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Abstract
In this study, a future projection of marine cold spells (MCSs) over the tropi-
cal Indian Ocean is made using a fully coupled regional Earth system model,
namely ROM, under two representative concentration pathways (RCPs): RCP4.5
and RCP8.5. In both RCPs, the future MCS properties have been estimated across
three distinct time intervals: the near future (NF; 2010–2039), the middle future
(MF; 2040–2069), and the far future (FF; 2070–2099). The future MCS computa-
tions were examined with respect to fixed historical baseline periods and varying
baseline periods. MCSs were frequent, intense, and prolonged during the histor-
ical period. ROM effectively simulated these historical MCS metrics and their
trends and outperformed the forcing general circulation model as well as the
multimodel ensemble mean of Coupled Model Intercomparison Project phase 5
models. In the future, MCSs will cease to occur in ∼13% (4%), ∼56% (66%) and
∼69% (93%) of the area of the tropical Indian Ocean in the NF, MF, and FF
respectively under the RCP4.5 (RCP8.5) scenario using a fixed historical baseline
period. This departure of MCSs led to the disappearance of events, first identified
over the Arabian Sea in both RCPs. The decrease in net heat flux and increase in
wind speed contribute to the genesis and severity of MCS events. Further, during
the El Niño regime, the MCS events dramatically decrease due to the basin-wide
warming, but during the La Niña phase, the MCS intensity and spatial range
increase. This study further investigates the sensitivity of MCSs with the choice
of baseline period. Adopting varying baseline periods over time does not result
in the disappearance of MCSs but does produce declining trends in MCS activity,
highlighting the need for careful consideration in choosing a baseline period.
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1 INTRODUCTION

Temperature extremes are becoming more frequent
and intense with global warming worldwide (Alexan-
der et al., 2006; Seneviratne et al., 2012 and references

therein). Hence, much attention has been given to
understanding the different spheres of these extreme tem-
peratures in the atmosphere and in the ocean. A marine
heatwave (MHW) is a discrete and prolonged period of
extremely warm ocean events (Hobday et al., 2016), which
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have been studied broadly in recent years. Numerous
studies have documented the MHW drivers (Holbrook
et al., 2019; Sen Gupta et al., 2020), MHW impacts on
biodiversity and ecosystem (Smale et al., 2019), and
future projection of MHWs over regional scales using
regional models (Darmaraki et al., 2019) and global scales
using Coupled Model Intercomparison Project phase 5
(CMIP5) (Oliver et al., 2019) and phase 6 models (Plecha
& Soares, 2020). Contrary to MHWs, marine cold spells
(MCSs; from here onwards, referred to interchangeably as
cold spells or MCSs), defined as a discrete and prolonged
period of remarkably cooler ocean water events (Schlegel
et al., 2021), have received comparatively less attention
despite notable ecological impacts.

Previous studies have used different terminology for
describing the cold ocean events that depend on the
region and how they impact species. For example, win-
terkills, degree cooling weeks, cold snaps, and so forth
(González-Espinosa & Donner, 2020; Heron et al., 2010;
Hurst, 2007). MCSs prominently influence the marine
ecosystem by affecting species distribution, declining pop-
ulation, mass mortality, and coral bleaching (Donders
et al., 2011; Lirman et al., 2011). Physiologically, an
MCS causes a cessation in a species’ growth, dimin-
ishing fitness and inducing metabolic stress (Burgess
et al., 2009). The severity scale of MCS repercussions
relies on the combination of multiple factors, such as fre-
quency, intensity, duration, spatial extent, species adap-
tation, tolerance level, and season of occurrence (Grant
et al., 2017; Smith, 2011). Since marine species acclima-
tize better to cold extremes than to warm extremes (Hicks
& McMahon, 2002; Moore, 1976; Morgan et al., 2020),
MCS disruptions are generally lighter than those due
to MHWs, and their impacts span from none to tol-
erable. But MCSs become life-threatening during win-
ters. The detrimental consequences are documented as
the decline in biomass and mass mortality of fish and
invertebrates in the literature (Gilmore et al., 1978;
Gunter, 1951; Holt & Holt, 1983; Mceachron et al., 1994;
Wells et al., 1961). On the other hand, the beneficial
importance of MCSs includes removing non-endemic
species (Wells et al., 1961), augmenting primary produc-
tion (Chiswell & O’Callaghan, 2021), and relieving low
thermally tolerant species in the warming ocean (Minten-
beck, 2017; Veytia et al., 2020).

The most comprehensive study on global MCSs is
that of Schlegel et al. (2021), covering the intense MCSs
over Florida in 2003, the Taiwan Strait in 2008, and the
2013–2016 Atlantic cold blob. Although the global pat-
tern of MCSs from the satellite era to date is known, how
global warming is going to change the MCSs in the future
is still unclear. To the best of our knowledge, at the time
of writing this article, no future projection of MCSs is

available covering a global or regional scale. Considering
the tropical Indian Ocean (TIO), which is the region of
our study, a substantial reduction in the frequency, inten-
sity, duration, and extension of MCSs is expected as TIO is
warming at a much faster rate (1◦C) than the global ocean
(0.7◦C) from 1951 to 2015, as shown in the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate
Change (IPCC; IPPC et al., 2019).

