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Projected climate variability of internal waves in the
Andaman Sea
B. Yadidya 1✉ & A. D. Rao 1

The Andaman Sea, in the northeast Indian Ocean, is renowned for large-amplitude internal

waves. Here, we use a global climate model (CanESM5) to investigate the long-term

variability of internal waves in the Andaman Sea under a range of shared socioeconomic

pathway (SSP) scenarios. SSPs are future societal development pathways related to emis-

sions and land use scenarios. We project that mean values of depth-averaged stratification

will increase by approximately 6% (SSP1-2.6), 7% (SSP2-4.5), and 12% (SSP5-8.5) between

1871-1900 and 2081-2100. Simulating changes in internal tides between the present (2015-

2024) and the end-century (2091-2100), we find that the increase in stratification will

enhance internal tide generation by approximately 4 to 8%. We project that the propagation

of internal tides into the Andaman Sea and the Bay of Bengal will increase by 8 to 18% and 4

to 19%, respectively, under different SSP scenarios. Such changes in internal tides under

global warming will have implications for primary production and ecosystem health not only

in the Andaman Sea but also in the Bay of Bengal.
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The vertical distribution of temperature, salinity, and pres-
sure determines ocean stratification. In light of human-
induced climate change significantly altering oceanic

temperature and salinity distribution, it is expected that oceanic
stratification will be affected1,2. Global ocean stratification has
increased by 0.9% per decade during 1960–20183. The majority of
the increase (71%) occurred in the upper 200 m of the ocean and
was primarily caused by temperature changes, with salinity
changes playing a minor role locally3. Internal waves (IWs) form
when perturbations in the stratified layer induce them to move up
or down, and these perturbations encounter a restoring buoyancy
force4. Internal tides (ITs) are IWs that oscillate at tidal fre-
quencies. The vertical transfer of water, heat and other climati-
cally relevant tracers in the ocean is driven by turbulent mixing
from breaking oceanic IWs. As a result, IWs play a crucial role in
controlling the movement and distribution of heat and carbon
across the climate system5,6.

The Andaman Sea is located on the northeastern side of the
Indian Ocean (Fig. 1a, b), bordered on the west by an arc of
islands stretching from northern Sumatra to the Irrawaddy delta
(Fig. 1c). The monsoonal climate dominates the region, with the
northeast or winter monsoon prevailing from December to
March and the southwest or summer monsoon prevalent from
June to September7. It receives a large volume of freshwater influx
from the Irrawaddy and Salween rivers in the northern part8.
Equatorial forcing dominates the mean coastal circulation in the
Andaman Sea9,10. It is also characterised by extraordinarily large-
amplitude IWs11,12. Semidiurnal ITs are the most energetic part
of the entire IW spectrum in the Andaman Sea13–16. Yadidya
et al.16 suggested strong IT seasonal and spatial variability using
in-situ observations and numerical model simulations. Moreover,
the changes in stratification due to the effect of the Indian Ocean
Dipole (IOD) modulates the interannual variability of IWs in this
region17. The Andaman Sea’s coral reefs have been regarded as
being among the most diversified and vast in the Indian Ocean18.
Roder et al.19 reported that IWs-exposed corals are more

heterotrophic and rich in nutrient concentrations. Nielsen et al.20

observed maximum Chl a and primary production where the
pycnocline interacted with bottom topography. This interaction
helped in sub-surface nutrient-rich water mixing with the surface
layers suggesting that IWs can enhance primary and secondary
productivity.

We used CanESM5 from CMIP6 model simulations (see
‘Methods’) to examine the long-term variability of IW activity in
Historical (1850–2014) and future (2015–2100) scenarios, given
the huge consequences that IWs can have on the bio-physical
ecosystem of the Andaman Sea. Density stratification is used as a
proxy for IW activity21,22 to quantify its long-term changes (see
‘Methods’). We assess the impact of temperature and salinity on
density stratification because both of them affect density16,17. One
of the most severe hazards to coral reefs caused by climate change
is the increasing frequency of severe coral bleaching23. Wyatt
et al.24 hypothesised that the effect of IWs on coral reefs could
establish and sustain thermal refuges where heat stress and coral
bleaching risk can be controlled. However, future implications
will depend on how the IW climate responds to further warming
and increasing ocean stratification. Therefore, numerical model
simulations are used to estimate changes in the IT energetics
between the present (2015–2024) and end-century (2091–2100)
with changing stratification. Later, we also discuss their impli-
cations on the bio-physical environment.

