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Abstract

Marine heatwaves (MHWs) are extreme oceanic warm water events (above 90th percentile threshold) that significantly impact

the marine environment. Several studies have recently explored the genesis and impacts of MHWs though they are least

understood in the tropical Indian Ocean. Here we investigate the genesis and trend of MHWs in the Indian Ocean during

1982–2018 and their role in modulating the Indian monsoon. We find that the rapid warming in the Indian Ocean plays a

critical role in increasing the number of MHWs. Meanwhile, the El Nino has a prominent influence on the occurrence of MHWs

during the summer monsoon. The Indian Ocean warming and the El Nino variability have synergistically resulted in some of

the strongest and long-lasting MHWs in the Indian Ocean. The western Indian Ocean (WIO) region experienced the largest

increase in MHWs at a rate of 1.2–1.5 events per decade, followed by the north Bay of Bengal at a rate of 0.4–0.5 events per

decade. Locally, the MHWs are induced by increased solar radiation, relaxation of winds, and reduced evaporative cooling. In

the western Indian Ocean, the decreased winds further restrict the heat transport by ocean currents from the near-equatorial

regions towards the north. Our analysis indicates that the MHWs in the western Indian Ocean and the north Bay of Bengal

lead to a reduction in monsoon rainfall over the central Indian subcontinent. On the other hand, there is an enhancement of

monsoon rainfall over southwest India due to the MHWs in the Bay of Bengal.
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Abstract 1 

Marine heatwaves (MHWs) are extreme oceanic warm water events (above 90th percentile threshold) 2 

that significantly impact the marine environment. Several studies have recently explored the genesis 3 

and impacts of MHWs though they are least understood in the tropical Indian Ocean. Here we 4 

investigate the genesis and trend of MHWs in the Indian Ocean during 1982–2018 and their role in 5 

modulating the Indian monsoon. We find that the rapid warming in the Indian Ocean plays a critical 6 

role in increasing the number of MHWs. Meanwhile, the El Niño has a prominent influence on the 7 

occurrence of MHWs during the summer monsoon. The Indian Ocean warming and the El Niño 8 

variability have synergistically resulted in some of the strongest and long-lasting MHWs in the Indian 9 

Ocean. 10 

The western Indian Ocean (WIO) region experienced the largest increase in MHWs at a rate of 11 

1.2–1.5 events per decade, followed by the north Bay of Bengal at a rate of 0.4–0.5 events per decade. 12 

Locally, the MHWs are induced by increased solar radiation, relaxation of winds, and reduced 13 

evaporative cooling. In the western Indian Ocean, the decreased winds further restrict the heat transport 14 

by ocean currents from the near-equatorial regions towards the north. Our analysis indicates that the 15 

MHWs in the western Indian Ocean and the north Bay of Bengal lead to a reduction in monsoon rainfall 16 

over the central Indian subcontinent. On the other hand, there is an enhancement of monsoon rainfall 17 

over southwest India due to the MHWs in the Bay of Bengal. 18 

 19 

Plain Language Summary 20 

Marine heatwaves are periods of extremely high temperatures in the ocean. Though several studies 21 

have reported their occurrence and impacts in the global oceans, they are least understood in the 22 

tropical Indian Ocean. In the current study, we find that marine heatwaves are increasing in the Indian 23 

Ocean, with the largest increase observed over the western Indian Ocean, followed by the north Bay 24 

of Bengal. These marine heatwaves occur as a result of background ocean warming in the Indian Ocean 25 
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and also in response to El Niño events in the Pacific Ocean. Locally, a peak in solar radiation and a 26 

dip in evaporative cooling due to weak winds lead to the formation of these marine heatwaves. In the 27 

western Indian Ocean, the weak winds also reduce the heat transported by ocean currents from the 28 

near-equatorial regions towards the north, intensifying the marine heatwave. In turn, these marine 29 

heatwaves impact the monsoon by reducing the rainfall over the central Indian subcontinent while 30 

enhancing it over the southern peninsula. 31 

 32 

1. Introduction 33 

According to the Special Report on the Ocean and Cryosphere (SROCC) of the Intergovernmental 34 

Panel on Climate Change (IPCC), the global ocean will continue to warm during the 21st century 35 

(IPCC, 2019). By 2100, the ocean warming in the top 2000 m is estimated to be 5–7 times higher under 36 

the business-as-usual scenario and 2–4 times higher under the low emission scenario, relative to the 37 

temperature reported since 1970 (very likely). Under this warming scenario, a rise in extreme 38 

temperature events in the ocean is also projected. Marine heatwaves (MHWs) are anomalous warm 39 

water events a response to the warming ocean—defined when the daily sea surface temperature (SST) 40 

exceeds the 90th percentile for five or more days (percentile threshold may vary and can be as high as 41 

the 99th percentile) (Hobday et al., 2016, Schaeffer et al., 2017, Collins et al., 2019). MHWs are 42 

reported all over the world—the 2003 Mediterranean Sea MHW, 2011 West Australian MHW, 43 

2015/16 Tasman Sea MHW are some of them. Numerous studies indicate that these anomalous 44 

temperature events can cause habitat destruction due to coral bleaching, seagrass destruction, and loss 45 

of kelp forests, affecting the fisheries sector adversely (Mills et al., 2013, Collins et al., 2019). 46 

Numerous studies have focused on the mechanisms leading to the genesis of MHWs. Most of 47 

the MHWs in Indo-Pacific regions are associated with climate modes like the El Niño, the Indian 48 