Generally, regional Earth system models (RESMs) are
preferred over coupled general circulation models (GCMs)
to better understand the regional-scale mesoscale process,
as they efficiently resolve the small-scale processes and
their interaction among the Earth system components
(Giorgi, 2019; Kumar et al., 2014a; Kumar et al., 2014b;
Kumar et al., 2023; Mishra et al., 2021a; Mishra
et al., 2021b; Mishra et al., 2023; Pandey et al., 2021). Addi-
tionally, they can be run at high resolution with optimized
computational cost. Therefore, this article attempts to
provide the first ever future projection of MCSs over the
TIO using a fully coupled RESM, namely ROM. Also, this
study endeavors to quantify how MCS distribution, inten-
sity, and duration will change from historical periods and
how it will look in the future.

2 MATERIALS AND METHODS

2.1 Model description and component

This study has employed a high-resolution RESM, namely
ROM, that comprises three components: atmosphere,
ocean, and terrestrial hydrology (Sein et al., 2015; Sein
et al., 2020; Sein et al., 2022): REMO is the regional cli-
mate model used for the atmospheric component (Jacob
et al., 2001; Jacob & Podzun, 1997), the Max Planck Insti-
tute Ocean Model (MPIOM) is used for the oceanic com-
ponent (Jungclaus et al., 2013), and additionally the global
Hydrological Discharge (HD) model (Hagemann & Düme-
nil, 1997) is also included. Note that all the model compo-
nents of ROM, except REMO, are global.

REMO is a three-dimensional hydrostatic atmo-
spheric model that is regionally constituted over the
Coordinated Regional Climate Downscaling Experiment
(CORDEX)-South Asia domain and uses temperature,
pressure, wind, water vapor, and cloud content from the
CMIP5 model (namely, MPI-ESM-LR) as a lateral bound-
ary forcing. REMO is integrated at 0.44◦ (∼50 km) with
27 hybrid vertical levels and utilizes a rotated Arakawa
C-grid that efficiently handles horizontal discretization
(Sein et al., 2015).

The MPIOM is a primitive equation global ocean
model based on hydrostatic and Boussinesq assumptions.
It is devised on an Arakawa curvilinear C-grid with 40
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vertical levels (Marsland et al., 2003; Sein et al., 2015).
The MPIOM is unified with a dynamic/thermodynamic
sea-ice model based on viscous–plastic rheology following
Hibler (1979) and the Hamburg Ocean Carbon Cycle
biogeochemistry model. For inferring flow across steep
topography, MPIOM has a bottom boundary-layer
parametrization (Marsland et al., 2003). In this study,
MPIOM is implemented with a varying horizontal grid
employing a higher resolution over the target area (Indian
Ocean) of ∼50 km, varying up to ∼5 km over the coastal
area of the Arabian Sea (AS) and the Bay of Bengal (BoB).

The HD model, which is run as a REMO module, cov-
ers the globe with uniform horizontal resolution (0.5◦) to
simulate the lateral freshwater fluxes. The model parame-
ters are the topography gradient, its length and slope, the
lake area, and the wetland fraction of the individual grid
box.

The model components have been coupled using the
Ocean–Atmosphere Sea Ice Soil coupler that exchanges
the information between REMO-HD-MPIOM at 1 day
intervals, whereas information is shared every 3 hr
between REMO and MPIOM. More details about the
model integration and detailed dynamics can be obtained
from the literature (Dubey & Kumar, 2023; Kumar
et al., 2022; Mishra et al., 2021b; Mishra et al., 2022; Sahar-
wardi et al., 2022; Sein et al., 2015; Sein et al., 2020; Sein
et al., 2022).

After ca. 100 years of spin-up, three simulations
were carried out using ROM: one for the past climate
(1950–2005) and the other two for the future projection
(2006–2099) using two representative concentration path-
ways (RCP) emission scenarios (RCP4.5 and RCP8.5). All
simulations were at a horizontal resolution of 0.44◦ × 0.44◦
over the CORDEX-South Asia domain using CMIP5
model MPI-ESM-LR (hereafter interchangeably referred
to as ESM or MPI-ESM-LR) data as boundary condition.
Notably, MPI-ESM-LR is among the best CMIP5 models
that showed better warming trends over the TIO (Li &
Su, 2020). The implication of this can be inferred as a better
input file to the RESM will yield good simulated fields.

For this study, 1976–2005 (30 years) is taken as a his-
torical period. Also, a subset of historical data covering the
period of 1982–2005 has been used to evaluate model sim-
ulation and is called the evaluation period. The primary
reason for selecting this period for evaluation is due to
the availability of the National Oceanic and Atmospheric
Administration’s (NOAA’s) Optimum Interpolation Sea
Surface Temperature (OISST) data from 1982 onwards.
The ROM data covering 2006–2099 is classified into three
time slices, each of 30 years; namely, the near future
(NF; 2010–2039), the middle future (MF; 2040–2069), and
the far future (FF; 2070–2099) for both RCPs. This clas-
sification of time-frame is specifically chosen for this

study domain, as the future projection of heatwaves,
drought, and precipitation (Dubey et al., 2021; Kumari &
Kumar, 2023; Saharwardi et al., 2022) have nearly chosen
the same time-frame. Additionally, these periods are also
used in the IPCC reports (Seneviratne et al., 2021). Hence,
this time-frame selection will ensure consistency across
disciplines.

2.2 Observation datasets

This study uses the daily sea-surface temperature (SST)
data available at 0.25◦ from NOAA’s OISST datasets
(Reynolds et al., 2007) as observation data. This dataset
includes observations from different platforms, such
as Advanced very high-resolution radiometer satellite
retrievals, buoys, ships, and Argo floats. Daily OISST
datasets having global coverage are available from Septem-
ber 1981 to date. The MCS characteristics from OISST
datasets have been calculated at each TIO grid from 1982
to 2005 (evaluation period) to examine the model perfor-
mance in capturing MCSs.