Results
Changes in stratification. The long-term changes in the density
stratification are evaluated based on the stratification anomalies
computed with respect to the density stratification in the His-
torical simulations (Fig. 2a). Since 1850, the Andaman Sea’s
annual density stratification did not show any long-term varia-
bility until 2000. However, it has increased by 0.2 cph from 2000
to 2014 in the Historical. The future projections under different
scenarios also indicate an increasing trend with stratification
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Fig. 1 Andaman Sea and model domain. a Global map highlighting the northern Indian Ocean region in yellow. The bathymetry of the (b) northern Indian
Ocean and (c) the Andaman Sea is derived from GEBCO. The red box indicates the model domain, and the white box indicates the region over which the
stratification is averaged (see 'Methods'). A non-linear colour bar is used. The appropriate copyright information for the GEBCO data are available at
https://www.gebco.net/data_and_products/gridded_bathymetry_data/gebco_2019/grid_terms_of_use.html.
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increasing by 0.9 cph by the end-century under SSP5-8.5, which is
the highest emissions no-policy baseline scenario. The Historical
simulation’s annual cycle of stratification profiles shows a
bimodal signal with maximum stratification near 70–90 m
(Fig. 2b). Strong positive (negative) anomalies are seen from 25 to
60 m (90–120m), especially during boreal autumn and winter
months, in all the SSP scenarios (Fig. 2c–e). This indicates a
strong increase (decrease) in the stratification of the near-surface
(sub-surface) waters in the coming years.

Furthermore, we investigated the relative contributions of
variations in temperature and salinity to the trend in density
stratification profiles on annual and seasonal timescales (Fig. 3).
The corresponding profiles of salinity and temperature trends are

shown in Fig. 4. A three-layered trend pattern can be seen in the
vertical (0–200 m), with a layer of decreasing trend sandwiched
between two layers of an increasing trend in all the simulations.
In the Historical (Fig. 3a), the first layer of increasing trend is
seen up to 85 m, with the maximum (0.34 ± 0.14 cph/century) at
65 m. The layer of decreasing trend is present below that up to
185 m, with the maximum (-0.48 ± 0.12 cph/century) at 125 m.
Increasing salinity (Fig. 4a) from 1850 to 2014 until 150 m
resulted in salinity contributing to decreasing stratification trend
(Fig. 3a). The effect of temperature is present throughout the
water column, with temperature increasing from the surface to
70 m and below 125 m (Fig. 4e). Contrarily, salinity showed a
decreasing trend from surface to 85 m in SSP1-2.6 (Fig. 4b),

Fig. 2 Temporal changes in the Andaman Sea stratification. a Time series of Andaman Sea annual (grey) and 20-year low-pass filtered depth-averaged
stratification anomalies relative to 1850–2014 mean derived from Historical (black), SSP1-2.6 (blue), SSP2-4.5 (orange), and SSP5-8.5 (green). b Annual
cycle of the Andaman Sea stratification in Historical simulation. Annual cycle of stratification anomalies in (c) SSP1-2.6, d SSP2-4.5, and (e) SSP5-
8.5 simulations relative to the annual cycle of Historical simulation. The Andaman Sea is represented by domain-averaged (4–17°N, 91.5–99°E) values
(white box in Fig. 1b) derived from CanESM5.
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Fig. 3 Trend in the stratification profiles. The vertical profiles of linear trend (black) in density stratification in (a, e, i, m, q) Historical, b, f, j, n, r
SSP1-2.6, c, g, k, o, s SSP2-4.5, and (d, h, l, p, t) SSP5-8.5 scenarios. Red and blue lines represent the effect of temperature and salinity on the stratification
trend, respectively. The shaded region indicates the 95% confidence interval. Seasons are considered as follows: e–h winter is
December–January–February, i–l spring is March–April–May, m–p summer is June–July–August, and (q–t) autumn is September–October–November.
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which resulted in salinity influencing a strong increasing trend in
stratification (Fig. 3b). In fact, the salinity effect dominates the
first layer until 75 m, where a uniform increase in temperature is
noticed (Fig. 4f). The temperature effect is present below 75 m
leading to a decreasing trend up to 150 m. In the case of SSP2-4.5
(Fig. 3c), the impact of temperature and salinity in the near-
surface layers is exactly the opposite. This has resulted in the
shallowest increasing trend layer present only in the top 50 m. A
thick layer of decreasing trend is observed from 50 to 150 m. A
strong increase in both temperature (Fig. 4g) and salinity (Fig. 4c)
in the near-surface layers has caused this to happen. In the
extreme scenario of SSP5-8.5 (Fig. 3d), the stratification, fuelled
by both temperature and salinity changes, is increasing from
surface to 70 m, with the maximum increase (3.8 ± 0.65 cph/
century) at 40 m. The decreasing trend layer is present from 70 to
140 m, below which the stratification increased strongly again.