Ocean Dipole (IOD), and the Pacific Decadal Oscillation (PDO). The 2014–2015 MHW in the 49 

Northeast Pacific was associated with the PDO and the North Pacific Gyre Oscillation (NPGO). These 50 



4 

 

modes enhanced the conditions that led to an increase in SST in the Northeast Pacific (Joh and Lorenzo, 51 

2017). Holbrook et al. (2019) had suggested that the SST variability in the tropical Indian and Pacific 52 

oceans is related to the El Niño, IOD, and Indian Ocean warming. 53 

Although several studies have explored the extreme temperature events in the Pacific and 54 

Atlantic oceans, there is hardly any in-depth research on MHWs in the Indian Ocean. In the southeast 55 

Indian Ocean, coral bleaching due to the MHWs was reported, mostly associated with the El Niño and 56 

Madden-Julian Oscillations (MJO), riding over a global warming signal (Zhang et al., 2017). Studies 57 

have reported high SST conditions in the western Indian Ocean (Seychelles region), Arabian Sea, and 58 

the Bay of Bengal region (Andaman Sea) and also point out the coral bleaching due to intense warming 59 

in these regions (Saji et al., 1999; Edward et al., 2018; Raj et al., 2018; Krishnan et al.,2011). 60 

The north Indian Ocean is a critical region because it supports large marine primary 61 

productivity, particularly during the South Asian summer monsoon (Roxy et al., 2016), and because 62 

of its role in modulating the intraseasonal and interannual variability of the monsoon (Roxy et al., 63 

2007, 2012; Singh and Dasgupta 2017). Understanding the genesis and evolution of MHWs during the 64 

summer monsoon season and their changes due to ocean warming is hence crucial. In this study, for 65 

the first time, we explore the genesis and trend of MHWs in the Indian Ocean during the summer 66 

monsoon season (June–September). While many studies have addressed the impacts of MHWs on the 67 

marine ecosystem, there are hardly any studies investigating the impacts of MHWs on atmospheric 68 

circulation and rainfall. Hence, we investigate the interaction between MHWs and Indian summer 69 

monsoon circulation and rainfall. 70 

 71 

2. Data and methods 72 

2.1 Data 73 

To identify the MHWs, we used the Optimum Interpolated Sea Surface Temperature (OISST) dataset 74 

at a resolution of 0.25° x 0.25° (Reynolds et al., 2007). In order to study the impact of MHWs on 75 
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atmospheric conditions, we used the NOAA Interpolated Outgoing Longwave Radiation (OLR) 76 

measured from Advanced Very High-Resolution Radiometer (AVHRR) onboard NOAA polar-77 

orbiting spacecraft (Liebmann and Smith, 1996), at a 2.5° x 2.5° resolution. The daily wind, latent heat 78 

flux, sensible heat flux, upward longwave radiation, downward solar radiation, surface net longwave 79 

radiation, and surface net solar radiation are obtained from the National Center for Environmental 80 

Prediction/National Centers for Atmospheric Research (NCEP/NCAR) reanalysis data at a resolution 81 

of 2.5° x 2.5° (Kalnay et al., 1996). For the analysis of the rainfall variability over the India, we used 82 

IMD daily rainfall at a resolution of 0.25° x 0.25° (Pai et al., 2014). All the analyses are compared 83 

with European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis product 84 

(Hersbach and Dee, 2016). In the main text, we use NCEP/NCAR products, and in the supplementary 85 

information, we compare our results with ERA5 reanalysis products. 86 

 To investigate the ocean conditions during the MHWs, we obtained the ocean current data at 87 

1/3° grid with a five-day temporal resolution from the Ocean Surface Current Analysis Real-time 88 

(OSCAR) (Dohan and Maximenko, 2010). The monthly potential temperature and salinity are obtained 89 

from ORAS4 at a horizontal resolution of 1°× 1° (Balmaseda et al., 2013). Apart from this, daily water 90 

temperature and salinity are obtained from the Hybrid Coordinate Ocean Model (HYCOM) reanalysis. 91 

We supplemented the heat budget analysis using the HYCOM reanalysis (Metzger et al., 2014) at a 92 

resolution of 1/12° for 1994–2015. 93 

 94 

2.2 Methods 95 

2.2.1 Detection of marine heatwaves 96 

In this study, we identify MHWs from the OISST daily datasets, where the SST is above the 90th 97 

percentile (threshold) and persist for at least five days. The threshold and climatology are seasonally 98 

varying and calculated using daily temperature data, setting a day-centered 11-day window and a 31-99 

day moving window for smoothing. We also utilize specific matrices to study and analyze the MHWs, 100 
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such as the maximum intensity (maximum temperature anomaly during a particular event), mean 101 

intensity (mean temperature anomaly during a specific event), cumulative intensity (sum of 102 

temperature anomaly during a particular event), duration (number of days between the starting and 103 

ending dates), and spatial extent (area covered by MHW event) (Hobday et al., 2016). To study the 104 

spatial extent of the MHWs, we counted the grids where the MHW events occurred and multiplied 105 

them by the grid area. To estimate the trend in MHWs, we used the OISST data from 1982–2018 and 106 

calculated MHW at each grid, and then fit a linear trend model. Along with the annual values, we also 107 

prepare the MHW metrics for June to September. 108 

Further, we did a composite analysis of wind, SST, latent heat flux, sensible heat flux, upward 109 

