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A B S T R A C T   

This study employed a regional earth system model, namely ROM over the CORDEX-SA domain, 
to investigate the future changes in the Marine heatwaves (MHWs) with respect to the historical 
baseline period (1976–2005) in the three time-slices, explicitly, near future (NRF; 2010–2039), 
middle future (MDF;2040–2069), and far future (FRF; 2070–2099) under two emission scenarios, 
Representative Concentration Pathway (RCP4.5 and RCP8.5). For the historical period, ROM 
showed a reasonable agreement with observed MHWs metrics and their trends and outperformed 
the forcing General Circulation Model and Multi-Model Ensemble of CMIP5 models. The future 
MHWs are expected to increase in intensity and duration. The continuous lengthening of MHWs 
duration leads to a permanent MHW state condition with strong spatial variability in its 
appearance. The first permanent MHW will emerge in both RCPs, while the absolute permanent 
MHW state is mainly visible in RCP8.5. The genesis and augmentation in the MHWs intensity is 
associated with local air-sea fluxes, however, in the long term, the increase in the mean SST in the 
future led to the rise of MHWs activity. The diagnosis of El Niño Southern Oscillation tele
connection and Indian Ocean Dipole on the MHWs is investigated. During the El Niño regime, not 
only did the proportion of the Tropical Indian Ocean experiencing MHWs increase but also an 
increase in the intensity is evident. IOD controls the MHWs metrics in the proximity of the 
western box and eastern box during its positive and negative phases.   

1. Introduction 

The global ocean has been getting warmer in recent decades and is expected to continue to warm in the future (Alexander et al., 
2018). As a result, the discrete and prolonged events of anomalously warm water known as Marine heatwaves (MHWs) (Hobday et al., 
2016) have arisen not only on the marginal seas or coastal regions but also on the open ocean globally. Various studies have reported 
unprecedented MHW events over different parts of the global ocean, such as the Western Australia MHWs in 2011 (Pearce and Feng, 
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2013), the northwest Atlantic MHWs in 2012 (Chen et al., 2014), Ningaloo Niño in the eastern Indian Ocean during 2012 (Kataoka 
et al.,2014; Feng et al., 2015; Marshall et al.,2015), the 2012 and 2015 Mediterranean Sea MHWs (Darmaraki et al., 2019), the 
2013/14 western South Atlantic MHWs (Rodrigues et al., 2019), the persistent 2014–2016 “Blob” in the North Pacific (Bond et al., 
2015; Di Lorenzo and Mantua, 2016), the 2015/16 MHWs spanning the southeastern Tropical Indian Ocean (TIO) to the Coral Sea 
(Benthuysen et al., 2020) and the 2017 southwestern Atlantic MHWs (Manta et al., 2018). Distinctly, these events have momentous 
ecological, social, and economic impacts. The onset of MHWs is attributable to the regional ocean and atmospheric processes such as 
ocean advection, air-sea fluxes, thermocline stability, wind stress and large-scale climate variability by teleconnection (Holbrook et al., 
2019). 

In the warming scenario of changing climate, a consistent increase in the frequency, intensity, and duration of MHWs, along with 
their repercussions on the marine ecosystem, has been witnessed (Oliver et al., 2019). The ongoing intensification of MHWs induces 
severe threats to the marine ecosystem and imposes devastating and long-lasting biological impacts. Marine species are reciprocating 
this thermal stress by the act of habitat relocation, shrinking ecosystem services, and mass mortality. The adverse effect of MHWs on 
the marine ecosystem is observed predominantly as coral bleaching (Le Nohaïc et al., 2017), loss of kelp marine forests, sea star 
wasting disease (Bates et al., 2009), toxic algal blooms (McCabe et al., 2016), mortality of benthic communities (Garrabou et al., 2009), 
fisheries sector (Feng et al., 2013). Furthermore, MHWs influence the marine food industry by depressing environmental suitability for 
economically important fisheries and aquaculture, leading to the increased risk of food security, economic loss, and people’s liveli
hoods globally. These facts necessitate improving the understanding of MHWs-prompted changes that will be crucial for the future 
management of ocean and coastal resources and the development of new strategies for managing coastal areas and fisheries. 

An effort has been made to understand the extreme temperature events variability and trend over the Pacific and Atlantic oceans 
and their associated drivers (Chen et al., 2014; Holbrook et al., 2022; Hu et al., 2021). However, the Tropical Indian Ocean (TIO) which 
is warming at an alarming rate (Gnanaseelan et al., 2017), has received less attention in the context of MHWs and associated dynamics. 
The available studies on TIO focus on the diagnosis of MHWs characteristics in the Arabian Sea and impacts of climate modes (Indian 
Ocean Dipole; IOD and El Niño Southern Oscillation; ENSO) on the MHWs (Chatterjee et al., 2022), genesis and trends of MHWs and 
how they influence the Indian summer monsoon rainfall (Saranya et al., 2022), the interaction of MHWs with Tropical Cyclones 
(Rathore et al., 2022), the impact of MHWs on biogeochemistry such as chlorophyll, oxygen, net primary productivity, nitrate, 
phosphate and silicate etc. (Chakraborty et al.,2023). Further Holbrook et al. (2019) shows that over majority of TIO, the ENSO and 
IOD has greatest significant impact on enhancing or suppressing the number of MHWs days. In another study Sen Gupta et al. (2020) 
has shown the drivers of most extremes MHWs on global scale including TIO. 

