick (thin) BL year. The black chain dotted lines denote one 617 

standard deviation. The orange (cyan) dots denote the thick (thin) BL years. 618 
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Fig. 3 Distributions of precipitation and wind fields. Climatology of (a) precipitation 622 

rate (mm day–1, shading) and 10 m wind (m s–1, vector) from January to September. 623 

Composite of precipitation rate anomalies and 10 m wind anomalies from January (+1) 624 

to September (+1) for prior winter (b) thick BL years and (c) thin BL years. The black 625 

(green) spots (arrows) denote statistical significance at the 90% confidence level by 626 

two–tailed Student’s t test.  627 
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Fig. 4 Distributions of SST. Climatology of (a) SST (℃) from January to September. 631 

The black lines denote the 28 ℃ contour. Composite of SST anomalies from January 632 

(+1) to September (+1) for prior winter (b) thick BL years and (c) thin BL years. The 633 

black spots denote statistical significance at the 90% confidence level by two–tailed 634 

Student’s t test.  635 
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 638 

Fig. 5 Variations of atmospheric and oceanic factors. Seasonal evolution of (a) SST 639 

(℃) averaged over BoB and (b) land–sea thermal contrast in the tropospheric (850–640 

200 hPa average) temperature (℃) from January to December, for climatology (black 641 

solid lines), year (+1) of prior winter thick BL years (red lines) and thin BL years (blue 642 

lines). The land–sea thermal contrast is estimated as the difference in the values 643 

between the boxes over the South Asian subcontinent (70˚–85˚E, 10˚–30˚N) and BoB 644 

(75˚–95˚E, 5˚–25˚N). The black chain dotted line denotes the temperature of 28 ℃. The 645 

triangles denote statistical significance at the 90% confidence level by two–tailed 646 

Student’s t test. Composite of moisture flux (kg m–1 s–1) anomalies averaged over April 647 

(+1)–June (+1) for prior winter (c) thick BL years and (d) thin BL years. The red arrows 648 
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denote statistical significance at the 90% confidence level by two–tailed Student’s t test. 649 

Scatterplots between June (+1) moisture flux convergence (×105 kg m–2 s–1) averaged 650 

over India (70˚–90˚E, 10˚–30˚N) and (e) DJF BLT (m) averaged over BoB and (f) June 651 

(+1) precipitation (mm) averaged over India. The gray lines indicate the least–squared 652 

fits. Correlation coefficients are statistically significant at the 95% confidence level.  653 
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 655 

Fig. 6 Seasonal evolution of anomalous SST tendency induced by surface heat flux 656 

and ML. Anomalous evolution of (a, f) net surface heat flux term (℃ month-1), (b, g) 657 

net shortwave radiation flux term (℃ month-1), (c, h) longwave radiation flux term (℃ 658 

month-1), (d, i) sensible heat flux term (℃ month-1), and (e, j) latent heat flux term (℃ 659 

month-1) in Eq. (2) averaged over BoB from September (0) to September (+1), for prior 660 

winter thick BL years (the first column) and thin BL years (the second column). The 661 

blue bars denote the anamolous surface heat flux component 1
net

p

Q

C h



  , and the 662 
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orange bars denote the anamolous MLD component 1
net

p

Q

C h



 . The red lines denote 663 

the sum of anomalous surface heat flux component and anamolous MLD conmponent. 664 

The blue lines denote the anomalies simultaneously considering surface heat flux and 665 

MLD.  666 
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 668 

Fig. 7 Seasonal evolution of atmospheric and oceanic factors. Anomalous evolution 669 

of (a) net heat flux (W m–2), (b) net shortwave radiation flux (W m–2), (c) penetrative 670 

shortwave radiation flux (W m–2), (d) longwave radiation flux (W m–2), (e) sensible 671 

heat flux (W m–2), (f) latent heat flux (W m–2), (g) SST (℃), (h) mixed layer depth (m), 672 

(i) total cloud amount (%), and (j) wind speed (m s–1), averaged over BoB from 673 

September (0) to September (+1), for prior winter thick BL years (blue bars) and thin 674 

BL years (orange bars). The asterisks (*) denote statistical significance at the 90% 675 

confidence level by two–tailed Student’s t test. 676 
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 678 