In boreal winter, the Andaman Sea experiences the northeast
monsoon associated with relatively strong precipitation and
cooler temperatures near the surface, resulting in temperature
inversions7. The vertical profiles of trends in Historical (Fig. 3e)
and in all SSP scenarios (Fig. 3f–h) follow a similar pattern to that
of annual (Fig. 3a–d). A strong decreasing trend in precipitation
flux (Supplementary Fig. 1a) and water flux (Supplementary
Fig. 1e) are observed in Historical, which could be contributing to
increased salinity in the near-surface layers.

The Andaman Sea receives maximum insolation and net heat
flux during spring (April and May). This results in the formation
of the seasonal thermocline and shallow isothermal layer depth7.
The maximum of the first layer of increasing trend (Fig. 3i–l) is
very shallow compared to the annual (Fig. 3a–d). For example, in
the Historical, it (0.25 ± 0.32 cph/century) is seen at 25 m during

spring but is at 65 m in annual. Moreover, there is a strong
decreasing trend in water flux (Supplementary Fig. 1e–h) in all
the experiments except SSP1-2.6 indicating excessive evaporation
leading to high salinity in the near-surface waters. Therefore
salinity effect shows a decreasing trend in stratification except in
SSP1-2.6.

The onset of the southwest monsoon characterises the boreal
summer season7. The precipitation flux (Supplementary
Fig. 1a–d) and water flux (Supplementary Fig. 1e–h) showed
the least variability among all seasons except in SSP1-2.6, where
both showed an increasing trend. The salinity trend (Fig. 4a–d) is
closest to the annual trend, whereas the temperature (Fig. 4e–h)
showed the maximum increasing trend in the near-surface (up to
75 m). Regarding the trend in stratification (Fig. 3m–p), the
Historical trend showed a four-layer pattern with an additional
decreasing trend near the surface. This is caused due to uniform
increase in temperature until 50 m and a strong decreasing trend
effect by salinity. The maximum (4.9 ± 0.81 cph/century) of the
increasing trend in the near-surface is the second-highest among
all the seasons in SSP5-8.5.

During autumn, the northern part of the Andaman Sea
receives a massive amount of freshwater influx from the
Irrawaddy and Salween rivers8. The trend in water flux
(Supplementary Fig. 1e–h) shows that the river runoff has
increased in the Historical and is expected to increase in SSP2-4.5
and SSP5-8.5 scenarios. Furthermore, the precipitation flux
(Supplementary Fig. 1a–d) shows a strong increasing trend in
SSP2-4.5 and SSP5-8.5. The effect of this can be seen in the
salinity trends (Fig. 4a–d), where the lowest increasing trend is
seen in Historical and SSP2-4.5; and the largest decreasing trend
in SSP1-2.6 and SSP2-4.5. The effect of both temperature and

Fig. 4 Trend in the temperature and salinity profiles. The vertical profiles of a linear trend in (a–d) salinity and (e–h) temperature in (a, e) Historical, b, f
SSP1-2.6, c, g SSP2-4.5, and (d, h) SSP5-8.5 scenarios. The shaded region indicates the 95% confidence interval.
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salinity results in the highest increasing trend (maximum of
0.83 ± 0.36, 2.25 ± 1.37, 1.1 ± 1.52, 5.54 ± 1.13 cph/century) in the
first layer of near-surface waters in all the experiments
(Historical, SSP1-2.6, SSP2-4.5, SSP5-8.5) (Fig. 3q–t). This shows
that the increasing trend in stratification is highest during
autumn and will continue to be during the same season in the
future as well.

