“Relax. Pot temperatures have been going
up and down for centuries.”
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Claudia Deal, Lucy Courtenay and Sophie McClellan enjoy the amazingly warm water at Bronte Beach. Picture: Sam Ruttyn

ANTON ROSE the maximum recorded is 25.2°C. exceptionally high sea water tem- 23.8°C." the website said, towards New Zealand. But this vear
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Why the Indo-Pacific? Map based on Population
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Ocean talking to the Atmosphere

The oceans impact weather and climate by heating (and cooling)
the lower atmosphere. In particular, as seawater evaporates, the
ocean surface cools; and when the moisture later condenses into

cloud (‘]rnnlp’rc this heat is released, warming the atmosphere
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This moistening, and then warming, makes the air buoyant,
driving low-level baroclinicity and atmospheric convection,
causing wind convergence at the surface and divergence aloft.
At the equator, ocean heating of the atmosphere can result
in towering convective clouds that reach the top of the
troposphere. These disturbances in turn drive teleconnections
in the atmosphere, affecting weather and climate remotely.

Cronin et al. Front. Mar. Sci., 2019




El Nino Southern Oscillation — ENSO neutral




The El Nino




Global Warming

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
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PROJECTIONS
Cumulative CO, emissions between 2020 and 2050

The global mean
temperature has reached
1.1 °C as of now.

It will cross 1.5°C in the
current decade or next,
and 2°C during 2040-2060.

This is because the
nationally determined
contributions (NDCs)
submitted by nations via
Paris Agreement are
insufficient to flatten the
curve.

IPCC Sixth Assessment Report



Where does the Heat from Global Warming go<
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Oceans take up 93% of the additional
heat from global warming.

Atmosphere + Land + Ice accounts
for less than 7% of the heat gain.

Extra heat intake rate by Oceans is
= 6 Hiroshima atomic bomb
detonations per second

IPCC Sixth Assessment Report; Nuccitelli et al. Bulletin of the Atomic Scientists, 2020




Heat Capacity of Ocean is higher than Land or Atmosphere

Heat capacity of soil/rocks and water, Top 2 > meters of ocean
. . can store the same heat
Cowater = 4000 J kg °C"! Co(rock/tang) = 800 J kg! °C-! as the entire troposphere

The volume of water which exchanges heat with the atmosphere per sg.meter of surface
(depth of 100m) is 100 m3. The density of wateris 1000 kg/ms3.
mass = density x volume = m,, 4, = 10° kg.

Seasonal heat storage for ocean

AEceans = Cowater) Mwater AT (AT =10°C, is the typical change in temperature from winter to summer)

= (X)(X)(X) Joules = X Joules

The volume of land which exchanges heat with the atmosphere 1 m3. Suppose the density of
rock is 3,000 kg/m3, the mass of the soil and rock in contact with the atmosphere is 3,000 kg.

AElcmd - Cp(rock) Miock AT (AT =20°C)
= (X)(X)(X) Joules = X Joules

AEoceclns / AEIcmd =X
T



Heat Capacity of Ocean is higher than Land or Atmosphere

Heat capacity of soil/rocks and water, Top 2 > meters of ocean
. . can store the same heat
Cowater = 4000 J kg °C"! Co(rock/tang) = 800 J kg! °C-! as the entire troposphere

The volume of water which exchanges heat with the atmosphere per sg.meter of surface
(depth of 100m) is 100 m3. The density of wateris 1000 kg/ms3.
mass = density x volume = m,, 4, = 10° kg.

Seasonal heat storage for ocean

AEceans = Cowater) Mwater AT (AT =10°C, is the typical change in temperature from winter to summer)

= (4000)(10°)(10°) Joules = 4.0 X 107 Joules

The volume of land which exchanges heat with the atmosphere 1 m3. Suppose the density of
rock is 3,000 kg/m3, the mass of the soil and rock in contact with the atmosphere is 3,000 kg.