Fig. 8 Seasonal evolution of oceanic factors. Anomalous evolution of (a) penetrative 679 

shortwave radiation (W m–2), (b) vertical entrainment (W m–2), (c) 
hT T−   (℃; the 680 

temperature at the base of mixed layer minus the temperature of mixed layer average), 681 

and (d) BLT (m), averaged over BoB from September (0) to September (+1), for prior 682 

winter thick BL years (blue bars) and thin BL years (orange bars). The asterisks (*) 683 

denote statistical significance at the 90% confidence level by two–tailed Student’s t test.  684 
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 686 

Fig. 9 Schematic of the mechanisms about the prior winter anomalously thick BL 687 

on modulating the June rainfall over India. The meridional section is the average 688 

temperature anomalies from 75°E to 95°E over the BoB. The zonal section is the 689 

average temperature anomalies from 5°N to 25°N over the BoB. The horizontal section 690 

is the sea surface temperature anomalies in the BoB. The solid (dashed) black lines 691 

indicate MLD (ILD). The little pink (light blue) arrows indicate increase (decrease) of 692 

the atmospheric and oceanic factors. In December–February, the vertical entrainment 693 

of the subsurface warm water associated with prior winter thick BL anomalies damps 694 

the sea surface cooling to maintain the deep atmospheric convection. In March–May, 695 

sufficient near-surface humidity increases rainfall, enhancing salinity stratification and 696 

reducing MLD. More shortwave radiation penetrates into the ML, maintaining surface 697 

cooling and increasing land–sea thermal gradient. In June, more moisture is transported 698 

into the Indian subcontinent, which therefore results in the increase of rainfall over the 699 

India.  700 
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Figures

Figure 1

Linear correlation analysis and onset date of summer monsoon. Left panel: (a) Pearson’s correlation
coe�cients between DJF BLT averaged over BoB and subsequent rainfall in the all India (white dots),
central northeast India (red dots), northeastern India (purple dots), northwest India (yellow dots),
peninsular India (cyan dots), and west central India (black dots). (b) Pearson’s correlation coe�cients
between DJF BLT and each month’s AO index (black dots), IOD index (white dots), and Niño 3.4 index
(cyan dots) in year (0) and year (+1). The current period is from 1952 to 2010, and the earlier period is
from 1951 to 2009. The black lines (chain dotted) denote 95% con�dence level. Right panel: Seasonal
evolution of (c) meridional gradient of the daily tropospheric air temperature (×10–6 ) in 200–600 hPa
over the region of (90°–110°E, 10°–20°N), and (d) meridional difference of the daily tropospheric air
temperature () in 200–600 hPa between a northern box (30°–110°E, 5°–35°N) and a southern box (30°–
110°,15°S–5°N) from April to July, for climatology (black dashed lines), year (+1) of prior winter thick BL
years (red lines) and thin BL years (blue lines).



Figure 2

Time series from 1951 to 2010. (a) Normalized BLT (m), (b) BLT, (c) ILD (m), and (d) MLD (m), averaged
over BoB (75˚–95˚E, 5˚–25˚N) in December–February. When the BLT averaged over December–February
is higher (lower) than one standard deviation it is de�ned as a thick (thin) BL year. The black chain dotted
lines denote one standard deviation. The orange (cyan) dots denote the thick (thin) BL years.



Figure 3

Distributions of precipitation and wind �elds. Climatology of (a) precipitation rate (mm day–1, shading)
and 10 m wind (m s–1, vector) from January to September. Composite of precipitation rate anomalies
and 10 m wind anomalies from January (+1) to September (+1) for prior winter (b) thick BL years and (c)
thin BL years. The black (green) spots (arrows) denote statistical signi�cance at the 90% con�dence level
by two–tailed Student’s t test.



Figure 4

Distributions of SST. Climatology of (a) SST () from January to September. The black lines denote the
28  contour. Composite of SST anomalies from January (+1) to September (+1) for prior winter (b) thick
BL years and (c) thin BL years. The black spots denote statistical signi�cance at the 90% con�dence level
by two–tailed Student’s t test.