longwave radiation, and downward solar radiation during one week before and after the starting date 110 

of MHW events. This provides us with a comprehensive picture of the genesis of MHWs and describes 111 

the physical and dynamical processes involved with the MHW genesis over the particular regions. To 112 

study the interaction between the MHWs and summer monsoon circulation and rainfall, we have 113 

included a composite analysis of wind at 850 hPa, OLR, omega at 500 hPa, vertically integrated 114 

moisture flux, and rainfall over India during the MHWs. 115 

 116 

2.2.2 Mixed layer heat budget  117 

To study the local factors influencing the genesis of MHWs, we estimated the mixed layer heat budget 118 

using the temperature tendency equation. The temperature tendency equation gives us a comprehensive 119 

picture of factors that lead to the change in the ocean surface temperature (Rodrigues et al., 2019). The 120 

temperature tendency equation is given by 121 

𝜕𝑇𝑚/𝜕𝑡 =  −𝑣. 𝛻𝑇 +  𝑄0/𝜌𝐶𝑝𝐻𝑚  + 𝑅𝑒𝑠                                               (1) 122 

where ρ is the density of seawater (1,026 kg m-3), and Cp is the specific heat of seawater (3902 J kg-1 123 

K-1), and Tm is the mixed layer temperature. Here we have used the SST as a mixed layer temperature 124 

because the vertically averaged mixed layer temperature is close to the SST values (Foltz et al., 2003).              125 
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∂Tm/∂t represents the rate of change of mixed layer temperature. The term -v.∇T indicates the advection 126 

and v indicate the horizontal velocity vector (v at 15m depth from OSCAR Ocean currents, vertically 127 

averaged over the mixed layer). Hm means the mixed layer depth (MLD) in meters. Using the monthly 128 

potential temperature and salinity data of ORAS4, we calculated the monthly MLD as the depth at 129 

which the density changes by a threshold of 0.05 kg m-3 for depth of 5 m. The monthly MLD is 130 

interpolated in to daily to estimate the heat flux terms (Rodrigues et al., 2019). 131 

𝑄0 = 𝑄𝑠 + 𝑄𝑏  + 𝑄𝑒  +  𝑄ℎ                                                       (2) 132 

Q0 is the net surface heat flux (W m-2), which includes the latent heat flux Qe, and the sensible heat 133 

flux Qh released from the ocean mixed layer, the net solar radiation received Qs, and the net longwave 134 

radiation released Qb. Finally, the Res include the remaining unresolved process, such as vertical 135 

diffusion, and entrainment. The heat budget analysis is also verified with HYCOM ocean current 136 

datasets. All the heat budget terms are calculated from 1994–2015 for the two study regions and 137 

averaged over that region. Anomalies are derived from the 1994–2015 daily climatology. Then we 138 

estimate the heat budget terms for the five days before the start date of MHWs in the selected regions. 139 

 140 

3. Results 141 

To investigate the changes in MHWs in the Indian Ocean, we first select those regions in the tropical 142 

Indian Ocean that experienced an increasing trend in MHWs during 1982–2018. The result section is 143 

organized into five sections. Section 3.1 describes the MHWs in the Indian Ocean and their trend. In 144 

section 3.2, we describe the seasonal climatology of MHWs for the regions where the trends are the 145 

largest. Section 3.3 addresses the role of dominant modes of climate variability on the MHWs in the 146 

tropical Indian Ocean. In section 3.4, we focus on the genesis and evolution of MHWs during the 147 

southwest monsoon season (June–September) and then describes the interaction between MHWs and 148 

the monsoon rainfall in section 3.5. 149 

 150 
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3.1 Observed trends in marine heat waves in the Indian Ocean 151 

The trend in the annual MHW frequency from 1982–2018 over the Indian Ocean is shown in Figure 152 

1a. The western Indian Ocean region (41°E–56°E, 8°S–8°N) shows the most prominent trend in 153 

MHWs, annually. The western Indian Ocean region has an increasing trend of 1.2–1.5 MHW events 154 

per decade (p<0.01) at each grid point. The northern Arabian Sea also shows a similar increasing trend. 155 

Meanwhile, in the eastern Indian Ocean and central equatorial Indian Ocean (80°E–110°E, 0°–20°S), 156 

the trend is about 0.4 MHW events per decade.  157 

The boreal summer monsoon months (June–September) are immensely crucial for the Indian 158 

Ocean rim countries because the rainfall during this season supports the food, water, and energy 159 

security of this region (Beal et al., 2020; Wang et al., 2020). SST variability in the tropical Indian 160 

Ocean regulates the monsoon circulation and rainfall. Recognizing the importance of the SSTs during 161 

the northern summer monsoon months, we investigate the changes in MHWs during this season (June–162 

September), for 1982–2018 (Figure 1b). During June–September, there are two regions where MHWs 163 

activities are rapidly increasing. One is in the western Indian Ocean region, where the annual trend in 164 

MHWs frequency is also maximum. The second one is in the northern Bay of Bengal (85°E–93°E, 165 

15°N–23°N) region. These two regions are experiencing an increasing trend of 0.5 events per decade 166 

during June–September.  Apart from these two locations, the northeastern Arabian Sea also shows a 167 

similar increasing trend.  168 

We further examined the month-wise trend of the frequency of MHWs over western Indian 169 