In summary, the density stratification trend profile shows a
three-layer structure in the upper 200m, with two layers of
increasing trend separated by a layer of decreasing trend. It showed
significant seasonal variability due to the combined effect of
temperature and salinity. Under SSP1-2.6, in which the long-term
estimate is projected to increase global warming by 1.8 °C25, the
stratification increase is caused by salinity changes with no net
effect from temperature changes. Contrarily, the salinity changes
induced a negative effect on increasing stratification, which is
completely fuelled by the temperature changes in SSP2-4.5 (long-
term estimate of an increase by 2.7 °C25). In the high-end scenario
of SSP5-8.5, where an increase of 4.4 °C is expected by 210025,
both temperature and salinity changes are contributing to the
stratification increase. The depth-averaged stratification shows an
increasing trend of 0.014 ± 0.04, 0.21 ± 0.12, 0.06 ± 0.11, and
0.73 ± 0.11 cph/century under Historical (1850–2014), SSP1-2.6,
SSP2-4.5, and SSP5-8.5 scenarios (2015–2100), respectively. The
time series of density stratification profiles shown in Supplemen-
tary Fig. 2 reveals the same. For instance, in the Historical, the
maximum buoyancy frequency was mostly less than 14 cph at
75m. Whereas in SSP5-8.5, it is exceeding 16 cph at 45m. The
upwelling of highly stratified layers is also clearly seen in all the SSP
scenarios.

Comparison of baroclinic tidal energy budget between the
present and future. This section considers the mean stratification
from 2015 to 2024 in SSP1-2.6 as the ‘present’ stratification. On
the other hand, the mean stratification from 2091 to 2100 is
considered as the ‘end-century’ stratification and is taken for
SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios. These two time per-
iods are selected to evaluate and quantify the effect of increasing
stratification from the present decade to the final decade in the
CMIP6 (CanESM5) simulations on the IT energy budget. The
temperature and salinity profiles and the corresponding density

stratification used for model initialisation are shown in Fig. 5. In
the present SSP1-2.6, the buoyancy frequency increased until
75 m and gradually decreased below this depth. In different SSP
scenarios, the end-century stratification is higher in the near-
surface layers but is less than the present from 70–80 to
150–160 m. The changes in the IT energy budget (see 'Methods')
comprising of IT generation, propagation, and dissipation from
the present to the end-century are discussed in detail (Fig. 6). Six
sub-regions (Fig. 6a) are selected for this analysis where the IT
generation is relatively high16,17.

In the Preparis Channel (PC), located in the northwestern
Andaman Sea, the IT generation changed very little in the SSP1-
2.6 (Fig. 6b, c) and SSP2-4.5 (Fig. 6b, d) scenarios but increased
by 9% in SSP5-8.5 (Fig. 6b, e). However, the westward
propagation of IT into the Bay of Bengal and eastward
propagation into the Andaman Sea is seen to increase by
1.2–17.5% and 8–16.2% in different scenarios. The baroclinic
energy conversion in the Ten Degree Channel (TDC), located
between the Andaman and Nicobar Islands, could increase by
2.9–9.2%. The local dissipation ratio in present is 0.53 (Fig. 6b)
but is projected to decrease by 17.3–25.1% (Fig. 6c–e). The
decrease in dissipation could result in increased baroclinic flux
into both Bay of Bengal and the Andaman Sea, but more so into
the latter by 19–33.9% (Fig. 6c–e).

Sombrero Channel (SC) is the main generation site for IT in
the Andaman Sea. The IT generation is found to be almost the
same in the SSP1-2.6 (Fig. 6b, c) and SSP2-4.5 (Fig. 6b, d)
scenarios but could decrease by 6.7% in SSP5-8.5 (Fig. 6b, e). The
propagation of IT also showed the least amount of variability in
the SSP1-2.6 and SSP2-4.5 but could increase by 4.9% and 12.6%
in the Bay of Bengal and Andaman Sea in SSP5-8.5, respectively.
However, the local dissipation ratio could decrease by 9.6–62.3%
(Fig. 6c–e) from 0.15 (Fig. 6b). The Great Channel (GC) is the
southernmost channel between the Nicobar Islands and North
Sumatra. The barotropic to baroclinic energy conversion is
predicted to increase by 13.8–24.2%. The local dissipation
efficiency ratio increased by 27.2% (Fig. 6c) and 13.2% (Fig. 6d)
but decreased by 21.3% (Fig. 6e) from 0.24 (Fig. 6b) in SSP1-2.6,
SSP2-4.5, and SSP5-8.5, respectively. This increased the IT
propagation into the Bay of Bengal by 17.5–91%.