The TIO is distinctive as Asian countries surround it from the north, and the resulting land-sea temperature gradient gives rise to 
one of the greatest summer monsoons on the earth. The Northern TIO shows large marine primary productivity during the South Asian 
summer monsoon (Roxy et al., 2016, Sein et al., 2022). The Northern TIO variability influences and gets influenced by Indian Summer 
Monsoon variability (M. Roxy et al., 2012; M. Roxy & Tanimoto, 2007; Singh and Dasgupta, 2017; Srivastava et al., 2018). Moreover, 
the TIO has active air-sea interactions over a variety of timescales. Various studies have explored the TIO characteristics using 
standalone ocean models (Pandey et al., 2021; Pandey and Dwivedi, 2021; Srivastava et al., 2016; Suneet et al., 2019). The standalone 
ocean models are a good tool to provide insights, but it has some limitations for correct state estimation due to the lack of air-sea 
interaction without atmospheric coupling. The study by Di Sante et al. (2019), Kumar et al. (2014a), Kumar et al. (2014b), Mishra 
et al. (2021) and Sein et al. (2020) shows the advantage of the coupled model over the standalone ocean model for apprehending ocean 
state. 

To better understand ocean-atmosphere interaction, coupled ocean-atmosphere general circulation models are frequently used. 
Recent MHW studies based on these coupled general circulation models suggested future increases in the severity and duration of 
MHW events ( Frölicher et al., 2018, Oliver et al., 2019; Plecha & Soares, 2020). However, these findings are based on 
coarse-resolution climate models with limitations in resolving fine-scale features and coastal processes (Giorgi and Gao, 2018; Mishra 
et al. 2023). On the other hand, the regional earth system model (RESM) systematically resolves the small-scale processes and their 
interaction among the different simulated components of the earth system. A number of the studies have highlighted the importance of 
the RESM and its reliability in projected fields, especially for the extremes on a regional scale ( Darmaraki et al., 2019; Kumar et al., 
2014a; Kumar et al., 2014b; Kumar et al., 2023; Sein et al., 2020; Zhu, Remedio et al., 2020). Additionally, in the Med-CORDEX 
initiative, an ensemble of fully-coupled RESMs was utilized for studying the evolution of future MHWs over the Mediterranean Sea, 
a substantial spread in projected MHWs intensity and duration with the highest (lowest) change in RCP8.5 (RCP2.6) were observed 
(Darmaraki et al., 2019). The novelty of this manuscript is that, for the first time, this study uses the Regional Earth System Model 
(RESM), namely ROM, to understand the future MHWs over the CORDEX-South Asia domain. ROM is not only a high-resolution but 
also a fully coupled Regional Earth System Model with a better representation of the physical and dynamical processes of earth system 
components, i.e., atmosphere, ocean, and hydrological components along with the full biogeochemical cycles that gives a better 
representation to suitably simulate the regional climate in comparison with Earth System Models and standalone Regional Climate 
Models (RCM). ROM shows the potential over CMIP5/CMIP6 and their ensemble for various aspects covering extreme weather and 
climate, atmosphere and ocean characteristics as well as the Indian monsoon, which has been reported in previous studies on a broader 
scale (Kumar et al., 2014a; Kumar et al., 2014b; Kumar et al., 2022; Mishra et al., 2021; Dubey et al., 2021; Saharwardi et al., 2021; 
Kumari and Kumar, 2023, Sein et al., 2022). 

Therefore, this study employed a RESM, namely ROM, with a varying horizontal resolution of the ocean model, ~5 km over coastal 
regions and ~48 km over the open TIO, to quantify MHWs variability in recent decades and its future evolution under two emissions 
scenarios RCP4.5 and RCP8.5. To the author’s best knowledge, there has been a limited study focusing on the future changes in the 
MHW’s characteristics over the TIO using RESM. 
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2. Material and methods 

2.1. Model description and components 

This study uses a RESM, namely ROM (Sein et al., 2015, 2020, 2022) that consists of (i) The regional climate model (REMO) (Jacob, 
2001; Jacob & Podzun, 1997) as an atmospheric component and (ii) global Max Planck Institute Ocean Model (MPIOM) (Jungclaus 
et al., 2013) as ocean component. (iii) global Hydrological Discharge model (HD) (Hagemann and Düumenil, 1998), (iv) ocean 
biogeochemistry model Hamburg Ocean Carbon Cycle (HAMOCC) (Maier-Reimer et al., 2005). The mentioned models were integrated 
using the Ocean-Atmosphere Sea Ice Soil Version 3 (OASIS 3) coupler from the European Centre for Research and Advanced Training in 
Scientific Computation (Sein et al., 2015; Sein et al., 2022; Zhu et al., 2020), Fig. 1. During the processing of the OASIS coupler at each 
coupling time step, i.e. every 3 h in our study, the REMO receives its lower boundary conditions over the sea and sea ice surfaces from 
the MPIOM ocean model and allocates heat, atmospheric momentum, and water fluxes to the MPIOM (Sein et al., 2015; Zhu et al., 
2020). Note, that all the model components of ROM, except REMO are global. Further details about the model integration and detailed 
dynamics can be obtained from Kumar et al. (2022), Mishra et al. (2021), Sein et al. (2015) and Sein et al. (2022). 

After ca. 100 years of spin-up, three simulations were carried out at a horizontal resolution of 0.44◦x 0.44◦ using the global coupled 
model MPI-ESM-LR (hereafter ESM) data as lateral boundary conditions for REMO and as atmospheric forcing for MPIOM outside the 
coupled area. The first simulation was for the historical period 1950–2005, the second and third simulation was for the future pro
jections covering 2006–2099 using the RCP 4.5 and RCP 8.5 emission scenarios. The output of future simulation for each scenario was 
categorized into three different time slices for deriving MHW characteristics with respect to the historical baseline period 
(1976–2005). The future period was classified as (i) near future (NRF;2010–2039) (ii) middle-future (MDF;2040–2069) (iii) far future 
(FRF; 2070–2099). The sea surface temperature (SST) and its extremes (MHW) from the model are validated from 1982 to 2005. In this 
study, this period is called as an evaluation period. The evaluation period is a subset of the historical period and it is specifically 
selected, which overlaps with the availability of National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation 
Sea Surface Temperature (OISST) datasets (available from 1982 onwards) with which the model performance has been evaluated. 
Therefore, for evaluation, all ROM data were interpolated to the OISST grids. 