Ocean and northern Bay of Bengal region. For the western Indian Ocean region (in Figure 1c), we find 170 

that the increasing trend of MHW frequency is present in all months. The trend is most considerable 171 

in July to December, with the maximum in November. For the north Bay of Bengal region, the MHWs 172 

frequency trends are small in January to April and large in May to August, and moderate in September 173 

to December (Figure 1d). Hence, the western Indian Ocean region is crucial in the tropical Indian 174 
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Ocean, experiencing a significant increasing trend in the frequency of MHWs year-round, while the 175 

north Bay of Bengal region is experiencing a significant trend during summer monsoon months. 176 

Henceforth, we focus our analysis on the western Indian Ocean (41°E–56°E, 8°S–8°N) and 177 

north Bay of Bengal (85°E–93°E, 15°N–23°N) regions, where the MHW trends are the largest. We 178 

identified individual MHW events based on the spatial mean SST time series over western Indian 179 

Ocean and north Bay of Bengal boxes in Figure 1b. There are 66 MHW events that occurred in the 180 

western Indian Ocean region during the 1982–2018 period, in which 21 events occurred during June–181 

September. The north Bay of Bengal region witnessed 94 MHW events, and 34 out of these occurred 182 

during June–September. The time series of the annual and monsoon MHW frequency for western 183 

Indian Ocean and north Bay of Bengal are shown in Figure 1e, f. Every year, the MHWs numbers are 184 

increasing significantly at a rate of 0.14 annual events per year for western Indian Ocean and 0.09 185 

annual events per year for the north Bay of Bengal over the 1982–2018 period. On the other hand, the 186 

MHW frequency during the monsoon season is increasing at a rate of 0.04 events per year in the 187 

western Indian Ocean region and 0.05 events per year in the north Bay of Bengal (Figure 1 e, f). It is 188 

evident from the time series that the trend of MHW frequency in the north Bay of Bengal during June–189 

September shows higher values compared to the western Indian Ocean region during the same period. 190 

 191 

3.2 Seasonal climatology of marine heatwaves in the tropical Indian Ocean 192 

For the western Indian Ocean region, all the MHW metrics (Figure 2) show a double peak in the 193 

seasonal climatology signal during March and September months. During these two months, the 194 

duration of MHWs may reach 40 and 60 days, respectively. The mean intensity shows high seasonal 195 

variability. The mean intensity during March and September is highest with a mean value of 1.1°C. In 196 

the case of maximum intensity, it is 1.4°C during the peak months. In the case of area covered by the 197 

MHW events, it is 2 million km2 during the peak months of March and September. 198 
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For the north Bay of Bengal, the cumulative intensity and duration exhibit a peak during 199 

February, while the peak in the area, mean intensity, and maximum intensity is in May. Further, the 200 

number of events is maximum during May and October months (12 and 14 events respectively). The 201 

seasonal signal of MHW metrics in the north Bay of Bengal shows peak values either in February or 202 

May. The cumulative intensity and duration in the peak month of February are 16°C days and 18°C 203 

days, respectively. The mean intensity during the May month is 1.1°C, while the maximum intensity 204 

is 1.3°C. During the peak month, the area is 0.45 million km2. 205 

 206 

3.3 Role of Indian Ocean warming and dominant modes of climate variability on marine 207 

heatwaves 208 

Recent research on MHWs (Laufkötter, et al., 2020, Holbrook et al., 2019, Frölicher et al., 2018) and 209 

the IPCC Special Report on Oceans and Cryosphere in a Changing Climate (SROCC) point out that 210 

MHW events are a manifestation of the global warming trend (Collins et al., 2019). A pattern 211 

correlation between the tropical SST trends and tropical MHW trends shows a significantly high 212 

correlation (r=0.8 for annual values and r=0.6 for boreal summer season) supporting this argument. 213 

Besides the global SST rise, various modes of climate variability favor MHW events by generating the 214 

necessary background conditions. 215 

This section investigates the role of different climate modes on the occurrences of MHW 216 

events, particularly the association with El Niño, Indian Ocean basin-wide warming mode (IOB, Indo-217 

Pacific warming generally occurring during the post- El Niño periods), Indian Ocean Dipole (IOD), 218 

and the North Atlantic Oscillation (NAO). Figure 3 shows the number of MHW days coincident with 219 

these climate modes or overlapping modes. The absence of any climate modes during the MHW is 220 

indicated as “Nil”. 221 

Correlation and composite analysis of the yearly count of MHW days in the western Indian 222 

Ocean region with the annual mean SSTs show that these events are associated with the El Niño, IOB 223 



11 

 

(Indian Ocean warming), and negative North Atlantic Oscillation (NAO) (Figure 3a, b). Out of all the 224 

western Indian Ocean MHW days, the most significant number of MHW days occur under the Indian 225 

Ocean warming condition (Figure 3a, b). There are a significant number of MHW days when no 226 

climate modes are present. Regardless, there are a large number of MHW days under the positive IOD 227 

and negative NAO conditions. The spatial correlation between the MHW days in the western Indian 228 

Ocean region and mean SSTs for June–September shows significant associations with warm SSTs in 229 

the western Indian Ocean and El Niño and IOD. Most of the MHW days in June–September occur 230 

without any influence of climate modes (Figure 3d). 231 

Similar to the western Indian Ocean region, correlation and composite analysis of the yearly 232 

count of MHWs days in the north Bay of Bengal with the annual mean SST shows an association with 233 

the Indian Ocean warming, El Niño, and negative NAO (Figure 3e, f). Out of all the north Bay of 234 

