
1. Introduction
Marine heatwaves (MHWs) are prolonged extreme events associated with exceptionally high ocean water temper-
atures (Hobday, Alexander, et al., 2016; Pearce & Feng, 2013). With the increased availability of high resolution 
ocean observations, MHWs have now been observed in many regional seas and coastal zones. Some prominent 
events being the Mediterranean Sea MHW of 2003 (Olita et al., 2007), the west Australian MHW of 2011 (Feng 
et al., 2013), the 2014-2016 MHW in the Northeast Pacific (Bond et al., 2015) and the 2015-2016 MHW in 
the Tasman Sea (Oliver et al., 2017). The frequency of MHWs over many oceanic regions has increased since 
the beginning of the observational record and is projected to further increase in the 21st century (Frölicher 
et al., 2018; Oliver et al., 2019). Recent studies have attributed such long term increase mainly to the anthropo-
genic warming-driven increase in mean sea surface temperatures (SST) with some contribution from the internal 
climate variability (Oliver, 2019).

MHWs have well-documented devastating impacts on the well being of living marine resources and ecosystem 
functions. These impacts include mass coral bleaching (Feng et  al.,  2013; Hughes et  al.,  2017), widespread 
habitat loss through damages to seagrass meadows and kelp forests (Babcock et  al.,  2019; Filbee-Dexter & 
Wernberg, 2018), changes in species abundance and distribution, mass stranding and elevated mortality, unprec-
edented changes in ecosystem community structure (Caputi et al., 2016; Cavole et al., 2016; Smale et al., 2019; 
Wernberg et al., 2011). MHWs have also been shown to cause shocks in seafood production in various regions of 
the world ocean which result in dramatic economic losses (Cheung et al., 2021).

The origins and impacts of MHWs have been well studied in many regional seas around the globe, however, a 
conspicuous gap had remained in our understanding of these extreme events in the Indian Ocean, particularly in 
its northern coastal regions. Recent studies report a rapid increase in the MHW characteristics in the north Indian 
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Ocean (Chatterjee et al., 2022; Saranya et al., 2022), with maximum intensity of MHWs exceeding 2°C during 
the summer season in some years. Like other regions, the MHWs in the Indian Ocean are also mainly associated 
with the secular increase in the mean SST. Further, various modes of climate variability, such as the El Niño 
Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD), also modulate the background climate state 
from one year to another. Furthermore, superimposed on the background climate state are local surface radiative 
flux and wind anomalies which play a crucial role in the origin and persistence of the MHWs in the north Indian 
Ocean (Chatterjee et al., 2022).

While it is understood that timely prediction of MHWs would provide much required early warnings of such 
events, an assessment of the prediction skill of MHWs in the north Indian Ocean is still missing. In this study, we 
explore predictability of MHWs and their possible impacts on Arabian Sea large marine ecosystem, which is one 
of the most productive regions of the world ocean hosting intensive artisanal and commercial fisheries (Andrew 
et al., 1998). We focus here on the impacts of MHWs on Indian oil sardine (Sardinella longiceps), a small pelagic 
fish that contributes between 15% and 20% of total marine fish catches in India (Kripa et al., 2018; Vivekanandan 
et  al.,  2009). Among many other climate stressors, extreme temperatures are known to negatively impact oil 
sardines (Hamza, Valsala, et al., 2021; Kripa et al., 2018; Sajna et al., 2019). We consider both the occurrence of 
MHWs and the exceedance of the 28°C temperature threshold together. This threshold is used as an upper limit, 
beyond which prolonged heat stress can harm oil sardines. A timely prediction of MHWs in the Arabian Sea 
would allow precautionary measures to be taken to minimise the impact of MHWs on oil sardine fishery.

Here, we assess the prediction skill of MHWs in the Arabian Sea using a global climate prediction system with a 
focus on the summer season (June-August), which is the main spawning period of the Indian oil sardine. During 
the spawning season southwesterly monsoon winds initiate coastal upwelling and thus increase productivity 
along the southeastern and western Arabian Sea. We explore the potential for predictability of MHWs in this 
region  through an analysis of the impact of the El Niño and IOD on prediction skill of MHWs. Our prediction 
system is initialized in November each year and targets the subsequent summer season (June to August) 7 months 
later.