2.3 CMIP5 multi-model ensemble
mean

ROM has a better depiction of the physical and dynam-
ical processes of Earth system components (i.e., atmo-
sphere, ocean, and hydrological components) along with
the full biogeochemical cycles that gives a better represen-
tation to suitably simulate the regional climate in compar-
ison with CMIP5, their ensemble and standalone regional
climate models which have been reported in our previ-
ous studies (Dubey & Kumar, 2023; Kumar et al., 2022;
Mishra et al., 2021b; Saharwardi et al., 2022). Hence,
in line with those, this study also compares the perfor-
mance of ROM with the ensemble mean of CMIP5 models
for MCS characteristics to further depict its robustness.
Therefore, the multimodel ensemble (MME) mean of four
CMIP5 models (MPI-ESM-LR, NorESM1-M, CMCC-CMS,
FGOALS-s2) for the evaluation period (1982–2005) has
been taken. These four models were selected explicitly
because they demonstrate better warming trends in SST
over the Indian Ocean (Li & Su, 2020) out of 37 CMIP5
models.

2.4 MCS definition and its estimation

MCS is defined as a discrete, prolonged, and anoma-
lous cold-water event over a specific location (Schlegel
et al., 2021). An MCS event is reported when the SST
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is below the seasonally varying 10th percentile threshold
for 5 days or more (Schlegel et al., 2021). The seasonally
varying threshold permits MCSs to occur in every season
of the year, even in summer.

Historical and future (NF, MF, FF) cold spells were
detected at each grid of the TIO by calculating the time
series of daily SST anomalies relative to the 30-year his-
torical baseline period’s SST (1976–2005). Previous reports
(e.g., Oliver et al., 2021; Sen Gupta et al., 2020; Smith, 2011)
have argued using a fixed historical baseline period to
study the future extremes because it has an ecological
implication. Currently, the capacity of the ocean ecosys-
tem to adjust to cold stress with acute to chronic impacts
is largely known, which is why future changes in MCS
intensity can be easily translated into probable future
effects on the ecosystem (Smith, 2011). Other than that,
it is general practice in climatology studies to utilize a
fixed historical baseline period to demonstrate overall
changes in future extremes. Various studies (Darmaraki
et al., 2019; Frölicher et al., 2018; Oliver et al., 2019)
have utilized historical threshold values for studying the
future oceanic extremes using GCMs and RESMs. Addi-
tionally, the fixed-baseline approach is widely adopted
in the IPCC reports, such as in the special report The
Ocean and Cryosphere in a Changing Climate (Pörtner
et al., 2019). Therefore, by choosing this fixed historical
baseline period, consistency with the earlier studies/re-
ports will be maintained, and confusion will be avoided.
Hence, we primarily utilized the historical baseline period
for the future assessment of cold spells. However, we
acknowledge that a fixed baseline period does not take
into account the warming of the oceans over time and
may lead to some artefactual MCS metrics in the future
(Amaya et al., 2023), as these extremes have a high depen-
dence on the selected baseline period (Amaya et al., 2023;
Dinesh et al., 2023; Oliver et al., 2021). Therefore, to avoid
any potential bias from the selection of baseline period,
this study utilizes the near, middle and far future thresh-
old values for studying the corresponding period’s MCS,
which is primarily done to analyze the scale of potential
changes.

For understanding MCS characteristics, the following
MCS metrics have been used: (a) number of events; (b)
maximum intensity, which refers to the maximum tem-
perature anomaly; (c) duration, which is defined as the
mean annual duration of events; and (d) the different
categories of MCS are computed. When the difference
between the climatological mean and climatological 10th
percentile, which is a threshold used for MCS identifi-
cation, is 1–2 times, then it is categorized as Moderate,
2–3 times is categorized as Strong, 3–4 times is catego-
rized Severe, and >4 is categorized as Extreme (Schlegel
et al., 2021).

2.5 Dissolution dates

The frequency and intensity of MCS globally are decreas-
ing due to ocean warming, except in specific regions such
as the Southern Ocean and the eastern equatorial Pacific
(Schlegel et al., 2021). To identify this pattern, we com-
puted the last occurrence of an MCS over each grid point
within the TIO. This final occurrence marks what we refer
to as the “disappearance date”—a point after which no
further MCS events are anticipated in that area. Under-
standing the disappearance date for MCS allows us to pin-
point regions within the ocean experiencing a more rapid
decline in these weather systems. This information is valu-
able, offering insights for optimizing local response plan-
ning and proving relevant in diverse ecological studies.

2.6 Mixed-layer heat budget

The atmospheric parameters short-wave radiation (SWR),
long-wave radiation (LWR), latent heat flux (LHF), sen-
sible heat flux (SHF), and wind speed (WS), along with
oceanic parameters like zonal advection (ZADV), merid-
ional advection (MADV) and vertical velocity, have posi-
tive and negative feedbacks on SST (Saranya et al., 2022;
Srivastava et al., 2016 and references therein). Therefore,
these parameters can regulate the conditioning of MCSs.
Generally, the ZADV, MADV, and vertical velocity are
derived from mixed-layer heat budget analysis. The u, v,
and w current data in our model are available on a monthly
scale, hence limiting the mixed-layer heat budget anal-
ysis to be done on a monthly scale. It is important to
note that an MCS, being a mesoscale phenomenon with
a typical duration of a few days to a few weeks, may not
be directly influenced by these oceanic parameters avail-
able at a monthly scale in an explicit manner. Instead,
this mixed-layer heat budget analysis will provide a com-
prehensive picture of how these atmospheric and oceanic
factors lead to future rise in the ocean SST and, hence, indi-
rectly influence MCSs, resulting in the disappearance of
cold spells. That said, it is well established that decreas-
ing trends in MCSs are primarily driven by a rise in mean
SST (Wang et al., 2022) rather than variability in this atmo-
spheric and oceanic component. However, it will still be
interesting to note how this atmospheric and oceanic com-
ponent may exert some influence on MCSs in the future.