Bengal MHW days, significant MHW days occur under the Indian Ocean warming condition. There 235 

are several MHW days associated with the negative NAO conditions following the IOB condition. 236 

Meanwhile, for June to September, the MHW days in the north Bay of Bengal appear to occur with 237 

warming in the north Indian Ocean (Figure 3g) and negative NAO pattern (Figure 3h). 238 

In summary, occurrences of western Indian Ocean and north Bay of Bengal MHWs are more 239 

frequent while Indian Ocean warming is prominent basin wide (IOB) or when the western (for western 240 

Indian Ocean MHWs in summer) or northern (for Bay of Bengal MHWs in summer) exhibits warming. 241 

The western Indian Ocean SSTs also respond to the El Niño due to the subsidence of Walker circulation 242 

over these regions (Roxy et al. 2014, Xie et al., 2016). This subsidence inhibits deep convection and 243 

thereby suppresses the release of heat from the ocean to the atmosphere. Thus, the Indian Ocean attains 244 

its maximum temperatures under the IOB mode. That is, the background warming in the Indian Ocean 245 

has a strong influence on the MHWs in the Indian Ocean basin on an annual timescale. During a 246 

positive IOD event, the western Indian Ocean becomes warmer than its climatology. June–September 247 

MHWs in the western Indian Ocean region is often associated with these positive IODs. The negative 248 
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NAO phases are also associated with MHWs over the north Bay of Bengal region. However, the 249 

mechanism between the negative NAO and north Indian Ocean SST needed to be explored in detail. 250 

 251 

3.4 Local ocean-atmospheric interaction leading to the genesis and evolution of MHW events 252 

In this section we explore the role of local ocean-atmospheric conditions leading to the initiation and 253 

the persistence of MHWs in the Indian Ocean. It is observed that for the western Indian Ocean MHWs, 254 

the downward solar radiation leads the SST peak by ~10 days. However, this lead-lag relation is weak 255 

(r=0.13).  The increased downward solar radiation due to clear sky conditions may increase SST in the 256 

western Indian Ocean region but is not the primary reason for MHW genesis. Meanwhile, the reduced 257 

wind speed and evaporation (denoted by the negative wind anomaly and reduced upward latent heat 258 

flux anomaly in Figure 4a) leads the SST anomalies by ~3 days (r=-0.24, p<0.05), assisting the MHW 259 

formation. Besides the air-sea fluxes, reduced wind speed also impacts the ocean current over the 260 

western Indian Ocean Region. The ocean currents in the western Indian Ocean region (driven by strong 261 

cross-equatorial monsoon winds) are usually strong and transport heat away from the equator. Hence, 262 

a weakening of the cross-equatorial winds can potentially reduce ocean heat transport by accumulating 263 

the heat in this region, enhancing the MHWs. 264 

To comprehend the spatial distribution of the lead-lag relationship, composites of different 265 

variables from a week before and after the MHW genesis date are presented in Figure 4b. The SST 266 

anomalies show a dipole pattern with cold anomalies at 15°N and warm anomalies at the equator prior 267 

to the genesis of western Indian Ocean MHWs. In Figure 4a, the region of cold SST anomalies can be 268 

observed north of the western Indian Ocean region a week prior to the MHWs initiation. The warm 269 

SST anomalies near the equator gradually become prominent as the MHW initiates. Interestingly, the 270 

cold SST anomalies at the north of the western Indian Ocean region peaks 35~40 days prior to the 271 

MHWs genesis. The meridional SST difference between the north (15°N) and western Indian Ocean 272 

region also peaks 30 days earlier to the genesis of MHWs (supplementary information Figure S3). 273 
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These cold SST anomalies at 15°N and the meridional SST difference may have a significant role in 274 

reducing the strength of cross-equatorial wind flow (Figure 4b). The reduced wind speed not only 275 

reduces the air-sea fluxes (reduce evaporation) (Figure 4b) but also affects the strength of ocean 276 

currents, leading to decreased heat transport from the equator towards the north. These factors 277 

contribute to the MHW formation in the particular region. One week prior to the MHWs genesis, the 278 

clear sky condition over the western Indian Ocean region due to the weak cross-equatorial flow and 279 

less evaporation increases downward solar radiation. The increase in downward solar radiation further 280 

increases the SST. Therefore, from the lead-lag time series and the spatial composites, we identify the 281 

role of reduced heat transport, decreased evaporation from the ocean surface, and increased downward 282 

short-wave radiation behind the MHWs genesis over the western Indian Ocean region. We find the 283 

release of upward sensible heat flux and latent heat flux from the ocean after 3–5 days of the MHWs 284 

genesis reduce the ocean temperature and play a vital role in the termination of MHWs events. This 285 

analysis is also done with ERA5 datasets, and spatial plots of all variables are shown in the 286 

supplementary information (Figure S1). 287 

To explore the ocean dynamics involved in the genesis of MHWs over the western Indian 288 