The generation of IT in the North East Andaman Sea (NEAS)
increased by 4.1–10.1%. However, a massive increase is seen in

Fig. 5 Initial profiles used in numerical model simulations. Mean profiles of (a) temperature, b salinity and (c) buoyancy frequency used for model
initialisation in four experiments to study the differences in IT generation, propagation, and dissipation between the present (2015–2024) and end-century
(2091–2100).
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the IT propagating into NEAS by 68.9–98% from the western
side. This is mainly due to the increased baroclinic flux into the
Andaman Sea at PC, TDC, and SC. The local dissipation ratio
also increases from 0.95 (Fig. 6b) to 1.1–1.45 (Fig. 6c–e), an
increase of 15.3–52.6%. The ratio >1 indicates remote dissipation
of IT. In the South East Andaman Sea (SEAS) region, which
connects the Andaman Sea to the Malacca Strait, the IT
generation increased by 31.9% in SSP5-8.5 (Fig. 6e) but is
relatively similar in the other two scenarios (Fig. 6c, d). On the
other hand, the local dissipation efficiency increased from 0.81 to
0.88–0.93 (8.6–15%).

The model simulations suggest that the amount of IT generated
is increasing in most of the generation sites with changing
stratification. The mean energy conversion of the six main
generation sites increased by 4.4%, 4.05%, and 7.66% under SSP1-
2.6, SSP2-4.5, and SSP5-8.5 scenarios, respectively. The local
dissipation in the western Andaman Sea is also decreasing
significantly. Therefore, a sharp increase in the baroclinic energy
flux into the Bay of Bengal (4.19–19.25%); and into the Andaman
Sea (7.95–18.05%) is noticed. Consequently, the eastern Anda-
man Sea is receiving high IT flux resulting in high remote
dissipation of IT.

Discussion and conclusions
IW activity in the Andaman Sea has been influenced by changes
in density stratification caused due to climate change and has
increased since the turn of the century. Under future SSP sce-
narios, changes in temperature and salinity result in increased
density stratification, especially in the near-surface waters where
the euphotic zone exists. Boreal autumn is expected to see the
maximum increase in stratification when the IOD’s effect is
maximum. The Andaman Sea is quite distinct from other regions
like South China Sea, where large-amplitude IWs are present. It is
unique due to the presence of a double pycnocline, where the
stratification of density is affected by both temperature and
salinity16,17,26. Li et al.3 reported that during 1960–2018, > 90% of
the increase in stratification is caused by temperature changes in
the global oceans. However, in the Andaman Sea, we found that
salinity changes are also important along with temperature
changes in both Historical and future SSP scenarios. For example,
increasing salinity of the near-surface waters in SSP2-4.5, with
intermediate greenhouse gas emissions, leads to a negative effect
on the increasing stratification from 2015 to 2100. Whereas in the
other two scenarios, i.e., SSP1-2.6 and SSP5-8.5, which are on
either end of the spectrum in terms of emissions, decreasing

Fig. 6 Internal tide energy budget in the present and end-century. a Bathymetry of the Andaman Sea denoting the sub-regions where IT energetics are
discussed. Comparison of IT energy budget between (b) the present (SSP1-2.6) and (c–e) end-century under (c) SSP1-2.6, d SSP2-4.5 and (e) SSP5-
8.5 scenarios. The top half in each sub-region indicates region-integrated and depth-integrated IT energy conversion rate (GW), whereas the bottom half
reflects the local dissipation ratio. The depth-integrated baroclinic energy fluxes (GW) are shown along the boundaries. Positive numbers along the
boundaries denote propagation towards the north and east, whereas negative numbers indicate southward and westward propagation.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00574-8 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:252 | https://doi.org/10.1038/s43247-022-00574-8 | www.nature.com/commsenv 7

www.nature.com/commsenv
www.nature.com/commsenv


salinity has a positive effect on the increasing stratification. The
signal-to-noise ratio between different realisations of CanESM5 in
Supplementary Fig. 3 also shows that the uncertainty in salinity
changes is high within the top 30 m in all the SSP scenarios.
However, the mechanisms for the differences in salinity changes
between the SSP scenarios are beyond the scope of this study but
could be due to changes in the river runoff, precipitation, eva-
poration, and the dynamical processes related to them.