Equation (1) represents the processes in the
mixed-layer heat budget, where Tml is the mixed-layer
temperature (Vialard et al., 2001; Vialard &
Delecluse, 1998):

𝛿Tml = −
1
h∫

0

−h
u𝜕xT dz − 1

h∫
0

−h
v𝜕yT dz − 1

h∫
0

−h
D1(T)
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− 1
h
(Tml − T−h)(w−h + 𝜕th)

− 1
h
[
kz𝜕zT

]
−h +

Qs(1 − F−h) + Qns

𝜌oCph
. (1)

The first two terms on the right are the zonal and
meridional temperature advection respectively. The third
term is diffusion, represented by D1. Later, the lateral mix-
ing process and the vertical exchange of heat between the
mixed layer and the subsurface ocean are represented by
terms 4 and 5 respectively. The final term on the right is
atmospheric heat flux forcings. In the equation, the tem-
perature is denoted by T, and the h is a time-varying model
mixed-layer depth. Further, kz, Qs, and Qns are the verti-
cal mixing coefficients for the tracer, solar, and non-solar
components of surface heat flux respectively. The solar
radiation that penetrates to depth h is F−h. 𝜌o and Cp are
the seawater reference density and volumic heat capac-
ity respectively. All estimated heat budget components
have been converted to the same unit of measurement
(◦C⋅day−1).

2.7 Climate modes

The large-scale climate mode El Niño–Southern Oscilla-
tion (ENSO) and the Indian Ocean Dipole (IOD) have
a prominent role in altering the SST of the TIO (Du
et al., 2009; Saji et al., 1999; Sayantani & Gnanasee-
lan, 2015). During the positive phase of ENSO (i.e., dur-
ing El Niño), the western Indian Ocean shows a warmer
anomaly. During the negative phase (i.e., La Niña), most
parts of the Indian Ocean experience a cooler anomaly
(Benthuysen et al., 2014; Roxy et al., 2014; Swapna
et al., 2014). During the positive (negative) phase of the
IOD, anomalous warming (cooling) in the western (south-
eastern) TIO is evident. Therefore, both climate modes
might affect the preconditioning, generation, and rein-
forcement of MCS conditions over the TIO. Hence, for
ENSO representation, the Oceanic Nino Index (ONI) is
utilized. The SST anomalies in ONI are calculated over
the (5 N–5◦S, 170 W–120 W) box using a 3-month run-
ning mean. El Niño (La Niña) is declared when the
anomalies go beyond +0.5◦C (−0.5◦C) for five consecu-
tive months. The ONI has been calculated with respect
to the historical climate (1976–2005), which is also the
baseline for estimating future cold spells. For the IOD,
the Dipole Mode Index (DMI) is estimated as the monthly
SST difference between the western TIO (50◦E–70◦E
and 10◦S–10◦N) and the southeastern TIO (90◦E–110◦E
and 10◦S–0◦N) boxes. For the DMI, a 3-month running
average was used to smooth the time series. When the
DMI is higher (lower) than +0.4◦C (−0.4◦C) for at least

3 months, positive (negative) IOD events occur (Cahyarini
et al., 2021; Tobin, 2020).

3 RESULT AND DISCUSSIONS

3.1 Model evaluation

Before projecting the future cold spell characteristics, ver-
ifying the model performance in simulating the observed
cold spells and its deriving parameter, SST, is mandatory.
Therefore, to develop confidence in model simulation, var-
ious validations have been done: (a) comparison of the
mean SST features; (b) a comparison of the MCS metrics;
(c) comparison of trends in MCS metrics; and (d) statistical
indices for MCSs in between observation and ROM.

From Figure 1a,b, it can be observed that ROM closely
resembles OISST in producing mean SST. It delineates
the region of low and high SST with some systematic
biases. The bias map in Figure 1c shows cold bias over
most areas, with substantial spatial variability. The ROM
underestimates the mean SST and shows maximum neg-
ative bias around the South China Sea, Gulf of Martaban,
Gulf of Oman, parts of the equatorial Indian Ocean, and
Madagascar. ROM depicts a slight positive bias limited to
some areas of the Great Whirlpool (GWP) region, Mozam-
bique Channel region, and various regions covering the
110◦E–120◦E strip of the TIO domain. Over the majority
of the TIO, the biases present in the ROM are less than the
SD of observations, as shown in Figure 1d.

Figure 2a shows the MCS metrics computed from the
OISST, ROM, ESM, and MME. It is evident from the
OISST-derived MCS (Figure 2a1) that most of the TIO
region has faced more than two events per year except
the AS (55◦E–70◦E, 10◦N–20◦N) and GWP (45◦E–56◦E,
8◦S–8◦N). The BoB (85◦E–93◦E, 15◦N–23◦N) and the
Sumatra region have a greater number of events. In gen-
eral, the eastern TIO had more frequent MCSs than the
western TIO during 1982–2005. Notably, the intensity of
the cold spells is generally reported with a minus sign
(Schlegel et al., 2021). In observations, the highly intense
MCSs are found near the coast (Figure 2a5), over the AS,
BoB, and Sumatra region, for instance, extending to many
kilometers from the shorelines. In contrast, in the south-
ern TIO, maximum intensity is generally higher and found
primarily in the region bounded by 0◦ to 10◦S over shore-
lines and in the open ocean (Figure 2a5). The GWP region
is an upwelling region that brings cold water from the bot-
tom to the surface; therefore, a higher magnitude of MCS
intensity is perceivable. Notably, although the number of
MCS events in the AS is less than that of the BoB the inten-
sity of events is quite analogous. The annual duration of
MCSs in observation (Figure 2a9) is more pronounced in
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(b)