Figure 5

Variations of atmospheric and oceanic factors. Seasonal evolution of (a) SST () averaged over BoB and
(b) land–sea thermal contrast in the tropospheric (850–200 hPa average) temperature () from January
to December, for climatology (black solid lines), year (+1) of prior winter thick BL years (red lines) and thin
BL years (blue lines). The land–sea thermal contrast is estimated as the difference in the values between
the boxes over the South Asian subcontinent (70˚–85˚E, 10˚–30˚N) and BoB (75˚–95˚E, 5˚–25˚N). The
black chain dotted line denotes the temperature of 28 . The triangles denote statistical signi�cance at
the 90% con�dence level by two–tailed Student’s t test. Composite of moisture �ux (kg m–1 s–1)
anomalies averaged over April (+1)–June (+1) for prior winter (c) thick BL years and (d) thin BL years.
The red arrows denote statistical signi�cance at the 90% con�dence level by two–tailed Student’s t test.



Scatterplots between June (+1) moisture �ux convergence (×105 kg m–2 s–1) averaged over India (70˚–
90˚E, 10˚–30˚N) and (e) DJF BLT (m) averaged over BoB and (f) June (+1) precipitation (mm) averaged
over India. The gray lines indicate the least–squared �ts. Correlation coe�cients are statistically
signi�cant at the 95% con�dence level.

Figure 6



Seasonal evolution of anomalous SST tendency induced by surface heat �ux and ML. Anomalous
evolution of (a, f) net surface heat �ux term ( month-1), (b, g) net shortwave radiation �ux term ( month-
1), (c, h) longwave radiation �ux term ( month-1), (d, i) sensible heat �ux term ( month-1), and (e, j)
latent heat �ux term ( month-1) in Eq. (2) averaged over BoB from September (0) to September (+1), for
prior winter thick BL years (the �rst column) and thin BL years (the second column). The blue bars denote
the anamolous surface heat �ux component (see pdf for equation), and the orange bars denote the
anamolous MLD component (see pdf for equation) The red lines denote the sum of anomalous surface
heat �ux component and anamolous MLD conmponent. The blue lines denote the anomalies
simultaneously considering surface heat �ux and MLD.



Figure 7

Seasonal evolution of atmospheric and oceanic factors. Anomalous evolution of (a) net heat �ux (W m–
2), (b) net shortwave radiation �ux (W m–2), (c) penetrative shortwave radiation �ux (W m–2), (d)
longwave radiation �ux (W m–2), (e) sensible heat �ux (W m–2), (f) latent heat �ux (W m–2), (g) SST (),
(h) mixed layer depth (m), (i) total cloud amount (%), and (j) wind speed (m s–1), averaged over BoB from
September (0) to September (+1), for prior winter thick BL years (blue bars) and thin BL years (orange



bars). The asterisks (*) denote statistical signi�cance at the 90% con�dence level by two–tailed Student’s
t test.

Figure 8

Seasonal evolution of oceanic factors. Anomalous evolution of (a) penetrative shortwave radiation (W
m–2), (b) vertical entrainment (W m–2), (c) h T −T (; the temperature at the base of mixed layer minus
the temperature of mixed layer average), and (d) BLT (m), averaged over BoB from September (0) to



September (+1), for prior winter thick BL years (blue bars) and thin BL years (orange bars). The asterisks
(*) denote statistical signi�cance at the 90% con�dence level by two–tailed Student’s t test.

Figure 9

Schematic of the mechanisms about the prior winter anomalously thick BL on modulating the June
rainfall over India. The meridional section is the average temperature anomalies from 75°E to 95°E over
the BoB. The zonal section is the average temperature anomalies from 5°N to 25°N over the BoB. The
horizontal section is the sea surface temperature anomalies in the BoB. The solid (dashed) black lines
indicate MLD (ILD). The little pink (light blue) arrows indicate increase (decrease) of the atmospheric and
oceanic factors. In December–February, the vertical entrainment of the subsurface warm water
associated with prior winter thick BL anomalies damps the sea surface cooling to maintain the deep
atmospheric convection. In March–May, su�cient near-surface humidity increases rainfall, enhancing
salinity strati�cation and reducing MLD. More shortwave radiation penetrates into the ML, maintaining
surface cooling and increasing land–sea thermal gradient. In June, more moisture is transported into the
Indian subcontinent, which therefore results in the increase of rainfall over the India.
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