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Why the Indo-Pacific? Map based on Population



Ocean talking to the Atmosphere

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



El Niño Southern Oscillation — ENSO neutral



The El Niño



Global Warming

IPCC Sixth Assessment Report

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.



Where does the Heat from Global Warming go?

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, 

Cp(water) = 4000 J kg-1 °C-1 Cp(rock/land) = 800 J kg-1 °C-1 

The volume of water which exchanges heat with the atmosphere per sq.meter of surface 
(depth of 100m) is 100 m3. The density of water is 1000 kg/m3. 
mass = density × volume = mwater = 105 kg. 

Seasonal heat storage for ocean

ΔEoceans = Cp(water) mwater ΔT (ΔT = 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.

ΔEland = Cp(rock) mrock ΔT (ΔT = 20°C)

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

ΔEoceans / ΔEland = X

Top 2 ½ meters of ocean 
can store the same heat 
as the entire troposphere



Heat Capacity of Ocean is higher than Land or Atmosphere

Heat capacity of soil/rocks and water, 

Cp(water) = 4000 J kg-1 °C-1 Cp(rock/land) = 800 J kg-1 °C-1 

The volume of water which exchanges heat with the atmosphere per sq.meter of surface 
(depth of 100m) is 100 m3. The density of water is 1000 kg/m3. 
mass = density × volume = mwater = 105 kg. 

Seasonal heat storage for ocean

ΔEoceans = Cp(water) mwater ΔT (ΔT = 10°C, is the typical change in temperature from winter to summer)

= (4000)(105)(10°) Joules = 4.0 X 109 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.

ΔEland = Cp(rock) mrock ΔT (ΔT = 20°C)

= (800)(3000)(20°) Joules = 4.8 X 107 Joules

ΔEoceans / ΔEland = 100

Top 2 ½ meters of ocean 
can store the same heat 
as the entire troposphere



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 
predictability has its origins in the oceans. 

Heat storage and release occurs on a range of 
time scales and can provide predictability at 
10–100 days (e.g., MJO, Monsoon), seasonal-
interannual time scales (e.g., ENSO), and 
decades (e.g., PDO, AMO). 

Predictions of weather and climate on these 
time scales have great economic benefits for 
agriculture, water resource management, 
energy management, human and ecosystem 
health among others. 

To achieve useful predictions we must be able 
to quantify where, when and how much heat is 
released to the atmosphere.



Heat Exchange between Ocean and Atmosphere

Sensible heat flux depends on SST, air temperature, winds

Latent heat flux depends on SST, humidity, winds



Latent Heat Flux at the Surface — Annual

ERA Surface Climatologies

Latent heat flux depends on SST, humidity, winds



Latent Heat Flux at the Surface — northern Summer

ERA Surface Climatologies

Latent heat flux depends on SST, humidity, winds



Winds — northern Summer

ERA Surface Climatologies



Indo-Pacific Warm Pool, Heat Engine of the Globe

Roxy, Dasgupta, et al., Nature, 2019

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

red colors indicate warm pool
— above 28°C



Thermodynamic Response to Temperature Change

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

7%/℃ – substantially smaller than the sensitivity change documented.

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



Classical SST-Precipitation relationship

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

Earlier studies: Precipitation increases monotonously at SSTs beyond 26℃,  
but limited to: Upper threshold of 28 - 29℃

Explanation given: Precipitation tends to occur where 
positive convective available potential energy (CAPE) exists 
->  the occurrence of deep convection will tend to squelch CAPE?



SST-Precipitation relationship leads/lags by several days

Roxy, Clim.Dyn., 2013



SST-Precipitation relationship considering the lag

Roxy, Clim.Dyn., 2013



Indo-Pacific Warm Pool, Heat Engine of the Globe

Roxy, Dasgupta, et al., Nature, 2019

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

red colors indicate warm pool
—above 28°C



Indo-Pacific Warm Pool, Heat Engine of the Globe

Roxy, Dasgupta, et al., Nature, 2019

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

red colors indicate warm pool
—above 28°C
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Marine Heatwaves in the Warm Pool

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



Marine Heatwaves and Cyclones

Roxy et al. 2023
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extreme high sea surface temperatures
precede intense cyclones,
favoring their rapid intensification

intense cyclone winds are followed by
strong cooling of up to 4°C
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Marine Heatwaves and Cyclones

Roxy et al. 2023
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SSTs during marine heatwaveSSTs — mean conditions



Marine Heatwaves and Corals

Roxy et al. 2023

SSTs during marine heatwaveSSTs — mean conditions

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.



Marine Heatwaves and Cyclones

INCOIS/NIOT Moored Buoys

In-situ observations show much  higher temperatures.

Bay of Bengal recorded 
surface temperatures of 
32-34°C, before Cyclone 
Amphan. 

We have never seen such 
high values until now. 

We need better ocean 
observations — and that 
needs regional partnership!
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Marine Heatwaves and Cyclones

Roxy et al. 2023

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

Roxy et al. 2023
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High SSTs and MHWs precede cyclogenesis, and 
these SSTs have been increasing in the Bay of Bengal



Upper Atmospheric Heating during Cyclone Seasons

Singh et al. 2023



Cyclones and Enhanced Updraft

Roxy et al. 2023

200

400

600

800

1000

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

2001-2019 1982-2000

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

vertical velocity during cyclones (Pa  s-1)



Cyclones and Enhanced Updraft

Roxy et al. 2023



Enhanced updraft over BoB and subsidence over Indo-Pak

Roxy et al. 2023

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 
of clouds. Reduction of clouds increases 
shortwave radiation reaching the surface, 
facilitating heatwaves.



Temperature anomalies following BoB Cyclones

Roxy et al. 2023

Subsiding air heats the 
atmosphere by adiabatic 
compression, inhibiting 
convection and preventing 
the formation of clouds. 
Reduction of clouds increases 
shortwave radiation reaching 
the surface, facilitating 
heatwaves.



Heat and Rainfall Deficits following BoB Cyclone Asani

Roxy et al. 2023





Atlantic Warm Pool and Cyclones

Lee et al., NOAA Reports, 2019



Marine Heatwaves and the Monsoon

Saranya et al., JGR Oceans, 2022



Marine Heatwaves and the Monsoon

Saranya et al., JGR Oceans, 2022



Indian Ocean gearing up for a near-Permanent MHW state

Roxy et al. 2023



Call to Action

Thank You