2. Methods
2.1. Data and Calculation of Marine Heatwave Characteristics

We use the NOAA OISST version 2 High Resolution Dataset (Banzon et al., 2016) from 1982 to 2019 as obser-
vational reference for computing marine heatwave (MHW) characteristics. We apply a widely used and publicly 
available marine heatwave detection algorithm to the observational data set (Hobday, Alexander, et al., 2016). In 
this study, we focus on two characterizes: the number of MHW events per summer and the maximum intensity 
of marine heatwave events per summer. Hence our results concern seasonal (June to August) rather than single 
event characteristics.

2.2. Area Under Marine Heatwave

Our region of interest is the Arabian Sea which is a regional sea in the Indian Ocean bounded by 50:78°E 
longitudes and 6:26°N latitudes. Some parts of the Gulf of Aden, the Gulf of Oman, the Persian Gulf and the 
entire Red Sea are excluded from our definition. To keep the focus on the prediction of living marine resources 
we consider only those grid cells which conform to the definition of large marine ecosystem (Sherman, 1991). 
This excludes the deeper southern parts of the Arabian Sea region from the subsequent analysis. The total area 
of the selected region is about 3,766,700  km 2. Almost each summer some fraction of this area experiences 
MHWs. We define a MHW to occur when daily temperatures exceed the 11-day running 90th percentile thresh-
old for at-least five consecutive days (Hobday, Alexander, et al., 2016). The 11-day running 90th percentile is 
calculated from daily SSTs over the period 1983–2012 and is further smoothed with a 31-day running mean. 
We calculate the percentage-area where at-least one MHW occurs each summer (event-based area under heat-
wave), and additionally have intensity larger than temperature threshold of 28°C (event- and intensity-based area 
under heatwave). The 28°C threshold coincides with the previously reported to be optimal for Indian oil sardine 
(Benzam, 1970; Vivekanandan et al., 2009). Temperatures above this optimum have been previously suggested 
to cause physiological stress in fishes and to lead to deficit catches of the sardine fisheries in this region (Hamza, 
Valsala, et al., 2021).
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2.3. The Large-Ensemble Prediction System

We carried out retrospective predictions using the Max Planck Institute Earth System Model in low resolu-
tion (Mauritsen et al., 2019, MPI-ESM-LR). The ocean model of MPI-ESM, the MPIOM, has a rotated grid 
configuration, where the North Pole singularity is moved over Greenland. This improves horizontal resolution 
in the Atlantic north of 50°N (horizontal resolution in Pacific sector is not improved with the pole over Green-
land). We have deployed the same prediction system as described in Koul et al. (2021), however, we now use an 
extended set of initialized predictions with 80 ensemble members. At the core of the initialization is a 16-member 
weakly coupled data assimilation combining atmospheric nudging with an oceanic localized ensemble Kalman 
filter (Brune & Baehr, 2020) using the Parallel Data Assimilation Framework (PDAF, Nerger & Hiller, 2013). 
To further increase the ensemble size, model physics at upper stratospheric levels are perturbed, similar to the 
approach described in Fröhlich et al. (2021). Thus, an 80-member ensemble of 10-year long retrospective fore-
casts (hereafter: hindcasts) is initialized every November 1st from 1982 to 2019. Our target prediction horizon is 
the first summer (June to August) after initialization which translates to a 7-month lead prediction. Beyond this 
lead time, there is no skill in our prediction system for the target MHW characteristics. We refer the interested 
reader to Brune et al. (2015), Brune and Baehr (2020), Hövel et al. (2022), and Koul et al. (2021) for a more 
detailed explanation on the predictions system and its initialization.

2.4. Reference and Statistical Predictions

We use observed frequency of MHWs as the reference to assess the model prediction skill. The skill (see below) 
is evaluated against this reference. We also compare our dynamical predictions with predictions from a statisti-
cal model. The statistical prediction is the observed frequency of target event conditional on El Niño. We first 
determine the years when the October-December mean anomalies of the Niño 3.4 index (Table S1 in Supporting 
Infor mation S1) are above and below +0.5°C. We then calculate the observed frequency of the target event in 
El Niño (Niño 3.4 > +0.5°C) and Non-El Niño (Niño 3.4 <= +0.5°C) years (Table S2 in Supporting Informa-
tion S1). The statistical prediction for a given summer is then the observed frequency of the target event depend-
ing on whether the preceding October-December mean Niño 3.4 anomaly was above or below +0.5°C.