2.2. Observational Datasets 

This study uses daily SST data at 1/4◦ from the NOAA OISST v2.0 (Reynolds et al., 2007) to examine the model performance in 
capturing MHW over the evaluation period (1982–2005). This data incorporates observations from platforms such as Advanced very 
high-Resolution Radiometer satellite retrievals, ships, buoys, and Argo floats on a regular global grid. 

2.3. MHW Estimation 

MHWs were identified at each grid cell by calculating the time series of SST anomalies relative to the 30-year climatological SST. A 
MHW is declared when the local SST exceeds the seasonally varying threshold, i.e. 90th percentile, for five or more days (Hobday et al., 
2016; Hobday et al., 2018; Schaeffer & Roughan, 2017). Selecting a threshold for detecting MHW is a crucial decision because this 

Fig. 1. Model domain and component.  
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alters the number of detected MHWs methodically. This study prefers the seasonally varying percentiles method over the fixed 
threshold method since the fixed threshold fluctuates significantly by region for large analysis (Hobday et al., 2018). The seasonally 
varying threshold has been determined from a long-term fixed baseline period of historical data, i.e., 1976–2005 which was further 
used to calculate MHW metrics in all-time slices, i.e., NRF, MDF, and FRF. The selection of a fixed baseline period for MHW projection 
analysis is persistent with the previously reported studies (Frölicher et al., 2018; Oliver et al., 2019) which demonstrate the future 
changes with respect to the historical climate. 

During analysis, the daily climatology and threshold were computed by incorporating daily SST within 11-day windows with 
smoothing using a 31-day moving average. Additionally, a break of fewer than 2 days between the events is considered a single event. 
Finally, a set of MHW metrics were considered, namely, the number of MHW events, maximum intensity (maximum temperature 
anomaly during an event), annual duration of MHW (number of MHW days in a year) and categories (Moderate, Strong, Severe and 
Extreme) of MHW. The MHW categories were defined based on the degree to which SST exceeds the climatology. The MHW category is 
determined by using the formula from Hobday et al. (2018) which is as below. 

MHW Category =
SST − SSTclim

SST90percentile− SSTclim
(1) 

Hence, the MHW can be categorized as moderate (1 ≤ MHW Category <2), strong (2 ≤ MHW Category <3), severe (3 ≤

MHW Category <4), and extreme (4 ≤ MHW Category). 

2.4. Permanent MHW state 

This study follows the definitions used in the study by Oliver et al. (2019) to determine the permanent MHW state. A permanent 
MHW state simply means that SST exceeds the threshold values continuously and yields MHWs-like conditions for 365 days. Following 
this, the first permanent MHW (the foremost year in which MHWs duration will be 365 days) and absolute permanent MHW (the year 
after which permanent MHW condition will prevail throughout the upcoming years) over each grid of the model domain are computed. 

As the name suggests, the first permanent MHW state is the time when the SST exceeded the 90th percentile threshold for the very 
first time for 365 days. For example, for any random location let’s consider the year 2040 to be the first permanent MHW and it is not 
mandatory for the region to undergo into MHW conditions for the same duration (365 days) in the subsequent years. An implication of 
this is that the marine ecosystem will be exposed to 365 days of MHWs in the year 2040 and then followed by a subsequent perceptible 
temperature relief, facilitating the recovery of marine organisms in the coming years. 

But what if after experiencing 365 MHWs days in any specific year, each incoming year is a like MHWs condition only, which does 
not allow the marine ecosystem to settle. To address this particular case, we investigate the absolute permanent MHW state. Thus, we 
look for a date after which every incoming year will witness MHWs lasting precisely 365 days. This will pinpoint specific ocean areas 
where softening of the MHW’s impact will be more required. This information can be leveraged to improve the planning of local 
response and can be relevant in various ecological studies also it will used to buy more time for species and ecosystems to adjust and 
transform. 

2.5. Atmospheric parameters and mixed layer heat budget 

The atmospheric parameters such as wind speed (WS) at 850 hPa, surface shortwave radiation (SWR), surface longwave radiation 
(LWR), surface sensible heat flux (SHF), and surface latent heat flux (LHF) are key modulators of ocean characteristics, including the 
surface and subsurface temperature (Srivastava et al., 2016). These atmospheric parameters have positive and negative feedback on 
SST and hence modulate MHWs. In the undisturbed natural oceanic system, solar radiation, in conjunction with oceanic processes, is 
the primary source of ocean heating over the region. Temporally MHWs are a synoptic phenomenon (days to weeks), therefore, 
analyzing the role of these atmospheric parameters during MHW events will be critical. Hence daily data of these atmospheric pa
rameters are utilized. 

As the SST is dependent on the various physical processes that take place at the sea surface and in the mixed layer. Therefore, the 
role of local parameters in increasing the SST has been investigated using mixed layer heat budget analysis, computed from 1976 to 
2099 using monthly data (due to availability of u, v, w current on the monthly scale). Notably, here the temporal resolution of mixed 
heat budget terms is at a monthly scale and therefore, investigating the role of monthly heat budget terms on the MHWs is not feasible 
here as MHWs are a phenomenon that lasts from days to weeks. However, these terms demonstrate their influence on the augmen
tation/reduction of the surface temperature from historical to future periods. 

Mathematically the processes in the mixed layer heat budget are represented as Eq. 2 (Vialard et al., 2001; Vialard and Delecluse, 
1998). 