(a)

(d)

(c)

F I G U R E 1 (a) Mean sea-surface temperature (SST) in the observation. (b) Mean SST in the ROM. (c) Mean SST bias present in the
ROM. (d) The SD of SST in the observation. [Colour figure can be viewed at wileyonlinelibrary.com]

the southern TIO, primarily between 10◦S and 20◦S. At the
same time, the eastern AS, BoB, and Sumatra regions have
shown more prolonged MCSs (Figure 2a9).

ROM has simulated more cold spell events, especially
in the region around the Equator that extends from 10◦N
to 10◦S, whereas fewer events have been detected in the
BoB, AS, and the region below 15◦S (Figure 2a2). Mean-
while, ESM and MME have detected many fewer MCS
events over the entire TIO (Figure 2a3,a4). In ROM, an
underestimation in the intensity of cold spells is perceived
over the TIO (Figure 2a6). This underestimation ranges
from 0◦C to 1◦C over the majority of the TIO. Similar to
ROM, ESM and MME also underestimate the MCS inten-
sity (Figure 2a7,a8). The underestimation of MCS intensity
in MME is much higher than in ROM and ESM. The
annual duration of MCSs is reported to be higher in ROM,
ESM, and MME (Figure 2a10–a12), showing a tendency to
produce extended MCS durations. In comparison with the
ESM and MME, the overestimation in ROM is smaller.

In investigating the trends of MCS metrics it is also
essential to depict the zone where an increase/decrease
in MCS metrics is observed. Therefore, demonstrating the
model performance in simulating the trend is essential to
build confidence in the reliable projection. It should be
carefully noted that MCS intensities are represented with
negative numbers, and hence, a positive trend in MCS
intensity over time indicates a weakening, whereas for the

event and duration, a positive trend means strengthen-
ing of an MCS. Figure 2b shows the trends in the MCS
metrics from the observation, ROM, ESM, and MME. It
can be easily perceived that ROM and ESM bear a paral-
lel resemblance with observation in reproducing trends,
along with some regional discrepancies. MME has a better
representation of events and intensity trends, but duration
trends are decreasing more drastically than observed over
the western TIO. Primarily, all MCS metrics demonstrate
a decreasing trend.

To provide a more comprehensive perspective, we
have employed statistical indices to assess the model
performance in measuring cold spells. The statistical
analysis—in terms of pattern correlation coefficient (CC),
root-mean-square error (RMSE), and skill score (SS)—for
MCS metrics are summarized in Table 1, which shows the
superior performance of ROM against forcing ESM and
MME. ROM bears a good resemblance in simulating the
MCS metrics with a high pattern CC. The SS is the ratio
between the RMSE of the model to the SD of observa-
tion, and it has been previously used (Dwivedi et al., 2018;
Dwivedi et al., 2019; Pandey & Dwivedi, 2021; Srivastava
et al., 2016) in determining the model’s potential. SS< 1
demonstrates the fit of model simulation. The SS for all
MCS metrics of ROM is <1, indicating the quality of ROM
simulations. Table 1 includes the statistical indices of ROM
for all MCS metrics.
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1674 DINESH et al.

(a)

(b)

F I G U R E 2 (a) Marine cold spell metrics and (b) their trends in the observation (Optimum Interpolation Sea Surface Temperature
[OISST]), ROM, Earth system model (ESM), and multimodel ensemble (MME) during the evaluation period (1982–2005). Stipples represent
the 95% significance level. [Colour figure can be viewed at wileyonlinelibrary.com]

The various cross-validations of ROM for historical
simulation confirm ROM’s satisfactory performance in
reproducing observed MCSs. Thus, it can be used for the
future projection of MCSs over the TIO.

3.2 Future MCS metrics with fixed
baseline period

The future MCS characteristics over the TIO are cal-
culated with respect to the historical baseline climatol-
ogy (1976–2005). Figure 3a,b shows the future MCSs in
the RCP4.5 and RCP8.5. It can easily be perceived from

Figure 3a,b that the proportion of the TIO surfaces expe-
riencing an MCS is declining rapidly with the progression
of time. In RCP4.5 (RCP8.5) during the NF, the propor-
tion of the TIO surface experiencing an MCS will drop by
∼13% (4%), whereas in the MF it drops further to ∼56%
(66%), and finally, during the FF the areas without any
MCS will cover∼69% (93%) of the TIO. In the NF with both
RCPs, the number of events was higher than during the
MF and FF periods; the more frequent events persist over
the northern AS, western BoB, and the Southern Hemi-
sphere. During the NF in both RCP scenarios, the MCS
intensity decreases by about four times over the northern
AS, western BoB, and Southern Hemisphere, whereas over
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DINESH et al. 1675

T A B L E 1 Statistical indices of regional Earth system model ROM, Earth system model (ESM), and multimodel ensemble (MME)
compared against the observation (Optimum Interpolation Sea Surface Temperature [OISST] dataset) for marine cold spell metrics. [Colour
table can be viewed at wileyonlinelibrary.com]

ROM ESM (MPI-ESM-LR) MME

Event
Max.
intensity Duration Event

Max.
intensity Duration Event

Max.
intensity Duration

Correlation coefficient 0.88 0.86 0.90 0.85 0.83 0.87 0.84 0.76 0.88

Root-mean-square error 0.53 0.39 9.59 0.62 0.42 11.84 0.74 0.48 11.84

Skill score 0.51 0.67 0.90 0.60 0.72 1.11 0.71 0.84 1.11

(a)

(b)

F I G U R E 3 Marine cold spell metrics in the future (near future [NF], middle future [MF], and far future [FF]) using the (a) RCP4.5
and (b) RCP8.5 scenarios. [Colour figure can be viewed at wileyonlinelibrary.com]
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1676 DINESH et al.