Even though the effect of salinity and temperature changes is
different between different SSP scenarios, their cumulative effect
has resulted in increasing stratification in all the cases. Therefore,
we carried out model simulations using MITgcm to quantify and
evaluate the changes in IT energy budget between the first and
last decades of SSP simulations. We assumed that the first decade
(2015–2024) is best represented by the SSP1-2.6, which is the low
end of the range of potential future pathways, and considered the
mean stratification to represent the ‘present’. Later, we compared
the results from the ‘present’ to ‘end-century’ (2091–2100) of all
the three SSP scenarios consisting of the low end (SSP1-2.6), the
medium part (SSP2-4.5), and the high end (SSP5-8.5) of the range
of future pathways in terms of emissions and global temperature
rise27.

The model simulations suggested a significant increase in the
IT generation and propagation into the Andaman Sea by the end-
century. The increase in IT generation and associated dissipation
can influence the large-scale ocean circulation in the northern
Indian Ocean28. The resultant changes in the IW field could play
a significant, though underappreciated, role in increasing primary
productivity; and protecting diverse coral reefs. Increasing

diapycnal mixing as a result of increased dissipation rates would
boost the supply of nutrients and plankton that aid in the
development of coral reef29. Thermal stress in the future SSP
scenarios is three to four times higher than it is now, posing a
serious threat to the health of future reef ecosystems30. The
increase in the propagation of ITs into the Andaman Sea could
provide much-needed thermal relief to the diverse corals
present in this region. By regularly flushing reefs with cooler
water, IWs can alter species assemblages31, alleviate thermal
stress32, and lower corals’ vulnerability to bleaching24,33. Recent
observations34,35 and modelling studies36 indicated the IWs
generated in the Andaman Sea can travel as far as the east coast of
India, Sri Lanka and Maldives. They contribute to vertical mixing
near the coasts, where the IWs break and release their energy. The
local dissipation in the western Andaman Sea has decreased
significantly in the end-century simulations. Hence, the increase
in the baroclinic flux into the Bay of Bengal from PC, TDC, SC
and GC can contribute to reducing the thermal stress on remote
coral reefs present in the coastal waters of Maldives, Sri Lanka
and the east coast of India.

Field measurements in the northern South China Sea revealed
that the dissipation of IWs led to the pumping of nutrients to the
oligotrophic surface water, thereby causing a rapid increase of
phytoplankton37. The increased dissipation and mixing in the
eastern Andaman Sea and the Bay of Bengal could enhance pri-
mary and secondary productivity20,38. Muacho et al.39 also sug-
gested that IWs can increase the amount of carbon uptake,
thereby enhancing the primary production on 3 to 4-day time-
scales. In addition to boosting marine production through

Fig. 7 Schematic diagram summarising the projected climate variability of internal waves in the Andaman Sea. The second row represents the different
SSP scenarios. The effect of salinity and temperature on the increasing stratification trend is shown in the third row. The ‘increase’ (‘decrease’) sign in this
column indicates that the salinity/temperature changes contribute to an increase (decrease) in stratification. The ‘no change’ icon indicates that the
salinity/temperature has little to no effect on changing stratification. In the fourth and fifth row, the increase in the IT propagation into the Andaman Sea
(AS) and Bay of Bengal (BoB) and subsequent increase in remote dissipation simulated by MITgcm between the present (2015–2024) and the end-century
(2091–2100) is shown. The potential implications are shown in the sixth and final row.
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Fig. 8 Validation of CMIP6 data. Comparison of the annual cycle of density stratification profiles in the Andaman Sea between (a) ORAS5 and historical
simulations of (b) CanESM5, d IPSL-CM6A-LR, f ACCESS-CM2, h GISS-E2-1-H during 1993–2015. The root mean square error (RMSE) of monthly
stratification at different depths between ORAS5 and CanESM5, IPSL-CM6A-LR, ACCESS-CM2, GISS-E2-1-H is shown in (c, e, g, i), respectively.
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mixing, IWs can directly transfer a large volume of nutrients and
chemicals.