We use the Brier Skill Score (BSS) as the verification metric for our predictions. The BSS is defined as:

𝐵𝐵𝐵𝐵𝐵𝐵 = 1 −
𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

 

where, BSprediction is the Brier Score of the 80-member initialized prediction and BSreference is the Brier Score of 
the reference prediction (i.e., either the observed frequency or the statistical prediction). For calculating the Brier 
Score, we use the upper tercile of the predictand as the Brier threshold. The uncertainty in the BSS is calculated 
using a block bootstrap approach (block length = 3) wherein, through random sampling and replacement from the 
parent time series, a set of 1,000 BSSs is estimated. We select the 90% range of these 1,000 BSSs as a measure of 
the uncertainty in the estimated BSS. Statistical significance for linear trend and composite differences analyzed 
in this work are also determined using the bootstrap approach.

3. Results
There is a positive trend in the number of marine heatwaves (MHW) occurring every summer in the Arabian 
Sea (Figure 1a). In fact, over the last decade (2010–2019), the number of MHW events has more than doubled 
compared to the first decade (1982–1991) of the observational record (Figure S1 in Supporting Information S1). 
Large increase has occurred in the eastern Arabian Sea along the entire west coast of India. Within the Arabian 
Sea, the mean summer SST are warmer in the east than in west (Figure 1b), but this distribution of mean summer 
SST is distinct from the spatial distribution of MHW characteristics. Eastern and northern regions with rela-
tively warm summer SST are prone to frequent MHW events while the western region characterized by seasonal 
upwelling is prone to intense MHW events (Figure 1d).

The observed spatial pattern of MHW events and intensity is captured by the prediction system (Figure 2) with 
the pattern correlation being higher for mean MHW intensity than for MHW events. Overall, as seen in obser-
vations, the regions of high MHW events and intensity lie in the eastern and western parts of the Arabian Sea 
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respectively (Figure S2 in Supporting Information S1). From a probabilistic point of view, the prediction system 
captures the broadly distinct probabilities of MHW characteristics. The tercile-based probability density func-
tions show that the prediction system is able to discriminate summers with extensive MHW activity from the rest 
(Figures 2c and 2d). This distinction is more clear for the number of MHW events than for their intensity. For 
example, 62% of all MHW event predictions agree with the observed MHW events in the upper tercile. Also the 
ensemble shows large spread during summers with extensive MHW activity (Figure S3 in Supporting Informa-
tion S1), hinting toward an impact of the climate state at initialization.

An analysis of the background climatic state suggests a possible connection of El Niño as well as the IOD with 
the MHW events in the Arabian Sea (Figure 3). First of all, there is a considerable overlap between the warm 
phases of the ENSO and positive IOD (IOD+) conditions for the months October to December (Figure 3a and 
Table S1 in Supporting Information S1). Both of these conditions are known to favor warm SSTs in the Arabian 
Sea (Chowdary & Gnanaseelan, 2007). A warm ENSO anomaly (>0.5°C) in winter makes MHW events more 
likely over the Arabian Sea (Figure 3b and Table S2 in Supporting Information S1). Positive IOD conditions also 
favor MHW events in the entire Arabian Sea, however, the impact is small in comparison to the impact of El Niño 
(Figure 3c). Toward the end of the last decade, a number of positive IOD events in winter were not succeeded by 
MHW events (Figure 3a). In summary, the likelihood of an MHW event to occur is higher than the climatological 
frequency in summers which are preceded by El Niño (or IOD+) conditions in winter (Tables S2 and S3 in 
Supporting Information S1).

In the observational record large areas of the Arabian Sea have been under the influence of MHW in summer 
even in the absence of an El Niño or an IOD+ event in the preceding winter (Figures 3d–3g). For example, in the 

Figure 1. Observed marine heatwave characteristics. (a) Linear trend in summer (June-August) marine heatwave events 
(events/yr −1). Trend values that are not significant at 95% confidence are stippled. (b) Climatological mean (1982–2019) 
summer (June-August mean) sea surface temperature (°C), c climatological mean MHW events and (d) climatological mean 
MHW max intensity (°C). The black box in (a) shows the region over which the MHW characteristics are averaged. The black 
line in (b) shows the 28°C contour.
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summers of 1997, 2006, 2014 and 2017, MHW events occurred over more than half of the Arabian Sea region, 
making these summers as important as other summers with similar spatial coverage of MHW events and with El 
Niño as a precursor (Figures S4 and S5 in Supporting Information S1). To quantify the spatial coverage of MHW 
events, we calculate the area of Arabian Sea under heatwave each summer (Figure 4). Furthermore, we chose 
upper tercile as a threshold to identify summers when a “large” area of Arabian Sea experienced heatwave. With 
this definition, we identify a total of 13 summers when at least one MHW event occurred over a large area of 
Arabian Sea (red bars in Figure 4a).