1
τ δTml = −

1
h

∫ 0

− h
u∂xTdz −

1
h

∫ 0

− h
v∂yTdz −

1
h

∫ 0

− h
D1(T)dz −

1
h
(Tml − T− h)(w− h + ∂th) −

1
h
[kz∂zT]− h +

Qs(1 − F− h) + Qns

ρoCph
(2)  

where δTml is the increment of Tml over a time interval (step) τ. The first and second term on the right-hand side is zonal and meridional 
temperature advection. The third and fourth term is the lateral mixing process and the vertical exchange of heat between the mixed 
layer and subsurface ocean, including upwelling w− h(T− h − Tml), entrainment ∂th(T− h − Tml) and turbulent mixing at the bottom of the 
mixed layer kz∂zT− h. The last term on the right-hand side is atmospheric heat flux forcing. The “T” denotes the temperature, and “h” in 
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the equation is a time-varying model mixed layer depth. In the lateral mixing process, D1(T) is the diffusion operator and this heat 
budget does not enumerate diffusion components because of their negligible contribution. “Kz” is a vertical mixing coefficient for the 
tracer. Qs and Qns are solar and non-solar components of surface heat flux. F-h is part of the solar radiation Qs that penetrate to depth h. 
ρo and Cp are seawater reference density and volumic heat capacity. All the estimated heat budget components have been converted to 
the same unit as (◦C/day). 

2.6. Climate modes 

The study of MHW contemplates various climate indices, as SST variability at the interannual scale over TIO has a robust corre
lation with the Indian Ocean Dipole (IOD) and El Niño Southern Oscillation (ENSO). A study by Holbrook et al. (2019) suggests that 
ENSO and IOD significantly impact the MHW events over most of the TIO region. Consequently, the Oceanic Nino Index (ONI) mode, 
defined as SST anomalies across (5 N-5S,170–120 W) with a 3-month running mean, relative to the base period of 1976–2005, has 
been calculated. When anomalies exceed ± 0.5 ◦C for five successive months, the El Nino or La Nina is declared (Glantz and Ramirez, 
2020; NOAA., 2022; Van Viet, 2021). On the other hand, the monthly dipole mode index (DMI), which represents the IOD, is computed 
as the difference in SST between the west box (10◦S–10◦N,50–70◦E) and east box (10◦S–0◦N,90–110◦E). The running average of 3 
months has been taken for the DMI index to smooth the time series. Positive (Negative) IOD events occur when the DMI exceeds (falls) 
0.4 ◦C (− 0.4 ◦C) for at least three months. 

3. Results and discussion 

3.1. Model evaluation 

The reliability of the projected fields relies on the model’s potential to simulate the present climate. Therefore, it is worthwhile to 
examine the ability of the ROM to represent the salient ocean features. We have compared the mean annual SST during the evaluation 
period covering 24 years, 1982–2005 (Fig. 2). The figure shows that ROM resembles the observation in simulating the spatial dis
tribution and correctly distinguishes low and high SST regions with some systematic biases (Fig. 2a, b). The bias map (Fig. 2c) shows 
that the biases over most parts of the TIO are negative. The positive bias is evident only over the western TIO, possibly due to reduced 
upwelling over the region, as reported in the earlier study (Mishra et al., 2021). Notably, over most TIO, the bias is less than the 
standard deviation (SD) (Fig. 2d) of corresponding regions. However, the bias over the eastern equatorial TIO region is slightly higher 
than the SD of observation. Additionally, the bias present over a patch of the latitudinal region of ~ 10◦− 20◦ S (− 1.5◦ to − 2.5◦ C) is 
slightly more than the SD of observation (1◦ to 2◦ C). The SD of observation and ROM are shown in Fig. 2d and (e). It can be easily 
perceived that ROM has good analogies with the observation in representing the SD. This strengthens the confidence in the reliability 
of projected fields using this model setup. 

The MHWs characteristics are reported as a more robust metric that explains a stronger relationship with marine organisms than 
the mean and maximum SST (Hayashida et al., 2020; Smale et al., 2019). Thus, it is worth diagnosing the ROM potential in 

Fig. 2. Annual mean SST for the evaluation period (1982–2005) using (a) OISST and (b) ROM. (c) Bias (ROM-OISST) of mean SST (d) Standard 
Deviation of SST in OISST and (e) ROM. 
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reproducing these metrics. Additionally, in Fig. 3 the MHWs metrics obtained from ROM, its forcing model ESM and multimodal 
ensemble mean (MME) of the four best CMIP5 models (MPI-ESM-LR, NorESM1-M, CMCC-CMS, FGOALS-s2), that demonstrate better 
warming trends over Indian ocean (LI, J., & SU, J. (2020)) have been compared with the observed MHWs. 

MHW events show substantial variability in observation data (Fig. 3(i)(a)). The eastern TIO shows more events than the western 
TIO, with some regional variation. As a result, the Bay of Bengal (BoB;85–93◦E 15–23◦N) shows a greater number of events than the 
Arabian Sea (AS; 55–70◦E 10–20◦N). Noticeable variability is observed in the intensity (Fig. 3(i)(e)). The observed spatial patterns of 
maximum MHW intensity are characterized by more intense MHW along the north-western coast of AS, the Great Whirlpool (GWP; 
45–56◦E 8◦S–8◦N) region, and patches of northern BoB. The more extended MHWs duration has been centered around BoB, eastern AS, 
and latitudinal regions of ~20◦S (Fig. 3(i)(i)). 

