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Observed globally averaged combined land and acaan

(a) surface temperature anomaly 1850-2012
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Modeling the Climate System
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Contains 96% of the living space on Earth
Has 80% Earth’s living organisms

Covers 71% of the Earth

“=Almosthalf-of the'oxygenwe breath is produced -

s i by ocean plants
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in a warmer world.....

Observed increase in Observed changes in the

atmospheric CO, physical properties of
the ocean

Marine biogeochemical cycles




Increase in atmospheric CO, :

S

Additional CO, dissolves in the ocean

Changes in temperature and salinity :

Solubility and chemical equilibration of gase

Changes in circulation :
Supply of carbon and nutrients from below,
Ventilation of oxygen-depleted waters,
Downward penetration of
anthropogenic carbon




Tropics and mid-latitudes (nutrient-limited)

Ocean stratification affects marine
productivity in 3 ways :

Mixing between the surface and deeper waters,

Length of the growing season,

General environmental conditions.

Doney, 2006




Warming Oceans and raising sea levels

Change in ocean heat content

“It is virtually certain that upper

gw ocean (0 to 700 m) heat content

e increased during the relatively well-
3 T sampled 40-year period from 1971
§ =0 to 2010” (IPCC AR 5).
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“It is very likely that the mean rate

was 1.7 [1.5 to 1.9] mm yr-! between
1901 and 2010 and increased to 3.2
[2.8 to 3.6] mm yr-' between 1993 -50 . 1
and 2010” (IPCC AR 5) ol L 2 e
1880 1900 1820 1??0 1960 1980 Wc!\\ls

GMSL anomaly {(mm)
s B




INCDIS

|

_ 2004-2013: ] 2004-2013;

g 5.0 - 5.58+0.23 mm/ er- ..... 6.11=0.26 mm,-’yrw

— E [T

= 3.0 M f’“*f‘iﬂf’lf’ i M '\f M

E 00+ ﬁ/\ A g . VA

:é. 30 4 QV"W/ ‘ "\v""* J'" e rw, e A

o ) 4

5 8.0 - -

& ol (@) INDIAN OCEAN | (b) NIO

bt global mean SLR retained | global mean SLR relained

- —le0a-Z003.  2004-2013: | 53 R004-2013

§ e0- 2.68+0.22 mm/yr 3.21+0.26 mm/yr

P~ 3.0 ~

5 %] i

8 o004, " _,ﬂ-“\ ¥, 'u_ |'1,\ " M

A W ’“"""“““ AT 'V“' L

B e

= 8.0 -

f 9.0 {c) INDIAN OCEAN ] {d) NIO

oo global mean SLR removed 1 global mean SLR removed

- lega.2003  2004-2013: [ -'.7-‘_‘-__1- ' 12'064‘2'013” '

g 8.0 n/yr 2564044 mm/yr N | mm/yr 3.83+0.73 man

: 50" ! | ‘ I

= j“"w'\r'! J‘\\l »A] ‘I’ ﬁ \ Ji»

g o0 ‘ l “* n-i l, "\'v‘fn MJ J l
] Lk ] f !l

: 50 i \'A 'X "\\* "(JJ‘K ] (| lﬂ ‘ '[

] .' | |

5 0.0 ® a5 H ' {f) BOB

global mean SLE removed

y L3 ' | e ] v ‘ A \_Jo 5 A ‘l v v . v 1’ L\l

18495 2000 2008 ontn

Tty

1995

2000

§lobal mean SLR removed
e e ey

L

2005 -01D

Srinivasu et

al.,

2017



Historic Sea level data along the Indian coast
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Heat content in the top 700 m water
column of Indian Ocean. Green
curve shows the simulated heat
contetnt using NCAR Community
Earth System Model forced by real-
time surface flux fields and the
shows the solutions
forced by the climatological flux.

Net heat flux decreased
during 2003-2012.
Suggesting that net heat
gain by the Indian Ocean
must be transported from
other basins.