To make this definition of MHW events more relevant to fisheries management, we combine the spatial informa-
tion of MHW events with their intensity (Figure 4b). Here we use the occurrence of MHW and a fixed tempera-
ture threshold of 28°C relevant for the Indian oil sardine fishery, to compute the area under heatwave. Summers 
when absolute maximum intensity of heatwaves exceed 28°C for an extended period of time over a large area of 
Arabian Sea can be detrimental for Indian oil sardine fishery (Sajna et al., 2019). We see that when a large region 
of the Arabian Sea experiences heatwaves in summer, similarly large region also experiences temperatures larger 
than 28°C (Figure 4b, Figures S6 and S7 in Supporting Information S1). On average about 80% of the Arabian 
Sea region that experiences summer heatwaves also experiences temperatures larger than 28°C.

The 80-member hindcast is able to skilfully predict summers when a large area of Arabian Sea experiences heat-
waves (Figure 4). These hindcasts are initialized in November and the prediction is verified in the summer from 
June to August, thus they provide a prediction horizon of seven months (see Methods). Similar skillful prediction 

Figure 2. Seasonal prediction of marine heatwave characteristics. (a) Scatter plot for the predicted marine heatwave events 
per summer (June to August) against observations. Each dot represents the pair of values at the corresponding observation 
and model grid cell within the selected Arabian Sea region. (b) Same as (a) but for intensity. (c) Probability density functions 
of predicted marine heatwave events based on composite of observed percentiles of marine heatwave events. The numbers 
indicate the fraction of MHW predictions that were also in the same tercile as observations (see Table S3 in Supporting 
Information S1 for further details). (d) Same as (c) but for marine heatwave intensity.
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is found for the area under heatwave using the combined event and intensity based definition. Irrespective of the 
definition, the skill is higher for predictions initialized in winters during an El Niño event than in other winters. 
This suggests that the prediction model is able to capture the impact of El Niño on the Arabian Sea seven months 
ahead.

Since there seems to be a connection between El Niño and MHWs over the Arabian Sea, we also compute the 
prediction skill from a statistical model based on winter SSTs in the Niño 3.4 region (see Methods). We use 
winter (Oct-Dec mean) Niño 3.4 SST anomaly as a predictor. The statistical model is skillful but its median skill 
is lower than that of the dynamical model. However, the statistical model also suggests the dependence of skill 
on El Niño—the skill is higher for summers preceded by an El Niño event in winter. Similar results are obtained 
if the statistical model is based on the IOD+ conditions (Figure S8 in Supporting Information S1). A detailed 

Figure 3. Impact of El Niño and IOD on occurrence of MHWs. (a) Time series of summer (June-August) mean MHW events averaged over the Arabian Sea. The 
orange shadings indicate El Niño periods and blue shadings indicate IOD+ periods (see Methods). The red bars denote summers when the MHW events were in 
the upper tercile. (b) Composite difference of MHW events between El Niño and non-El Niño years. (c) Same as (b) but for IOD+ and non-IOD+ years. Composite 
differences that are not significant at 95% confidence are stippled. (d–g) The four years (1997, 2006, 2014 and 2017) when the summer MHW events were in the upper 
tercile (red bars in (a))without a preceding El Niño event.
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analysis of individual years reveals that the dynamical model not only performs at par with the statistical model 
in summers preceded by an El Niño but also performs better in the absence of an El Niño in the preceding winter 
(Figures S9 and S10 in Supporting Information S1).

4. Discussion and Conclusions
Our main finding is that characteristics of summer MHWs in the Arabian Sea can be predicted seven months 
ahead. We find prediction skill for summers when a large area of the Arabian Sea experiences heatwaves, outper-
forming climatological predictions as well as an El Niño-based statistical model. The dynamical prediction model 
benefits from initialization in winters during an active El Niño, which facilitates an observationally consistent 
evolution of the climate. These findings are consistent with a recent report on the impact of ENSO on global 
prediction of MHWs (Jacox et al., 2022).

It is worth mentioning that the MHW calculation implemented here includes a 31-day smoothing of the 90th 
percentiles. This is done to smooth out any sub-seasonal variations in the daily temperature thresholds which 
might degrade the skill at seasonal timescales. Nevertheless, when the 31-day running mean is not employed, the 
skill remains largely unchanged. However, it remains to be seen whether there is any skill in predicting summer 
MHWs in the Arabian Sea at sub-seasonal timescales (2–4 weeks lead time).