Fig. 3. (i) MHWs event, intensity and duration in observation and in the ROM, ESM and MME. (ii) Trend in MHWs event, intensity and duration for 
observation ROM, ESM and MME. 
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In comparison, both ROM and ESM overestimate the MHWs events centered around equatorial regions. While over the rest of TIO 
ROM, ESM and MME underestimation the events (Fig. 3(i)(b-d)) however over AS and southern TIO, ROM has a relatively lesser bias 
than the ESM and MME. All models underestimate the MHWs intensity primarily all over the TIO with varying magnitude (Fig. 3(i)(f- 
h)). Unlike the events and maximum intensity, all models overestimate the duration of the MHWs, indicating their tendency to produce 
prolonged events (Fig. 3(i)(j-l)). However, ROM has a relatively lesser bias than ESM and MME. 

To make results more perspective, MHW characteristics from ROM ESM and MME are further discussed in terms of statistics-based 
indices against observation, i.e., root mean square error (RMSE), pattern correlation coefficient (CC) and skill score (SS) summarized in  
Table 1a. The ratio of RMSE of the model and SD of observation is considered as a skill score that has previously been used in the study 
by Dwivedi et al. (2017), Srivastava et al. (2016), Srivastava et al. (2018), Suneet et al. (2019). Values of skill scores less than one 
demonstrate the excellent skill of the model. ROM is performing well and has a higher correlation with observations than the ESM and 
MME for all the MHW metrics (Table 1a). In addition, the RMSE in ROM is less than the ESM and MME for all the metrics. Conse
quently, the skill score is less than one, which demonstrates the quality of ROM simulation. Therefore, it can be inferred from 
(Table 1a) that the ROM is comparatively better than the ESM and MME for simulating MHW metrics. 

The model’s tendency to produce similar trends, much like observation during the historical period, is also crucial in assessing the 
model’s potential for future projection. Fig. 3(ii) shows that all models exhibit an analogous trend for the event in the northern TIO. 
The spatial variability of the intensity trend is captured reasonably well by all models, with slight regional variations in terms of 
magnitude. ROM over most of TIO has demonstrated a similar trend for the duration when compared against observation, though its 
magnitude is slightly higher. In contrast, ESM has a decreasing duration trend centered over AS and western BOB while MME shows a 
larger positive trend. 

Based on the spatial patterns and statistics-based indices, ROM performs relatively better than the forcing model ESM and MME. 
Overall, ROM has shown satisfactory performance when compared to the observation in capturing the present climate SST and MHW, 
therefore, the future projection of MHW with this model will be interesting to address. 

3.2. Projected changes in MHWs characteristics 

The projected changes in the MHWs characteristics (future minus historical) are estimated under the two-emission scenarios, 
RCP4.5 and RCP8.5, covering 2006–2100. The results from both scenarios are discussed for three-time slices (i) near future 
(NRF;2010–2039) (ii) middle-future (MDF;2040–2069) (iii) far future (FRF; 2070–2099). Fig. 4(i)(a) and 4(ii)(a) represent that the 
MHW events are increasing during NRF over the entire TIO in both scenarios, however, magnitudes and spatial extents are highly 
dependent on the pathways of emissions scenarios, having slight larger signal in RCP8.5. In both RCPs, more pronounced changes 
(increment of 4–5 events/year) are noticed along with the western BoB, eastern coast around Sumatra and the equatorial region. 
Interestingly in both RCPs, MHW events in MDF (Fig. 4(i)(b) and 4(ii)(b)) are substantially lesser (3–5 times drop) than NRF, indicating 
the decline of the MHW frequency. This pattern of decline is followed up to the end of the 21st century. Some regions of maximum 
increase during NRF became the region of maximum decline (~2 events per year) in FRF (Fig. 4(i)(c) and 4(ii)(c)), for example, the 
equatorial and Sumatra regions. The rate and spatial extent of the decline are considerably higher in the RCP8.5 scenario than in the 
RCP4.5. 

In the historical period, it was less likely for daily SST to climb above the 90th percentile threshold value which was derived from 
the fixed historical baseline period and hence only a few episodic MHW events were seen within a year. However, due to the consistent 
warming in the future, the future’s daily SST will be higher than the 90th percentile threshold value based on the fixed historical 
baseline period; this enhanced SST will become a new normal in MDF and FRF periods. Therefore, MDF’s and FRF’s daily SST will 
easily exceed the 90th percentile threshold value leading to MHW-like conditions all around the year. In other words, a single MHW 
will exist for the entire year because future daily SST will be above the threshold for the entire year. For example, a location expe
riences five discrete MHW events in a year during the historical time, but the same location will now experience one MHW event in a 
year during the FRF (as in the future SST will always be above to the historical threshold value, hence event will start from 1 January 
and end at 31 December). Therefore, in the FRF, a drop of 4 events has been witnessed as a single MHW which covered all days of the 
year. This decline in MHW events might be spurious and mainly attributed to the current definition of the MHW, which is, the use of the 
fixed baseline period. There is still an ongoing debate on the utilization of fixed versus varying baseline periods for defining 90th 
percentile thresholds. The utilization of a fixed baseline period leads to some artifactual MHWs metrics in the future as it does not take 
into account the warming of the oceans over time. However, considering the varying baseline periods will have no potential ecological 
significance, as highlighted by the research article Oliver et al. (2021) and Amaya et al. (2023). Currently, the majority of studies have 
opted fixed threshold in projecting the MHWs (Frölicher et al. 2018; Oliver et al. 2019; Darmaraki et al., 2019; Plecha & Soares, 2020) 
as it is a common practice in climatology and is ecologically significant, for example, corals, chlorophyll, etc. are severely affected 

Table 1a 
Statistical indices for ROM, ESM and MME in reproducing the MHWs characteristics.  