AElcmd = Cp(rock) Miock AT (AT = 20°C)
= (800)(3000)(20°) Joules = 4.8 X 107 Joules

AEoceclns / AEIcmd =100
e



Affects Weather and Climate System

Because the ocean’s capacity to store heat is
about 1000 times greater than that of the
atmosphere, long-term weather and climate
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predictability has its origins in the oceans. 101 —
100 years
Heat storage and release occurs on a range of y1ogs -
time scales and can provide predictability at 1) s
10-100 days (e.g., MJO, Monsoon), seasonal- 108s |—
interannual tfime scales (e.g., ENSO), and 1year
decades (e.g., PDO, AMO). 1078 |—
Predictions of weather and climate on these 1 mo";gess I
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Heat Exchange between Ocean and Atmosphere
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Latent heat flux depends on SST, humidity, winds



Latent Heat Flux at the Surface — Annudl

Surface latent heat flux Annual mean
: T 4 : : : : : : : W/m?
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Latent heat flux depends on SST, humidity, winds

ERA Surface Climatologies



Latent Heat Flux at the Surface — northern Summer

Surface latent heat flux June-August
. . . . . . . L . . wmz

Latent heat flux depends on SST, humidity, winds

ERA Surface Climatologies



Winds — northern Summer

10 metre wind June—August B

m/sec
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ERA Surface Climatologies



Indo-Pacific Warm Pool, Heat Engine of the Globe

Indo-Pacific warm pool - Sea Surface Temperatures (SST) above 28°C

a Indo-Pa|cific Walrm Pooll, 190071980
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red colors indicate warm pool
— above 28°C

Roxy, Dasgupta, et al., Nature, 2019



Thermodynamic Response to Temperature Change

The Clausius—Clapeyron relation implies that specific humidity and hence
atmospheric moisture would increase roughly exponentially with temperature

7%/°C — substantially smaller than the sensitivity change documented.
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Precipitation change (%)

=

Temperature change (K)

Allan and Ingram, Nafure, 2002; Allan and Soden, Science, 2006; Wentz et al., Science, 2007



Classical SST-Precipitation relationship
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panel. Mean monthly values are plotted for Mar, Apr, and May for all peints in the boxes. Data are from 1972-89.

Earlier studies:  Precipitation increases monotonously at SSTs beyond 26°C,
but limited to: Upper threshold of 28 - 29°C
Explanation given: Precipitation tends to occur where
positive convective available potential energy (CAPE) exists
-> the occurrence of deep convection will tend to squelch CAPE?

Gadgil et al., Nature, 1984; Loschnigg and Webster, J.Climate, 2000



SST-Precipitation relationship leads/lags by several days
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Roxy, Clim.Dyn., 2013




SST-Precipitation relationship considering the lag
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Indo-Pacific Warm Pool, Heat Engine of the Globe

Indo-Pacific warm pool - Sea Surface Temperatures (SST) above 28°C

a Indo-Pa‘cific Wa‘rm Pooll, 1900-1980
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red colors indicate warm pool
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Roxy, Dasgupta, et al., Nature, 2019




Indo-Pacific Warm Pool, Heat Engine of the Globe

Indo-Pacific warm pool - Sea Surface Temperatures (SST) above 28°C
has expanded zonally and meridionally in the recent decades
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Marine Heatwaves in the Warm Pool

Bay of Bengal

15 May 2010

Driver: Possible links to
central Pacific El Nifio*
Impacts: Coral
bleaching in the
Andaman Sea

Northeast Pacific (The Blob)

8 January 2014

Driver: Persistent high pressure linked to
tropical-extratropical teleconnections