- 1971-2000
0.4 — mmm 2003-2012

indian Ocean heat budget (PW)
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Lee et al., Nature Geo., 2015
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Warming Indian Ocean
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If we assume that that heat will be used to warm/cool the mixed layer of the ocean, the

0.037 PW yr'decrease should cool the mixed layer at the rate of 0.01 ‘Cyr. _
Rohit and Shenoi (2013) INCDIS
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Lee et al. (2015) suggests that the surplus heat flux
over the Pacific get transported into the southern Indian
Ocean through Indian Ocean throughflow.
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about 1.0 m s durlng 1950 2008
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MLD depened by 1 m per decade in the Central and Eastern EIO
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Warming trend in the central EIO is due to enhanced westerlies and thus
deepening of the MLD in the equatorial Indian Ocean.

Rahul and Gnanaseelan (2015) INCRIS



Is there a roll for the Cross-Equatorial Cell in the
perceived warming ?

: Zonally averaged mendiaonal velocity for Indian Ocean

Zonally averaged meridional velocity
from CORE-Il simulations shows
cross equatorial cells (CECs)
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Intensification of the tropical cyclone shown by the
maximum wind speed of each pre-monsoon Arabian Sea

tropical cyclones.
Wang et al. (2012)
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Decreasing number of monsson depressions over the

Bay of Bengal

[&l) Number of MD days The trend lines are at confidence level 99%.
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A quantitative estimate of the relative contribution of each of the
environmental variables responsible for the variation in the number of MD
shows that decreasing trend in mid-tropospheric humidity (primary
contribution, 62%) and Potential Intensity (Pl) (secondary contribution,

21%) leads to the decreasing trend in MD.
Vishnu et al 2015 INCSIS



Climate change and changing monsoonal rainfall patterns
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Recently, Roxy et al. (GRL, 2015)
identified that the summer monsoon Chl
productivity decreased by ~30% in the
last two decades. They attributed this
decrease to the western |O warming,
which in turn makes the ocean more
stratified and reduces nutrient pumping
to the surface layer.

Roxy et al.., GRL, 2015
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Why is deoxygenation ongoing?

Upper water column:
Biological consumption

Deeper ocean:
Oceanic overturning
slowdown

Interrmediata T T
Water

Biological consumption

Basin scale multi-decadal
variability

Gilbert, 2017



Will deoxygenation continue?

Current IPCC models consistently

predict that deoxygenation
will continue

= Historical (9)
— RCP26(7)
RCP4.5 (8)
RCP 6.0 (5)
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OMZs are challenging to model

Contrasting conclusions
for OMZs ....

They disagree in their
predictions of the volume of
waters with oxygen values lower
than 50 umol/| (they even
disagree on the sign)
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Where are LOZs in the coastal ocean?

Most are related to increased N and P loads and
subsequent eutrophication
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What are the mechanisms in coastal waters?

Excess carbon reaching the seabed stimulates oxygen consumption by
aerobic bacteria in a stratified water column.

Oxygen loss exceeds resupply.
Nutrient-rich Algae grow, Zooplankton
water flows 1n feed and die eat algae

\,
DEPTH .

0 ft.

20 g Bacteria feed
. on fecal pellets
and dead algae

-40)

Bacteria deplete

. ine li
)0 Marine life the water of oxygen

flees (2.0mg/1) or
80 dies (1.0mg/1)

) -
‘ 5 10

MITES EROAMTHE (CDAST




Integrated multi-scale approach

Continuous
interaction

EXPERIMENTATION ~ ™

specific in situ data and
experiments




Warming oceans leads to acidification of waters
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Model-based hindcasts and projections of global sea surface pH change over
1870-2100, with projections based on IPCC Representative Concentration Pathways
(RCPs) and related to outcomes of the Paris Agreement. All changes are relative to
1990-1999 (Bopp et al., 2013). INCDIS
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