Statistical indices 
ROM ESM MME 

Event Intensity Duration Event Intensity Duration Event Intensity Duration 

CC  0.85  0.86  0.89  0.81  0.83  0.86  0.83  0.77  0.87 
RMSE  0.57  0.40  10.05  0.66  0.41  11.84  0.73  0.46  12.31 
SS  0.56  0.69  0.98  0.65  0.71  1.25  0.71  0.80  1.20  
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when SST reaches a specific threshold. Additionally, the capacity of the current ocean ecosystem to adjust to heat stress, computed 
with current threshold values, with acute and chronic impacts is largely known. That is why the future elevated temperatures can 
easily be translated into potential upcoming impacts on the ecosystem, whether steady and persistent or abrupt and temporary, with 
the use of the fixed baseline period. In the case of using varying baseline periods to define the MHWs, the threshold deleterious to the 
marine species remains unknown. Therefore, we stick to the utilization of a fixed threshold while highlighting the issue in the 
computation of future MHW events, which could be amended by the use of an updated standard definition in the computation of 
MHWs. 

Fig. 4. Future changes in the MHWs metrics using (4(i)) RCP4.5 and (4(ii)) RCP8.5. For NRF (a, d, g), MDF (b, e, h), and FRF (c, f, i).  
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The MHWs intensity in both RCPs (Fig. 4(i)(d-f) and Fig. 4(ii)(d-f)) showed a continuous increase up to the end of the century, with 
an overall increase up to 2 ◦C (4 ◦C) in RCP4.5 (RCP8.5). In RCP4.5, the intensity in FRF (Fig. 4(i)(f)) is found to be more or less 
doubled of the NRF (Fig. 4(i)(d)), with some regional differences. However, in RCP8.5, a steep increase in the intensity with more than 
8-fold from NRF to FRF period has been observed. In both scenarios, the maximum increase in intensity is evident over AS and Sumatra 
regions in all time slices. 

In both RCPs, the MHWs duration is found to be increased during NRF (Fig. 4(i)(g) and Fig. 4(ii)(g)) showing a maximum increase 
over the western AS, GWP and Sumatra region (210 days). This enhancement in duration is further projected to accelerate in MDF 
following a similar spatial pattern of rising, having a maximum increase (>300days) around GWP and western AS. During FRF, in both 
RCPs, most regions of the TIO show an increase of 330 MHW days, indicating exposure of permanent MHW states by the 21st century 
(Fig. 4(i)(i) and Fig. 4(ii)(i)). Nevertheless, in the late future, the duration of MHW events is on the higher side in RCP8.5 than the 
RCP4.5. 

It is imperative to note that the increase in the duration of events manifests the cause for the decrease in frequency during MDF and 
FRF in both RCP4.5 and RCP8.5 scenarios. Alternatively stated in MDF and FRF, there are no multiple short-duration events as in the 
historical period, instead a single big event that stands overlong and covers the everlasting duration of the year. Hence the number of 
MHW events per year is less, which on the further computation of change (MDF minus historical and FRF minus historical) shows a 
negative magnitude. The spatial patterns of the decrease (increase) in MHW events (intensity and duration) in all the time slices are 
analogous in RCP4.5 and RCP8.5, however, they differ in magnitude. 

Additionally, the average proportion of TIO covered by different categories of MHWs, namely Moderate, Strong, Severe and 
Extreme, in the different time slices have been estimated, the results are summarized in Table 1b. Severe and Extreme MHWs were 
insignificant over the historical era, covering only 0.002 and 0.0001 proportion of the TIO respectively. In both RCPs, abrupt changes 
are noticed in the expansion of the MHW categories from NRF to late future, leading to de-escalation (escalation) of the Moderate and 
Strong MHWs (Severe and Extreme MHWs). Interestingly during FRF, explicitly, the Extreme category is dominant. Notably, nearly the 
entire TIO (~98%) will be covered with the Extreme category under RCP8.5 in FRF. On the other hand, in RCP 4.5, the Extreme 
category will constitute only ~49% of TIO. 

This study investigated the spatial distribution of the appearance of the first permanent MHW states and absolute permanent MHW 
states (Fig. 5(a-d)). Strong spatial variability is noticed in the period of the first emergence of a permanent MHW state (Fig. 5(a-b)), 
ranging from 2010 to 2099 in both RCPs. For RCP8.5, the appearance of the first permanent MHW has been seen from 2010 over very 
few patches of AS, and by 2050 covering most of the central AS, GWP and southern BoB. The entrance of TIO into a permanent MHW 
state is in accordance with the latest Intergovernmental Panel on Climate Change (IPCC) report AR6 (Zhongming et al., 2021), which 
reported greater warming (1 ◦C) of the Indian Ocean than the global ocean (0.7 ◦C) during 1951–2015. Discernibly the appearance of 
the earliest first permanent MHW has been witnessed in RCP8.5 starting from 2015 and was over a few patches of AS However, over a 
few regions of AS and BoB, the first permanent MHW has been observed earlier in RCP4.5 than in RCP8.5. A small region of 
Madagascar, north-west AS, and western BoB in the RCP4.5 does not exhibit the appearance of the first permanent MHW. However, 
these same areas have demonstrated a delayed appearance of the first permanent MHW under RCP8.5. Examining absolute permanent 
MHW under the RCP4.5 scenario (Fig. 5(c)) shows that only a few areas, mostly in the last decade of the century, will experience 
absolute permanent MHW conditions. These areas include Sumatra, southern BoB, GWP, and AS. While with the RCP8.5 scenario 
(Fig. 5(d)) AS, GWP and BoB will have absolute permanent MHW conditions starting from 2055 to 2070. Furthermore, Fig. 5(e-f) 
shows the proportion of TIO experiencing the first and absolute permanent MHW in both the RCPs. In RCP8.5, the first permanent 
MHW started in 2014 and subsequently increased over time to cover more than 98% of TIO before 2085. However, in RCP4.5, the first 
permanent started in 2015, covering a very small proportion (less than 5% of TIO), but a steady increase in proportion is evident from 
2030, which covers 90% of TIO in the late century. In addition, the absolute permanent MHW in RCP4.5 was restricted to 10% of TIO 
only, which occurred from 2095 to 2100. While in RCP8.5, the absolute permanent MHW started in 2055 and augmented steadily, 
reaching more than 95% of TIO at the end of the century (Fig. 5(f)). 