Impacts: Low ocean productivity; large

marine mortalities; toxic algal blooms

Mediterranean Sea
14 June 2003

Driver: Blocking high
and corresponding
terrestrial heatwave

Impacts: Mass mortality
of rocky benthic
communities

Seychelles

17 January 1998

Driver: Atmospheric
teleconnections linked
to 1997/98 extreme El
Nifio

Impacts: Extensive
coral bleaching

Northwest Atlantic

20 May 2012

1997/98 El Niio

25 December 1997

Driver: Extensive high pressure linked
to jet-stream shift

Driver: Coupled air—sea interactions

Impacts: Suppressed equatorial and
coastal productivity; fishery losses

Impacts: Fishery disruptions; species-
range shifts; low ocean productivity

Holbrook et al., Nature Rev. Earth. Env., 2023

[ ] Moderate
[ Strong

B Severe
B Extreme




Marine Heatwaves and Cyclones
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Marine Heatwaves and Cyclones
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SSTs — mean conditions SSTs during marine heatwave
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Marine Heatwaves and Corals

Corals have a mucus membrane —

known as zooxanthellae — which acts
as their shield and gives the color.
Warm temperatures bleach it away.

These marine heat waves led to coral
bleaching in Gulf of Mannar.

SSTs — mean conditions SSTs during mo*ine heatwave

30

45°E T5°E 105°E 45°E 75°E 105°E

Roxy et al. 2023



Marine Heatwaves and Cyclones

In-situ observations show much higher temperatures.

4 precede intense cyclones,
favoring their rapid intensification

Cyclone -
Amphan

Moored Buoys Data
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Marine Heatwaves and Cyclones
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About 90% of the
cyclones during pre-
monsoon season
were preceded by
marine heatwaves




Marine Heatwaves and Cyclones
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Upper Atmospheric Heating during Cyclone Seasons

Pre-Monsoon Season

Upper-Atmospheric
Heating of 3-4°C
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Singh et al. 2023

Post-Monsoon Season
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Cyclones and Enhanced Updraft

High SSTs and latent heat flux from cyclones
lead to enhanced updraft (vertical velocity)

vertical velocity during cyclones (Pa s-1)
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Roxy et al. 2023



Cyclones and Enhanced Updraft

Indo-Pak region [20°-35°N] Bay of Bengal [5°=20°N]
hPa |

200 ' '

i 10

400

600 -
\
\
800 \
W
A

1000

50°E 60°E

70°E 80°E 90°E 100°E

Roxy et al. 2023



Enhanced updraft over BoB and subsidence over Indo-Pak

a \Vertical velocity at 200 hPa during peak cyclone activity in the Bay of Bengal
40°N

The spatial distribution of the circulation
cells show enhanced updraft over the
Bay of Bengal and subsidence over the
Indo-Pak region

Subsiding air heats the atmosphere by
adiabatic compression, inhibiting
convection and preventing the formation

\Bs i i i / of clouds. Reduction of clouds increases
b Rtk A shortwave radiation reaching the surface,
facilitating heatwaves.

ric.circulation during peak cyclone activity in the Bay of Bengal
\9 Indo-Pak region [20°-35°N] Bay of Bengal [5°-20°N]
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Temperature anomalies following BoB Cyclones
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Heat and Rainfall Deficits following BoB Cyclone Asani

Maximum Temperatures dated 12 May 2022
IMD
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State Rainfall Map
01 March 2022 — 12 May 2022
IMD
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Atlantic Warm Pool and Cyclones

(a): Large AWP years

(¢): Large AWP years of TCs in MDR
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Marine Heatwaves and the Monsoon

ad Marine Heatwaves in the western Indian Ocean b  Marine Heatwaves in the north Bay of Bengal
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Marine Heatwaves and the Monsoon

Marine heatwaves in the Indian Ocean and their impact on the monsoon —

MHWs in the western Indian Ocean MHWs in the north Bay of Bengal JGf Qeeans, 2022

Y El Nifio \+ NAO™
+10DT + NAO™

Saranya et al., JGR Oceans, 2022




Indian Ocean gearing up for a near-Permanent MHW state

MHW days per year (1950-2100)
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Call to Action