Ocean region, we performed an oceanic mixed layer heat budget analysis (Figure 6 a, b, c). We 289 

calculated the composites of the heat budget terms for the five days before the onset of MHWs (5-day 290 

average). The heat budget analysis is carried out for the MHWs between 1994–2015, based on the 291 

availability of hydrographic data. Figure 6a, b shows the role of the advection terms and the heat flux 292 

terms on the rate of change of SST in the western Indian Ocean region. In the advection term, the heat 293 

transport by the zonal ocean currents (the zonal advection term) is dominant compared to the 294 

meridional component. 295 

In comparison to the advection term, the heat flux term is found to be contributing more to the 296 

temperature change. In the net heat flux term, the net solar radiation received in the mixed layer and 297 

the latent heat stored (due to less evaporation) in the mixed layer are the major contributors. The solar 298 
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heating of the ocean surface and decreased evaporative cooling favors the genesis of MHWs in the 299 

western Indian Ocean region. The time-integrated heat budget terms in Figure 6c reveal the time 300 

evolution of different heat budget parameters. 301 

In the north Bay of Bengal region, reduced wind speed anomalies and evaporation lead the 302 

MHWs genesis by ~2 days (r=-0.38) (Figure 5a). Due to weakened wind speed, evaporative cooling 303 

over the ocean surface becomes less, and hence the SST increases. An increased OLR and downward 304 

solar radiation lead SST by ~4 days with r values 0.28 and 0.31, respectively. Hence, the reduced 305 

evaporative cooling and increased incoming solar insolation (clear sky conditions) jointly raise the 306 

SSTs over the north Bay of Bengal region leading to the MHWs. From the spatial composites in Figure 307 

5b, the SST shows a rapid increase coinciding with the MHW genesis day. It is seen that the 308 

northeasterly winds establish in the north Bay of Bengal region 5 days before the onset of MHW and 309 

weaken the southwesterlies over the particular region. This reduced wind speed leads to a decrease in 310 

evaporation at the ocean surface, in turn reducing the release of upward latent heat flux from the ocean. 311 

A negative latent heat flux anomaly in the north Bay of Bengal region is observed 5 days before the 312 

onset of MHWs, confirming these results. Moreover, there is an increased downward solar radiation 313 

and increased OLR one week before the genesis of MHWs, peaking on the starting day of MHWs. We 314 

can infer that the decreased upward latent heat flux due to the decreased wind speed and the clear sky 315 

condition (increased downward short-wave radiation) contribute to the MHW genesis in the north Bay 316 

of Bengal region. After 3 days of the MHW genesis, there is a release of sensible heat and upward 317 

longwave radiation from the ocean, reducing the ocean temperature and helping terminate MHWs 318 

events. This analysis is also done with ERA5 datasets, and spatial plots of all variables are shown in 319 

the supplementary information (Figure S2).  320 

It is worth noting that (Figures 6d, e, f) in the northern Bay of Bengal, the temperature change 321 

is mainly attributed to the net heat flux, and there is less contribution from the heat advection term. 322 

The latent heat (due to decreased evaporation) and net solar radiation have a prominent role among the 323 
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heat flux terms. Meanwhile, the role of advection is minimal here. In a nutshell, it can be inferred that 324 

the weak wind causes decreased evaporative cooling of the ocean, while the increased solar heating is 325 

also accompanying the temperature rise in this region. Figure 6f represents the time-integrated heat 326 

budget terms. It is evident that for the north Bay of Bengal region, the MHW duration is comparatively 327 

less than the western Indian Ocean region. The heat budget analysis is supplemented with ERA5 328 

radiation datasets (Figure S4). For ERA5 in the western Indian Ocean region, it is noted that the 329 

contribution of heat flux terms is less compared with the advection terms. In summary, the role of 330 

reduced wind speed and evaporation is more prominent in north Bay of Bengal MHWs, than the 331 

western Indian Ocean MHWs. 332 

 333 

3.5 Interaction of marine heatwaves with the Indian summer monsoon 334 

The analysis in this section is focused on the summer monsoon rainfall variations during the MHWs 335 

over both the western Indian Ocean and north Bay of Bengal regions. We analyzed the mean pattern 336 

of SST, vertical velocity (omega at 500 hPa), wind (at 850 hPa), OLR, and vertically integrated 337 

moisture flux and the rainfall. It is fascinating that the MHWs over the two regions have the opposite 338 

impacts on Indian summer monsoon rainfall. 339 

The SST anomaly composite during western Indian Ocean MHWs shows a warming pattern in 340 

this region. The SST anomalies vary from 0.9°C–1.2°C (Figure 7a). Moreover, negative omega 341 

(vertical velocity) anomalies at 500 hPa and OLR confirm enhanced convective activity during MHW 342 

days over the western Indian Ocean MHW region. Higher SST triggers the ascending motion of air 343 

and convection (Figure 7c, Figure S5a). At the same time, the circulation pattern shows strong 344 

northeasterly wind anomalies, indicating that the mean southwesterly monsoon winds are weak during 345 

this time (Figure S5a). The anomalous Hadley circulation during western Indian Ocean MHW events 346 

shows increased convective activities over the equatorial Indian Ocean, while the descending branch 347 

occurs over the Indian subcontinent (Figure 7g). This indicates that the western Indian Ocean MHWs 348 
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are conducive for inducing dry conditions over the Indian landmass. The vertically integrated moisture 349 

flux divergence analysis contributes a more precise picture, suggesting an anomalous moisture flux 350 

divergence over the Indian subcontinent, with the moisture transported away towards the western 351 

Indian Ocean region (Figure 7e). The mean pattern of rainfall over Indian landmass agrees with the 352 

results, with reduced rainfall across most of the subcontinent where the monsoon westerlies are 353 

prominent (Figure 7i). 354 

In Figure 7b, the higher SST anomalies in the north Bay of Bengal region are apparent during 355 