In the Arabian Sea, summers with extensive MHWs are usually (but not always) associated with a preceding 
El Niño (or an IOD+ event) in winter. The mechanisms on how ENSO impacts SSTs in the Indian Ocean are 
largely understood (Chowdary & Gnanaseelan, 2007; Klein et al., 1999; Tourre & White, 1995). The remote 
teleconnection is realised via the changes in the Walker circulation which subsides over the western Indian Ocean 
during the El Niño. The subsidence reduces cloud cover and leads to an increase in incoming solar insolation 
which warms the sea surface. It is also important to note that subsidence over the Arabian Sea favors down-
welling and inhibits ocean upwelling which can give rise to anomalous warming at the ocean surface (Pratik 
et al., 2019). Our finding that the likelihood of MHW occurrence increases in summers following an El Niño 
event in winter point to favorable background climate state set by such ENSO teleconnection. The higher skill in 

Figure 4. Seasonal prediction of area under marine heatwave. (a) Area under MHW from observation (bars) and the hindcasts (dots and whiskers) based on the 
events based definition (see Methods). The dots show the median prediction and the whiskers show the 90 percentile range from the 80-member ensemble. The orange 
shadings indicate El Niño periods. The right hand side panel shows the Brier skill score (BSS) for the dynamical and the statistical predictions computed from all years, 
El Niño years and non-El Niño years. Both BSSs are computed with the climatological prediction as reference. The circles and triangles show the respective median 
skill and the whiskers show the 90 percentile range from the bootstrap procedure (see Methods). (b) Same as (a) but for intensity-based definition of MHW.
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summers following an El Niño event in winter indicates that the model is able to capture the impact of the decay 
phase of El Niño on the SST in the Arabian Sea. Caution should however be exercised when extrapolating the 
level of prediction skill presented here to the future. For example, the 1994 El Niño Modoki associated summer 
does not seem to show any MHW impact in the Arabian Sea. It remains to be seen how the projected changes in 
the ratio of El Niño Modoki to canonical El Niño events would impact MHWs and their prediction skill in the 
Arabian Sea (Marathe & Karumuri, 2021; Ying et al., 2022).

Previous studies suggest that MHWs can worsen negative impacts of the ongoing climate change on marine 
ecosystems and weaken the adaptive capacities of the latter to the decadal-scale temperature increase (Frölicher 
& Laufkötter, 2018; Weber et al., 2021; Wernberg et al., 2013). As specifically for the Arabian Sea, Cheung 
et al. (2021) estimated that between 25% and 50% of the commercially exploited fish stocks in this region will 
decline in biomass due a combined effect of long-term warming and increasing MHWs frequency in the future. 
This is expected to negatively affect the entire socio-economic system linked to the marine food industry. The 
MHW predictions presented here provide a critical time horizon necessary for precautionary measures that can 
mitigate the impact of such extreme events on marine ecosystems and promote a sustainable exploitation of 
marine resources. Such management measures can include, for example, a planned shift of fishery to the viable 
areas (seasons) not affected by MHWs, switching to alternative fish species and reducing fisheries activities to 
decrease the anthropogenic pressure on the spawning stock under unfavorable environmental conditions (Hobday, 
Spillman, et al., 2016; Payne et al., 2017).

However, a robust decision support tool for sardine fishery will require a further step to translate the physical 
forecast presented here to an ecological forecast predicting sardine distribution and recruitment success under 
various MHWs events. We see the lack of the precise information about the physiological response of oil sardines 
to suboptimally warm temperatures (Hamza, Anju, et al., 2021) as one of the main challenges in making such 
forecasts. The temperature threshold of 28°C used here was based on few previous studies, reporting disappear-
ance of oil sardine from commercial catches at higher temperatures (Benzam, 1970; Vivekanandan et al., 2009). 
A better understanding of how suboptimal temperatures affect vital rates (growth, survival and reproduction) of 
the adult and pre-recruit oil sardine will be required. Given the observed and predicted increase of water tempera-
ture and MHWs intensity in summer in this region, we encourage further research combining fisheries independ-
ent surveys and laboratory experiments to elaborate on physiological and behavioral responses of oil sardines, as 
well as other key fish species and marine organisms prone to the devastating effects of MHWs.
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