(a) (b)

(c)

F I G U R E 4 Disappearance date of marine cold spells (MCSs) in the future with the (a) RCP4.5 and (b) RCP8.5 scenarios. (c)
Proportion of the tropical Indian Ocean (TIO) losing MCS events with time. [Colour figure can be viewed at wileyonlinelibrary.com]

other parts of the TIO it shrinks by about eight times with
respect to the historical period. Both RCP scenarios fol-
low these intensity drops up to the FF, and most of the
region experiences mild MCSs with only −0.2◦C. Simi-
larly, the duration of MCSs is declining consistently in all
the time slices in both RCPs. The maximum duration of
an MCS event during the NF is confined to the Southern
Hemisphere and the Northern AS in both RCPs (∼18 days),
whereas over most of the TIO, it is ∼6–8 days. In general,
the MCS events, intensity, duration, and spatial extent all
decrease with time.

Interestingly, the presence of cold spells, even in the FF
period over limited areas of the northern AS, western BoB,
and Southern Hemisphere region of the TIO in both RCPs
suggests that the regional atmospheric/oceanic processes
have a crucial role in generating and maintaining the MCS
events over some TIO areas.

In both RCPs, the uninterrupted withdrawal of the
MCS event and reduction in its spatial extent indicate the
dissolution of MCSs from the TIO. Hence, the date of dis-
solution of MCSs at each grid is computed and shown in
Figure 4a,b for RCP4.5 and RCP8.5. Strong spatial variabil-
ity is visible in the dissolution date of the MCS events, with
its first disappearance over the AS and GWP in both sce-
narios. The eastern coast of India, the northwestern AS,

and the region in the Southern Hemisphere show delayed
dissolution in RCP4.5, and the same region in RCP8.5 has
also shown delayed dissolution compared with other TIO
locations. Because of the greater warming in RCP8.5, cold
spells are expected to disappear earlier in RCP8.5 than in
RCP4.5. Approximately 55% of the TIO is projected to lose
their MCSs sooner in RCP8.5 than in RCP4.5. Figure 4c
shows the proportion of the TIO without MCSs as time
passes. The proportion of the TIO without MCSs shows a
significant increase in both RCPs after 2015. Interestingly,
up to 2030, the proportion of the TIO losing MCS events is
relatively larger in RCP4.5. However, in RCP8.5, after 2030,
a continuous increment in the proportion of the TIO los-
ing MCSs is noticeable. In the last decade of the century,
∼96% (89%) of the TIO will lose its MCSs under the RCP8.5
(RCP4.5) scenario.

3.3 Driver responsible for the genesis
and cause of future MCS dissolution with a
fixed baseline period

The AS, BoB, and GWP show noticeable changes in the
cold spell properties from historical time to the future, and
hence these specific regions were selected for exploring
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(a)

(b)
W
at
t/
m

2

W
at
t/
m

2

F I G U R E 5 (a) Anomaly in the atmospheric parameters 5 days before a marine cold spell (MCS). (b) Evolution of mean annual
sea-surface temperature (SST) and mean annual MCS intensity over the Arabian Sea (AS), Bay of Bengal (BoB), and Great Whirlpool (GWP).
The black, Dodger blue, and orange lines with dots represent SST in the historical, RCP4.5, and RCP8.5 period respectively, whereas the
black, blue, and red lines indicate the MCS intensity in the historical, RCP4.5, and RCP8.5 period respectively. SWR: short-wave radiation;
LWR: long-wave radiation; LHF: latent heat flux; WS: wind speed. [Colour figure can be viewed at wileyonlinelibrary.com]

the role of dynamical and thermodynamical properties of
environmental parameters in the genesis of MCSs. In this
regard, we have taken the area average SST over the AS
(55◦E–70◦E, 10◦N–20◦N), BoB (85◦E–93◦E, 15◦N–23◦N),
and GWP (45◦E–56◦E, 8◦S–8◦N) to determine the MCSs
and then explore the genesis of MCSs from daily data of
thermodynamical terms (SWR, LWR, LHF, and SHF) and

dynamical terms (WS) from the ROM model. Figure 5a
shows the mean change in the dynamical and thermody-
namical terms 5 days prior to MCS genesis. The reduction
in the SWR, increment in the LWR, evaporative cooling
(LHF), and heat flow from the surface to atmosphere lead
to a relatively cooler SST and favor the genesis of an MCS
over the AS, BoB, and GWP; in addition to that, the WS
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is found to be increased. The increased WS brings more
turbulence and vertical mixing that causes increased heat
dissipation from the upper surface to the lower layers. It is
imperative to note that, in general, the coherence impacts
of dynamical and thermodynamical changes lead to the
generation of cold spells; nevertheless, the role of individ-
ual terms varies at each location. For example, over the
GWP, the role of LWR is more prominent than the other
parameters. Over the AS, which is warming at an alarming
rate, the magnitude of change in dynamical and thermo-
dynamical parameters is sufficiently higher to generate
an MCS event. Over the BoB, the SHF is less responsible
for MCSs, whereas other parameters contribute signifi-
cantly and have varying magnitudes depending on the
RCP.