June–September MHWs. The positive omega anomalies at 500 hPa and the positive OLR values imply 356 

dry subsidence and absence of cloud cover (clear sky condition) in this region during strong MHW 357 

events (Figure 7d, Figure S5b). However, negative OLR anomalies (above -15W m-2) and negative 358 

omega anomalies at 500 hPa level over the western India and adjacent ocean region suggest enhanced 359 

convection and strong ascending motion in these regions. The vertically integrated moisture flux 360 

anomalies (Figure7f) indicate a convergence of the wind in the same region where the OLR and omega 361 

anomalies are negative.  362 

Figure 7h shows the mean meridional circulation averaged over the 41°E–100°E for the north 363 

Bay of Bengal region during the June–September MHW days for the period 1982–2018. Over the 364 

southern part of the Indian subcontinent (0–15°N), there is increased convection during MHW days, 365 

supporting the previous results, while there is a suppressed convection at the 20°N due to the dry 366 

subsidence over north Bay of Bengal. We find an anomalous moisture flux convergence over the Indian 367 

landmass and anomalous moisture flux divergence over the north Bay of Bengal, which provides the 368 

cause for the observed rainfall pattern. The moisture transport from the warm north Bay of Bengal 369 

region by the anomalous easterly winds plays a crucial role in enhancing the rainfall over the south 370 

peninsular Indian subcontinent. There is a convergence of southwesterly monsoon winds and 371 

anomalous easterly winds from the Bay of Bengal at 850 hPa over the south-west Indian subcontinent 372 

(Figure S5b). The moisture convergence introduces the convective instability over this region. To 373 
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summarize, there is a significant relationship between the MHWs in the northern Bay of Bengal and 374 

increased summer monsoon rainfall over southwest India. 375 

 376 

3.5 Conclusion 377 

Here we have conducted a detailed investigation of the trends and genesis of MHW events in the 378 

tropical Indian Ocean—and its interaction with the Indian summer monsoon. We find that the trend in 379 

annual frequency of MHWs is relatively higher in the western equatorial Indian Ocean (41°E–56°E, 380 

8°S–8°N), which experienced 66 events during the 1982–2018 periods. We further studied the trend 381 

in MHW frequency during the Indian summer monsoon period (June–September) and find that the 382 

trend in MHWs is prominent in the western Indian Ocean and the north Bay of Bengal (85°E–383 

93°E,15°N–23°N). The north Bay of Bengal experienced 94 MHW events, wherein 34 events occurred 384 

from June to September, while in the western Indian Ocean region, it was 21 events. 385 

We further investigated the climate modes driving the MHWs over these two regions. It is 386 

observed that the long-term persistence of MHWs in the western Indian Ocean region is associated 387 

with the background SST warming primarily identified with the Indian Ocean basin-wide warming 388 

(IOB) and also the El Niño, IOD, and NAO. For the north Bay of Bengal MHWs, the longer duration 389 

of these events is linked to the IOB, El Niño, and NAO. Earlier studies have pointed that El Niño, IOD 390 

and IOB are major contributors to anomalous warm SST events in the tropical ocean (Holbrook et al., 391 

2019). Notably, the SST trend due to global warming is manifested through the increased number of 392 

MHW events. 393 

We investigated the seasonal climatology of MHW metrics in both the selected regions. For 394 

the western Indian Ocean region, it is found that all the MHWs metrics have a double peak in the 395 

seasonal climatology during March and September months. The highest number of western Indian 396 

Ocean MHWs events occur in October. For the north Bay of Bengal, all the metrics show high 397 

variability during February or May. The highest number of north Bay of Bengal MHWs events occur 398 
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during May and October months (12 and 14 events, respectively). Interestingly, these two months 399 

(May and October) are when the cyclones are active in the Bay of Bengal. Warm SSTs set an ideal 400 

precondition for cyclones, and it is hence necessary to closely monitor the basin to understand how 401 

these MHWs are interacting with the cyclones.  402 

           Focusing on the factors influencing the genesis of MHWs events in the tropical Indian Ocean, 403 

the results here show that in the western Indian Ocean region, MHWs are formed due to a relaxation 404 

of winds prior to the event. This tranquility in the winds is making the SST rise through two ways—405 

through a decrease in the evaporative cooling at the ocean surface, and through a weakened transport 406 

of the heat by ocean currents. Apart from this, increased solar heating of the ocean surface due to 407 

reduced cloud cover also helps the formation of a warm pool in the western Indian Ocean region. We 408 

find that solar insolation plays a major role in MHW genesis from ocean mixed layer heat budget 409 

analysis. The reduced upward latent heat flux and zonal heat advection are the other major contributors. 410 

Interestingly, we observe an occurrence of cold SST (north of the western Indian Ocean region) region 411 

35~40 days prior to western Indian Ocean MHWs and a relatively low SST gradient. This low SST 412 

gradient and cold pool may be the reason for the weakening of cross-equatorial flow. The genesis of 413 

MHWs in the Tasman Sea and China's marginal seas also had a similar role of ocean dynamics (Oliver 414 

et al., 2017, Yao et al., 2020). 415 

For the north Bay of Bengal region, it is observed that the reduction in wind speed and thereby 416 

reduction in the release of latent heat is one of the major causes for MHW genesis. Along with this, 417 

the increased solar radiation at the ocean surface also plays a key role. However, unlike the western 418 