Substantial heterogeneity is found over TIO for frequency, intensity and the appearance of the first and absolute permanent MHW. 
Thus, we selected the regions of notable changes from TIO, which include AS, BoB and GWP. The annual mean MHWs intensity 
averaged over these regions is shown in Fig. 6(i), it can be noticed that their intensity shows a sharp continuous increase over time at 
each location with differences in magnitude in the RCP4.5 and RCP8.5 scenarios. It is also imperative to notice that the pattern of rising 
and falling in intensity with the advancing year is analogous at each location. To make results more discernible, the quantitative 
estimates of changes (explicitly manifesting the percentage change) in the intensity for the three time-slices relative to the historical 

Table 1b 
Average proportion of TIO experiencing different categories of MHWs in different time slices.  

Time 
The average proportion of TIO for MHWs categories in RCP4.5 (RCP8.5) 

Moderate Strong Severe Extreme 

Historical  0.173  0.035  0.002  0.0001 
NRF  0.305 (0.300)  0.309 (0.281)  0.160 (0.153)  0.070 (0.048) 
MDF  0.147 (0.101)  0.234 (0.160)  0.319 (0.241)  0.306 (0.524) 
FRF  0.089 (0.005)  0.158 (0.007)  0.281 (0.011)  0.492 (0.981) 

Table 1: (a) Statistical indices of ROM, ESM and MME for MHWs and (b) mean proportion of TIO in different time slices with different categories of 
MHWs in ROM only within RCP4.5 (RCP8.5). 
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Fig. 5. Date of the first permanent MHW state (a-b), absolute permanent MHW state (c-d) and proportion of TIO under the first and the absolute 
permanent MHW state (e-f) in RCP4.5 and RCP8.5 scenarios. 

P. Kumar et al.                                                                                                                                                                                                         



Dynamics of Atmospheres and Oceans 105 (2024) 101408

11

Fig. 6. The annual (6(i)) intensity and (6(ii)) duration of each MHWs category computed over AS, BoB and GWP using RCP4.5 and 
RCP8.5 scenarios. 
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period have been made. Among the three locations, the rising rate in annual mean MHWs intensity at GWP is progressing much faster 
than in the other two locations. Roughly 4-fold (8-fold) multiplication in the intensity is evidenced over GWP during FRF with the 
RCP4.5 (RCP8.5) scenario. 

Similarly, the annual duration of different categories of MHWs over AS, BoB and GWP has been shown as the stacked plots for 
RCP4.5 and RCP8.5 (Fig. 6(ii)). Over the years, the duration of events at each location is continually increasing, and in the long term, it 
ensures existence over the entire year. In RCP8.5, every location features a perpetual increase (decrease) in the duration of the Extreme 
(Moderate, Strong, Severe) category. In contrast, in RCP4.5 appearance of the Extreme category MHWs has been seen, which was 
nearly absent in the historical period. Notably, in RCP4.5, the strong and severe category MHWs covers the maximum days. The 
percentage change in the annual duration of MHWs in the three-time slices has been accounted for over all three locations in both the 
RCPs, which demonstrates a greater magnitude of increase in RCP8.5 than RCP4.5. 

3.3. Causes for increased MHWs intensity 

In Fig. 7(i) over AS, BoB and GWP the mean changes in atmospheric parameter 5-day before the genesis of all MHWs occurring 
during the historical period has been investigated. The MHW events start with an increase in the SWR and SHF, followed by a decrease 
in the LWR, LHF and WS, these all situations generate and maintain the MHWs situation, also reported in another study over TIO by 

Fig. 7. (i) Changes in the Atmospheric parameters from their mean state 5 day before the genesis of MHWs. (ii) 31-year running correlation between 
atmospheric parameters and MHWs intensity. (iii) 31-year running correlation between heat budget terms and MHWs intensity. The black dots in 
the line represent where the running correlation value is at 95% significance level. 

Fig. 8. (i) Correlation between mean SST anomaly and 90 percentile SST anomaly in both RCPs, anomaly computed with historical data (The 
regions with black dots represent significance level of more than 95%). (ii) Time series of area-averaged mean SST anomaly ◦C and 90 percentile SST 
anomaly ◦C anomaly computed with historical data. 
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Saranya et al., 2022. The increased SWR accrues more heat to the surface, the decreased LWR prohibits the transfer of heat to the 
atmosphere, the decrease in WS results in the weakening of turbulence that inhibits mixing momentum transfer and restricts heat 
penetration into the deeper ocean. Further reduced evaporation (LHF) and increased SHF (except for the BoB; where the presence of 
both positive and negative anomalies in SHF during the MHW events, leading to a resultant negative anomaly might be because the 
model struggled to accurately capture the specific properties due to various complexities inherent in the region) restricts heat dis
tribution. These all factors coherently lead to heat build-up in the upper ocean, contributing to the MHWs. A similar mechanism is also 
reported in the previous studies by Sen Gupta et al. (2020), Holbrook et al. (2019) and Saranya et al. (2022). It is imperative to note 
that, the magnitude of involved parameters for MHWs genesis varies with location. For example, the changes in SWR’s for the genesis 
of MHWs are maximum over BoB similarly the drop in wind speed is maximum at GWP, Fig. 7(i). 