Figure 5b shows the yearly mean SST and MCS inten-
sity from historical times to the future over all three loca-
tions. The solid black, blue, and red colors (gray, light blue,
and light red colors) demonstrate the mean MCS inten-
sity (spread of MCS intensity) respectively in historical
times, RCP4.5, and RCP8.5. The dotted black, Dodger blue,
and orange demonstrate the annual mean SST in histor-
ical times, RCP4.5, and RCP8.5 respectively. Over the AS
and GWP, the frequency of MCS events ceases in the his-
torical period; however, over the BoB, MCSs will still be
present in both RCPs in the future. The MCSs over the BoB
with RCP8.5 were present until 2027, whereas they were
present up to 2040 with RCP4.5. The mean annual SST over
all three locations is warming, with a larger magnitude of
SST in RCP8.5. The mean SST at each location increases
with time, implying that the daily time series of SST will be
above the 10th percentile of the historical threshold value,
and thus no MCSs will be detected.

Future results from the RCP8.5 scenario show a
marginal fall in SWR, LHF (except the AS and GWP), and
SHF (except the BoB); however, it is clear that LWR has
significantly decreased (Figure 6a). In LWR, the slope of
decline is found to be the greatest. Therefore, an overall
increase in net heat is expected, which helps to partially
explain the increasing SST in the future; however, the net
heat over the GWP is found to decrease slightly, indicat-
ing other oceanic processes are also likely to contribute to
the rising SST. In addition, a further rise in SST is caused
by a drop in WS strength. One may also argue that over
the GWP the LWR, which has the greatest impact on the
MCS genesis, is declining at a higher rate (slope: −0.1104)
than at the other locations (slope: −0.0988 for AS, −0.0802
for BoB) and thus may have a significant impact on MCS
dissolution relative to other parameters in the GWP. Simi-
lar cases with other parameters can also be valid for other
locations. Figure 6b, looking into the oceanic parameters,
shows that the increasing trend of ZADV and MADV are
accumulating more heat and pushing SST higher in the

future compared with what was historically observed. The
vertical velocity causes cold water from the bottom to rise
to the surface, which helps to lower the SST; therefore,
its magnitude is often negative. In the future, this role of
vertical velocity in cooling the SST is losing its strength.
That is, the vertical velocity in the future has a tendency
to upwell water that is somewhat warmer than it was
in the past. The ocean’s subsurface warming might bring
this on. As shown in Figure 6b3, the trend of vertical
velocity over all locations is shifting towards less nega-
tive values. With RCP4.5, similar changes in atmospheric
and oceanic parameters were achieved, albeit obviously
with a smaller magnitude that has no bearing on the main
finding.

3.4 MCS relation to ENSO and the IOD

Figure 7a shows the correlation between MCS days with
the ENSO and IOD indices based on the detrended SST.
During the positive phase of ENSO (i.e., El Niño), the
western Indian Ocean shows a warmer anomaly (Swapna
et al., 2014) and hence is negatively correlated with the
MCS days (Figure 7a1), except for the Sumatra region.
On the other hand, during the negative phase (i.e., La
Niña), most parts of the Indian Ocean experience a cooler
anomaly (Benthuysen et al., 2014), and hence are posi-
tively correlated (Figure 7a2); the magnitude of correlation
is strong in the western Indian Ocean. The western Indian
Ocean exhibits anomalous warming during the IOD’s pos-
itive phase, and hence is negatively correlated with MCS
days, whereas the eastern Indian Ocean cools and thus
is positively correlated with MCS days (Figure 7a3). In
the negative phase, the sign of the SST anomaly reverses,
and so does the correlation (Figure 7a4). It can further
be argued that when both ENSO and IOD are in the
same phase the effects might be amplified/weakened; for
example, La Niña and a negative IOD together can aug-
ment the MCSs, whereas El Niño and a positive IOD can
lead to a decline in MCSs. To explore this further, this
study investigated how the proportion of the TIO experi-
encing different categories of MCS changes in a different
regime of ENSO and IOD within the RCP4.5 (Figure 7b)
and RCP8.5 (Figure 7c) scenarios. It can be perceived that
in both RCPs during the El Niño phase, the proportion of
the TIO experiencing different categories of MCS is sig-
nificantly decreasing, due to the warming. During the La
Niña years, not only did the proportion of MCS categories
increase, but also higher categories such as Severe and
Extreme began to appear. Although the magnitude of the
Extreme category proportion is not significant, the Severe
category covers a considerable proportion of the TIO. This
indicates that La-Niña strengthens the MCS category and
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(a)

(b)

F I G U R E 6 Factors responsible for increased (a) sea-surface temperature changes in the atmospheric parameters and (b) changes in
the oceanic parameters. SWR: short-wave radiation; LWR: long-wave radiation; LHF: latent heat flux; WS: wind speed; ZADV: zonal
advection; MADV: meridional advection. [Colour figure can be viewed at wileyonlinelibrary.com]

its spatial extent, whereas El Niño weakens both the inten-
sity and spatial extent. Notably, between 1990 and 1995,
when La Niña and a negative IOD were both present, a
higher proportion of Strong and Severe category MCSs was
detected. However, over time, both RCPs show a decrease
in the proportion of MCS categories.