Indian Ocean region, the signature of heat advection behind the genesis of MHWs is absent in the case 419 

of the north Bay of Bengal. In this study, we find that the western Indian Ocean MHWs have a longer 420 

persistence time, and the process of genesis is also slower than the MHWs in the north Bay of Bengal. 421 

The MHWs in the western Indian Ocean and the north Bay of Bengal have strong links to the 422 

observed variability of the Indian summer monsoon rainfall. We find that both the MHWs are 423 
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associated with the drying conditions over the central Indian subcontinent. However, there is a 424 

significant increase in the rainfall over south peninsular India in response to the MHWs in the north 425 

Bay of Bengal. Climate model projections suggest further warming of the Indian Ocean in the future, 426 

which will very likely intensify the MHWs (Collins et al., 2019) and their impact on the monsoon 427 

rainfall. Since the frequency, intensity, and area of marine heatwaves are increasing, it is essential that 428 

we closely monitor and forecast these events in advance in order to mitigate their impacts. 429 
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 579 

Figure 1: Trend in MHW frequency (count/year) in the Indian Ocean during 1982–2018 (a) 580 

annually and for (b) June–September, using NOAA OISST data. Month-wise trend of MHW 581 

frequency in the (c) western Indian Ocean (WIO, 41°E–56°E, 8°S–8°N) and (d) north Bay of 582 

Bengal (85°E–93°E, 15°N–23°N). Time series of the number of MHW days annually (blue bars), 583 
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and during June–September (red bars), from 1982–2018 in (e) the western Indian Ocean and (f) 584 

the north Bay of Bengal region. Trend lines in the figure are statistically significant (p<0.05). 585 

 586 

 587 

Figure 2: Climatology of MHWs. Month-wise distribution of (a) cumulative intensity (°C days), (b) 588 

mean intensity (°C), (c) duration (days), (d) maximum intensity (°C), (e) area (km2) and (f) the number 589 

of MHW events, during 1982–2018 for the western Indian Ocean (WIO, 41°E–56°E, 8°S–8°N) and 590 

the north Bay of Bengal (BoB, 85°E–93°E, 15°S–23°N). The error bar represents the standard 591 

deviation.  592 
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 593 

Figure 3: Correlation map between duration of MHWs and global SST for (a, e) annual and (c, g) June 594 

to September in the western Indian Ocean (WIO) and the north Bay of Bengal (BoB). The bar-charts 595 

(b, d, f, h) indicate the total duration of MHWs coinciding with climate modes. “Nil” means the MHW 596 

days that do not coincide with any of the climate modes.  597 
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Figure 4: (a) The lead-lag correlation between SST and wind speed (red line), latent heat flux (orange 599 

line), sensible heat flux (green line), upward long wave radiation (black line), OLR (blue line) in the 600 

western Indian Ocean, estimated from the 30 days before and 30 days after the genesis of MHW events. 601 

Composite evolution of (b) SST (°C), latent heat (LH, W m-2), wind (m s-1), OLR (W m-2), shortwave 602 

radiation (SW, W m-2), sensible heat (SH, W m-2), and longwave (LW, W m-2), in the western Indian 603 

Ocean before and during MHWs for the period 1982–2018, using NCEP/NCAR reanalysis datasets. 604 

Upward arrow represents the exchange of flux from ocean to atmosphere and downward arrow 605 

represents the exchange of flux from ocean to atmosphere. 606 
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Figure 5: (a) The lead-lag correlation between SST and wind speed (red line), latent heat flux 608 

(orange line), sensible heat flux (green line), upward long wave radiation (black line), OLR (blue 609 

line) in the north Bay of Bengal, estimated from the 30 days before and 30 days after the genesis 610 

of MHW events. Composite evolution of (b) SST (°C), latent heat (LH, W m-2), wind (m s-1), OLR 611 

(W m-2), shortwave radiation (SW, W m-2), sensible heat (SH, W m-2), and longwave (LW, W m-2), 612 

in the western Indian Ocean before and during MHWs for the period 1982–2018, using 613 

NCEP/NCAR reanalysis datasets. Upward arrow represents the exchange of flux from ocean to 614 

atmosphere and downward arrow represents the exchange of flux from ocean to atmosphere.  615 
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 616 

Figure 6: (a, d) Individual heat-budget terms (in °C day-1) and (b, e) SST tendency with the heat 617 

budget terms 5 days before the genesis of MHW in the western Indian Ocean (WIO) and the north 618 

Bay of Bengal (BoB). (c, f) Time evolution of the heat budget terms (in °C) during the evolution 619 

of MHWs in the WIO and BoB. Heat budget terms estimated using the OSCAR current data and 620 

NCEP/NCAR fluxes during 1994–2015.   621 
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Figure 7: Composite anomaly of daily (a, b) sea Surface Temperature Anomalies (SST, °C ), (c, 623 

d) vertical velocity anomalies (omega at 500 hPa, Pa s-1), (e, f) moisture flux convergence (kg m-624 

1 s-1),  (g, h) meridional circulation over 40°E–100°E (vertical velocity, Pa s-1) and (i, j) rainfall 625 

(mm day-1) during MHW days in the western Indian Ocean and north Bay of Bengal, during  June–626 

September, for 1982–2018. Stippling (black dots) indicates anomaly values significant at 95% 627 

confidence level. 628 

 629 

 630 

Figure 8: Schematic diagram depicting the factors leading to the genesis of MHW in (a) the 631 

western Indian Ocean and (b) the north Bay of Bengal, and its impact on the Indian summer 632 

monsoon rainfall. 633 