Further, we calculated the running correlation of a 31-years moving window between the MHWs intensity and magnitude of these 
atmospheric parameters obtained during the MHW events, that is start date and end date of MHWs (Fig. 7 ii). Interestingly, the 
correlation (positive or negative) between the consistently increasing MHWs intensity and magnitude of atmospheric parameters 
remains on the higher side up to 2015, but after that, it started decreasing which might be due to the inclusion of warming in 
accordance with RCP4.5 and RCP8.5 scenarios. This decrease in correlation value indicates that the augmentation in the MHWs 

Fig. 9. ENSO and IOD modulation of MHWs severity. The proportion of the Moderate, Strong, Severe and Extreme category MHWs formed over TIO 
in (9(i)) RCP4.5 and (9(ii)) RCP8.5. 
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intensity in the future is less dependent on the daily variation of these parameters. Moreover, the rolling correlation using a 31-years 
moving window has been computed between the annual intensity of MHWs and annual heat budget terms (Zonal advection (ZADV), 
Meridional advection (MADV) and vertical velocity). Notably, contrary to atmospheric parameters, the running correlation coefficient 
values are slightly lower with heat budget terms. This suggests that the future annual increase in MHWs intensity is less associated with 
these heat budget terms. 

Darmaraki et al. (2019) demonstrated that the future increase in MHWs is largely attributed to the increased mean SST rather than 
day-to-day variability caused by the fluctuations in the parameters. Because the future’s SST with the RCP scenarios in it will be higher 
than the historical SST threshold and hence there is a high tendency for future SST to easily cross the historical threshold defined for 
declaring the MHWs. The spatial plot in Fig. 8(i) demonstrates that there is a high correlation between the mean SST anomaly and 90th 
percentile anomaly from the historical for the entire study period (1976–2099) in the study domain. Further, the line plot of 
area-averaged TIO, Fig. 8(ii), shows that future 90th percentile SST are consistent with the rise in mean SST as the peaks and drops in 
mean SST anomaly and 90th percentile anomaly are highly analogous. It can further be observed that the value of the historical 90th 
percentile which constitutes MHWs in the historical period becomes a new normal in the future in response to increasing greenhouse 
gas forcing and therefore more intense MHWs in the future. This reconfirms the finding of Darmaraki et al. (2019). 

3.4. IOD /ENSO 

The TIO properties are strongly associated with various climatic modes, e.g. ENSO and IOD (Du et al., 2009; Saji et al., 1999; 
Sayantani and Gnanaseelan, 2015) and the warming of TIO following the El Niño years have been reported in the previous studies 
(Abish et al., 2018). This El Niño induced warming raises daily SST and might have implications on the MHW’s characteristics. The 
additional warming introduced by El Niño will raise the daily SST above the threshold defined for declaring MHWs leading to pro
longed and intense MHWs. Therefore, we use detrended SST data, to remove the long-term warming, for deriving ENSO and IOD index 
as well as the proportion of TIO experiencing different categories of MHWs. 

Fig. 9(i) and (ii) show the proportion of the Moderate, Strong, Severe and Extreme category MHWs formed over TIO in RCP4.5 and 
RCP8.5 scenarios. Both the category and their proportion show a robust link with the El Niño events. During the El Niño years, the 
appearance of the Extreme category and an increase in the proportion of Moderate, Strong and Severe category MHWs is observed in 
both RCPs. In contrast in the La Niña years decrease in the proportion of MHWs category is evident. Moreover, such a strong inter
connection between the category of MHW events with DMI is not visible. Though, DMI eminently influences the MHWs in the 
proximity of the western box and eastern box during its positive and negative phases (Holbrook et al., 2019). 

4. Conclusion 

The anomalously warm conditions over the ocean known as marine heatwaves (MHWs) have deleterious impacts on regional 
ecosystems and have socioeconomic consequences. A new regional earth system model, ROM, driven by a global Earth System Model 
(MPI-ESM-LR) boundary conditions over CORDEX-South Asia, is employed to investigate the potential projected changes in the MHWs 
with respect to the historical period (1976–2005) as a baseline period for the near future (NRF; 2010–2039), middle future 
(MDF;2040–2069), and far future (FRF; 2070–2099) under two emission scenarios (RCP4.5 and RCP8.5). The evaluation of the 
model’s performance indicates a good resemblance between ROM and observation in reproducing the mean SST and MHWs during the 
historical period and outperforms the forcing model (MPI-ESM-LR) and Multi-Model Ensemble mean of CMIP5 models. After con
firming the model’s reliability for the historical climate, the projected change in the temperature extremes has been investigated. In the 
future, the duration and intensity of temperature extremes will escalate due to the continuous warming over most parts of TIO, with the 
highest warming over AS followed by GWP and BoB. Notably, the magnitude of MHWs intensity and duration is significantly higher in 
RCP8.5 than in RCP4.5, primarily due to a higher degree of warming. A considerable departure from the historical conditions leads to 
the development of permanent MHW states in the future that might impose abrupt ecological changes impacting marine species. The 
AS and GWP regions will experience the first permanent MHW and absolute permanent MHW events at the earliest period. The ab
solute permanent MHW state is largely visible in RCP8.5, while in RCP4.5, it is restricted to some regions of AS and GWP only, 
particularly in the late century. The decline in WS, LHF, and increase in SWR primarily manifest the establishment of MHW conditions. 
Running correlation reveals that the atmospheric parameters, vertical velocity, and zonal and meridional advection have a good 
correlation with intensity but in the long future term rise in mean SST plays a major role than the variability in these parameters for 
rising MHW intensity. During the El Niño regime, not only the proportion of TIO experiencing MHWs increase, but also the appearance 
of higher category MHWs is evident. IOD controls the MHWs metrics in the proximity of the western box and eastern box during 
positive and negative phases. In summary, this study discovered that in both RCPs, MHW is projected to be more prolonged and 
intense, covering a wider spatial area, along with exposure of TIO to the permanent MHW. 
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