Marine heatwaves on the rise around India, says study

These events are linked to coral bleaching, seagrass destruction, and loss of kelp forests; they also affect fisheries sector

JACOB KOSHY
NEW DELHI
Heatwaves on the land are
well known. But marine
heatwaves — or the ones that
form on oceans — have been
on the rise in the waters
around India, says a study.
Marine heatwaves are pe-
riods of extremely high tem-
peratures in the ocean.
These events are linked to
coral bleaching, seagrass

85% of the corals in the Gulf
of Mannar near the Tamil Na-
du coast got bleached after
the marine heatwave in May
2020. Emerging studies have
reported their occurrence
and impacts in the global
oceans, but are little under-
stood in the tropical Indian
Ocean. The study appears in
the journal JGR Oceans.

The Western Indian Ocean
region experienced the lar-

Hot topic: 85% of the coralsin the Gulf of Mannar got
bleached after the marine heatwave in May 2020.

Heatwaves in [OR may be

affecting 1 monsoon Study

Vaishnavi Chandrashekhar | vy

Mumbai: Marine heatwa-
ves in the Indian Ocean ha-
ve risen in frequency and
size since the 1980s, with
the largest increases seen
in the western Indian Oce-
an and the Bay of Bengal,
as peranew study.

The trend has implica-
tions not only for the re-
gion’sfisheriesbutalso, po-
tentially, the monsoon
—the study found marine
heatwavesreducedrainfall
over central India and in-
creased rain over the sout-
hern peninsula.

The rise is due to rising
ocean temperatures and El
Nino events, as well as local
factors, the study said, and
isinline with globaltrends.

The western Indian
Ocean saw a four-fold in-
crease in heatwaves betwe-

Indian Institute of Tropical Meteoroingy S study found that marine
heatwaves caused less rain in central India and more in the south

ne heatwaves only recently.

Indian Ocean heatwa-
ves are among the least un-
derstood despite the ocean
being among the fastest
warming in the world, says
Roxy Mathew Koll of the
Indian Institute of Tropi-
cal Meteorology in Pune
who led the study. Surface
temperature in these wa-
ters rose by 1°C on average

both regions led to less rain
over central India, while he-
atwaves in the northern Bay
of Bengal appeared to drive
morerain tosouth India.
How can a heatwave in
the ocean control rainfall
in the sky? “The distribu-
tion of heat can influence
the course of winds,” ex-
plains Koll. Strong heating
over the western Indian

_May of Bengal had 94 events,

" 1e study notes.

The marine heatwaves in
1e Western Indian Ocean

and the Bay of Bengal in-
creased drying conditions
over the central Indian sub-
continent. Correspondingly,
there is a significant increase
in the rainfall over south pe-
ninsular India in response to
the heatwaves in the north
Bay of Bengal.

“ This is the first time that
a study has demonstrated a
close link between marine
heatwaves and atmospheric
circulation and rainfall,” the
authors note.

“Climate model projec-
tions suggest further warm-
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GOVERNMENT OF INDIA
MINISTRY OF EARTH SCIENCES
RAJYA SABHA
UNSTARRED QUESTION NO. - 2428
ANSWERED ON - 24/03/2022

INCREASE IN TEMPERATURE OF OCEAN SURFACE

2428. Shri Ripun Bora:

Will the Minister of EARTH SCIENCES be pleased to state:
(a) whether it is a fact that marine heat waves (MHW) have increased temperatures over
seas and oceans of the country and have increased significantly in the past few
decades;
whether it is also a fact that the year 2021 broke all previous records of ocean heat
which worstly affected the Western Indian Ocean and Northern Bay of Bengal
impacting the southwest monsoon over the Indian subcontinent; and

if so, plan of action of Government to overcome the disruption in India‘s monsoon
patterns and normalise the temperature of the ocean surface?

(b)
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