3.5 Future MCS metrics with varying
baseline period

Figure 8 shows the MCS simulation over the TIO with the
varying baseline period. A varying baseline period means
the NF MCS is computed by taking the NF period as a
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(a)

(b)

(c)

F I G U R E 7 (a) Correlation between marine cold spell (MCS) days and climate modes (El Niño–Southern Oscillation [ENSO] and
Indian Ocean dipole [IOD]) based on detrended sea-surface temperature. The stippling denotes 95% significance level. (b, c) Impact of ENSO
and IOD phases on the proportion of MCS categories for (b) RCP4.5 and (c) RCP8.5 scenarios. DMI: Dipole Mode Index; ONI: Oceanic Nino
Index; TIO: tropical Indian Ocean. [Colour figure can be viewed at wileyonlinelibrary.com]
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(a)

(b)

(c)

F I G U R E 8 (a) Marine cold spell (MCS) metrics with corresponding baseline period in the near future (NF), middle future (MF), and
far future (FF). (b) Trends in the future sea-surface temperature (SST) and MCSs computed with corresponding baseline period in the NF,
MF, and FF. (c) Trends in MCS event and MCS duration. The stippling denotes 95% significance level. [Colour figure can be viewed at
wileyonlinelibrary.com]
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baseline, and similarly for the MF and FF. The MCS does
not disappear when the corresponding period baseline
period is used in the NF, MF, and FF, proving that MCSs
are sensitive to the choice of the baseline period. Figure 8a
shows that over the AS the number of events is small,
the intensity is lower, but the duration is higher. Overall,
with few minor changes in magnitude, the spatial signal of
MCSs (events, intensity, and duration) remains analogous
in all time slices under both RCPs. Figure 8b shows the
trends in the SST and MCS intensity; notably, MCS inten-
sities are represented with negative numbers, and hence a
positive trend in MCS intensity over time indicates a weak-
ening. The SST continues to increase strongly in both RCPs
as we move from the historical period to the future, and
consequently the MCS intensity declines, with an excep-
tion during the FF in RCP4.5. In RCP4.5, carbon dioxide
emissions start to decline after 2045 and will be almost
half what they were in 2050 by 2100 (Collins et al., 2013).
This explains why in the AS the SST trends fall and the
MCS intensity trends climb during the FF period in RCP4.5
Figure 8b10,b11; however, the trends are not statistically
significant. The pattern correlation between SST trend and
MCS intensity trend ranges between 0.73 and 0.94 in all
time frames, with the exception of RCP4.5 in the FF, where
it is 0.47 only. This suggests that the MCS is largely sensi-
tive to the deviations in its deriving SST in addition to the
choice of baseline period. Figure 8c shows the MCS events
and duration had significantly declining trends in all time
slices in both RCPs, except for the FF in RCP4.5. In RCP4.5
after the MF period, the degree of warming is not quite as
high, and thus the MCS activity is found to be higher in
the FF over the AS and BoB; notably, over this location, the
trends in duration are not significant.

In summary, adopting a varying baseline period
method will not result in the disappearance of MCSs but
will instead produce declining trends in MCS activity. This
strengthens the fact that though MCSs are sensitive to the
chosen baseline period, their activity will still be mostly
driven by future SST warming, as shown previously by
Oliver (2019) and Wang et al. (2022). Moreover, several
research questions for additional study will become easily
apparent, such as identifying any similarities or discrepan-
cies that persist regardless of the chosen baseline and so
forth, which remain a concern for further studies.

4 CONCLUSION

This study provides future projections of MCSs over
the TIO. We employ a fully coupled high-resolution
regional Earth system model known as ROM, driven
by MPI-ESM-LR (CMIP5), to explore MCS patterns.
Specifically, this study delves into how MCS distribution,

intensity, and duration will change from the historical
period (1976–2005) and how it will look in the future
(2010–2099) under two RCP (RCP4.5 and RCP8.5) emis-
sion scenarios, within the context of fixed and varying
baseline periods. For the historical period, ROM outper-
formed the forcing GCM and MEM of the CMIP5 model,
confirming its reliability for the future projection of MCSs.
Future MCSs have been determined in three time slices;
namely, the NF (2010–2039), MF (2040–2069), and FF
(2070–2099). Future MCSs with a fixed baseline period
reveal that these cold temperature extremes will depart
from ∼13% (4%), ∼56% (66%), and ∼69% (93%) of the TIO
in the NF, MF, and FF respectively within the RCP4.5
(RCP8.5) scenario. MCS disappearance was first identified
in the southern AS in both RCPs, and afterwards, it started
to disappear from other TIO locations; finally, MCSs will
eventually become a rare event in the future. The genesis
and severity of MCSs are influenced by the decrease in net
heat flux and increased WS. The investigation of the effect
of ENSO and IOD on MCSs reveals that during the El Niño
regime, the MCSs declined significantly due to warm-
ing. In contrast, the La Niña phase strengthens the MCS
intensity as well as increases its spatial extent. The IOD
eminently influences the MCSs over the TIO; this is par-
ticularly prominent in close proximity to the western and
southeastern boxes during its positive and negative phases.
This study further investigates the sensitivity of MCSs
with the chosen baseline period. Adopting varying base-
line periods does not result in the disappearance of MCSs;
however, it does produce declining trends in MCS activity.

In conclusion, this study shows the potential of the
fully coupled model ROM in simulating MCSs over the
TIO. The estimate for the MCSs in this study is based on
a single model simulation that shows one potential out-
come. An ensemble set of simulations should be taken into
consideration together with uncertainty analysis in order
to generate far more realistic MCS projections. However,
one of the potential benefits of this study’s findings can be
translated into ecosystem impact assessment and its man-
agement by considering the changes in these extremes. As
well as how these extremes may play a role in offsetting
the impacts of MHWs and act as a potential buffer against
ongoing warming. However, further study is needed by
considering such features as the choice of the baseline
period and the the acute and chronic impacts of MCSs.
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