The schematic diagram shown in Fig. 7 summarises this study.
We found that the salinity and temperature changes play different
roles on increasing stratification in different SSP scenarios from
2015 to 2100. Model simulations showed some interesting results
where a significant increase in the IT generation in the Andaman
Sea led to an increase in the IT propagation into both the
Andaman Sea and Bay of Bengal. Consequently, the remote
dissipation in both the Andaman Sea and Bay of Bengal are
projected to increase. Subsequently, we discussed the potential
implications of the increased stratification and IW activity on the
vast and diverse coral reefs in the northern Indian Ocean. We also
suggest that the enhanced mixing could potentially increase
marine productivity in this region. This study’s results can be a
vital tool for coral reef conservation and management in a
warming ocean.

Methods
Data sources and processing. The interannual variability in the equatorial Indian
Ocean is primarily driven by the IOD40, which is a coupled ocean and atmospheric
phenomenon. A positive IOD is characterised by warm sea surface temperature
anomalies on the western side of the equatorial Indian Ocean and vice versa on the
eastern side. On the other hand, warm waters are present on the eastern side during
a negative IOD event. According to ref. 41, the following CMIP6 models were able
to simulate the dynamics of the IOD, which largely influences the Andaman Sea
stratification17, reasonably well. They are CanESM5, IPSL-CM6A-LR, ACCESS-
CM2, and GIDD-E2-1-H. The annual cycle of buoyancy stratification of these four
global climate models during 1993–2014 is compared with Ocean Reanalysis
System 542 (ORAS5) data in Fig. 8. The root mean square error (RMSE) between
the time series of ORAS5 stratification and the four CMIP6 models is also shown.
CanESM5 (r1i1p2f1) is the most accurate in capturing the annual cycle and the
depths of maximum stratification among the four models. The vertical profiles of
RMSE also show the least error in CanESM5. Maximum RMSE at 25 m could be
due to overestimation of stratification due to seasonal or secondary thermocline
during the spring season.

The Historical experiment and three Shared Socioeconomic Pathways (SSPs)
scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5) are chosen from CanESM5 in this
study27. SSP1-2.6 reflects the low end of the range of potential future forcing
pathways and updates the RCP2.6 (Representative Concentration Pathway) from
CMIP5. It combines low vulnerability, less obstacles for mitigation, and a low
forcing signal to create a multi-model mean warming by 2100 that is predicted to
be much less than 2 °C. SSP2-4.5 represents the medium part of the range of future
forcing pathways which combines intermediate societal vulnerability and
intermediate forcing level. It is an update of the RCP4.5 pathway. SSP5-8.5 is the
high end of the range of future pathways and an update of RCP8.5, which produces
a radiative forcing of 8.5W/m2 in 2100. All computations and analyses were
carried out in Python on the cloud-based computing platform Pangeo. This study’s
workflow makes use of xarray43,44, dask45, xgcm46, xmitgcm47, xesmf48 and xmip49.

Density stratification and internal waves. The generation of IWs (conversion of
barotropic tides to baroclinic motions) is directly proportional to N2, as shown by
the equation of 'Baines force', FB, in ref. 22 given as

FB ¼ N2wbtω
�1
bt ð1Þ

where g is gravitational acceleration, ρ is density, ρ0 is background density, z is
depth, wbt is the vertical barotropic velocity, ωbt is the barotropic tidal frequency,
and N is the Brunt–Väisälä buoyancy frequency given by

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

�g
ρ0

∂ρ

∂z

s

ð2Þ

Therefore, increased density stratification in the pycnocline increases IW
generation by the barotropic tide. Numerical studies carried out in the Andaman
Sea14,16 and the Luzon Strait50,51, two of the most active IW generation sites in the
world oceans, support this theory. The Andaman Sea stratification (N) is
represented by domain-averaged (4–17°N, 91.5–99°E) values.

Quantifying the effect of temperature and salinity on stratification. The
influence of temperature and salinity on the Andaman Sea stratification (N) can be
assessed independently by using climatological means for one variable and varying
the other variable. To accomplish this, we computed N_temp (N_salt) using cli-
matological monthly mean salinity (temperature) and varying temperature (sali-
nity) from CMIP6 data.

Computation of linear trends. Ordinary least-squares linear regression was per-
formed to assess statistically significant trends (P < 0.05) in stratification (N) with
respect to time for both the seasonal and annual time series under consideration
following ref. 22. The same procedure is repeated for N_temp and N_salt to
quantify the trend in stratification (N) due to temperature and salinity alone,
respectively. The 95% confidence interval is shown by error bars throughout this
study to indicate the level of uncertainty in the linear trends3.

Model configuration. This research employs a three-dimensional, z-coordinate,
hydrostatic/nonhydrostatic finite-volume model, Massachusetts Institute of Tech-
nology General Circulation Model52 (MITgcm), that solves the incompressible
Navier–Stokes equations on an Arakawa-C grid using the Boussinesq approx-
imation. Figure 1 shows the model bathymetry from the General Bathymetric
Chart of the Oceans53 (GEBCO). The model domain spans the entire Andaman
Sea from 4°N to 17°N and 88°E to 99°E54. Grid spacing is 2.7 km in both zonal and
meridional directions. The simulations are done in the hydrostatic mode. There are
48 levels in the vertical direction. The thickness of vertical levels is 5 m in the top
150 m, and it steadily decreases below that. The Smagorinsky formulation55 (K-
profile parameterisation scheme) parameterises the horizontal (vertical) eddy
viscosity and diffusivity. No-slip and free-slip conditions are implemented to the
bottom and lateral boundaries. The bottom drag coefficient is set to a constant of
0.0025.

The semidiurnal ITs dominate the IW spectrum in this region16. Therefore,
the amplitudes and phases of semidiurnal (M2, S2) barotropic tides extracted
from the TOPEX/Poseidon global tidal model56 (TPXO9.2) are used to force the
model at the open boundaries. Along each open boundary, a 0.25∘-thick sponge
layer is applied to reduce artificial reflections and absorb waves that propagate
out of the model domain. The spatially homogenous temperature and salinity
profiles used for model initialisation are shown in Fig. 5. Four experiments, i.e.,
'Present SSP1-2.6', 'End-century SSP1-2.6', 'End-century SSP2-4.5', and 'End-
century SSP5-8.5’, are carried out, and their IT energetics are discussed. This
model configuration is already tested and validated by Yadidya et al.16,17 for
studying the seasonal and interannual variability of ITs in the Andaman Sea. The
model is run for four weeks in all the simulations, and the last 2 weeks' data are
analysed.

Estimation of IT energetics. The IT energy budget analysis57,58 is carried out by
neglecting the tendency and advection terms as a first-order approximation and is
defined as:

hDISbci ¼ hConvi � hDIVbci ð3Þ
where DISbc is the depth-integrated dissipation rate of internal tides, Conv is the
depth-integrated conversion rate of barotropic-to-baroclinic energy, and DIVbc is
the depth-integrated divergence flux of internal tides. A 14-day average, denoted by
the angle bracket, is taken to eliminate the effects of intratidal and neap-spring
variability15,59.

Conv ¼ g
Z η

�H
ρ0wbtdz ð4Þ

DIVbc ¼ ∇h �
Z η

�H
u0p0dz

� �

ð5Þ

where H is the time-mean water depth, η is the surface tidal elevation, ρ0 represents
the density perturbation, wbt is the barotropic vertical velocity, u0 and p0 are the
baroclinic components of tidal velocity and pressure perturbation, respectively. The
pressure perturbations are derived from the density anomalies following ref. 58

p0ðz; tÞ ¼ � 1
H

Z η

�H

Z η

z
gρ0ðẑ; tÞdẑdz þ

Z η

z
gρ0ðẑ; tÞdẑ ð6Þ

The local dissipation efficiency, q, is the ratio of the area-integrated baroclinic
dissipation rate and area-integrated barotropic-to-baroclinic energy conversion
rate60,

q ¼
R

sdshDISbci
R

sdshConvi
ð7Þ

Data availability
Data relevant to this study can be downloaded from the websites listed below: ORAS5 at
https://resources.marine.copernicus.eu/; CMIP6 database at https://esgf-node.llnl.gov/
projects/cmip6/, Searchable keywords: ‘CanESM5’, ‘IPSL-CM6A-LR’, ‘ACCESS-CM2’,
‘GIDD-E2-1-H’.

Code availability
The python codes used in this study are available upon request.
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