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| ecture outline

This lecture will give an overview of the
principal mechanisms by which oceans
Influence climate, and climate influences the

oceans.

We will consider the key differences
between the content of mass, heat, and
other (physical) properties in the
atmosphere and the ocean, and use these
to understand their behaviour.
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Relative mass of the ocean and
atmosphere

Pressure is proportional to the vertical
integral of density in a hydrostatic fluid: dp/
dz = -pg, (g is gravitational acceleration).
Therefore the overlying mass is m = pA/qg,
where A is area.

10 metres (10 dbar) of water exerts as much k
pressure as the entire atmosphere (1 bar).
The average depth of the ocean in nearly
4000 m, covering 70% of the surface area.
Therefore the ocean is nearly 300 times as
massive as the atmosphere (~1.4x104" kg
versus ~5x1018 kg).
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Relative heat capacity of the
ocean and atmosphere

Global Calculation of all air and ocean mass

MATERIAL SPECIFIC HEAT Energy content in Joules/Degree Kelvin

(Joules/gram *°C) 5.6x1024
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Relative heat capacity of the ocean
and atmosphere

Heat capacity is the volume integral of density
multiplied by specific heat capacity. Seawater has
a specific heat capacity (~4000 J K-1 kg') about
four times that of the atmosphere, and 300 times
the mass. Therefore the ocean has ~1000 times
the heat capacity of the atmosphere (~6x1024 J K-
versus ~5x1021 J K-1).

A 2.5 m deep swimming pool has about the same
heat capacity as the column of air through the
entire atmosphere that overlies it.




Ocean and atmosphere reservoirs:
Other properties

« Carbon dioxide is soluble in seawater, and reacts
with ions in seawater do form bicarbonate and
carbonate ions. Due principally to the large mass of
the oceans, there is about 50 times as much carbon
In the ocean than the atmosphere.

* Velocities are typically ~2 orders of magnitude
greater in the atmosphere than the ocean; kinetic
energy, KE = ¥ [ pu? dV;, u is velocity; V is volume).
So despite the ocean's greater mass, the
atmosphere has more kinetic energy.




Heat capacities per unit area — mixed layer ocean
& atmosphere

. Ocean mixed layer is ~ 50m deep

2. Deep ocean is ~ 4000m deep
Atmosphere:
Ca=C pppaHs=103J kg KT x 1kgm3x10x 105 m=107 J m?2 K"

Ocean (mixed layer):

Co=Cpo0PoHo=
4x103Jkg'K'x 103kgm3x50m=2 X 108 J m? K1
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Consequences: Equilibration timescales

« Consider transient temperature for the atmosphere, mixed layer,
deep ocean (C here is heat capacity; B is a restoring rate):

atmosphere (balance between tendency & restoring term) :

c. 9% B
ot

+ BT, = Ste =0T -a exp(-A.t)+a,

where A, =B/C_ =1/t ie., t,=C,/B

mixed layer (ditto atmosphere) :
dT, + AT, =0= dT, + A I,=0;T, =b1exp(—kot)+b2
t dt C,

where A, = 2/C, =1z, ie., t,=C,/B

C

(0]

deep ocean - vertical diffusion equation :

2 2
i—: -k, g =0 — scaling (9z* ~ H*) yields t, = IZ—




Consequences: Equilibration timescales

. Atmosphere (troposphere) : ~ two months

z w.r.t. thermal equilibration with space (via OLWR, for which B = 2
W m=2 K1)

C,/B=10" Wsm?K1/2Wm?K7?"=5x 10°s = 50 days

Ocean mixed layer : also two months

— w.r.t. thermal equilibration with atmosphere (via air-sea
exchange, for which A = 35 W m~? K7)

C,/A=2x108Wsm?K1/35 Wm?K7'=6 x 10°s =60 days

 Deep Ocean: ~ 1000 years

— w.r.t. diffusive mixing (with deep ocean depth scale, H = 2000 m;
ocean vertical diffusivity, k, = 104 m? s)

H?/k,=4 x 10° m?/ 104 m? s’ ~4x10703~ 1300 years




FOCUS ON THE ENERGY BUDGET &
THE OCEAN: 70.8% OF THE EARTH SURFACE
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ENERGY ON EARTH

At equilibrium: Balance between the incoming and
outgoing radiation

Energy Budget Energy Transport
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The Global Ocean Circulation
Forced by wind-stress and buoyancy fluxes (heat & fresh-water)

SCHEMATICS:
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Net Ocean Surface Heat Flux
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Annual mean net heat flux (W/m?2) (NOCS, 2003) Talley et al. 2011
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Net Ocean Surface Heat Components

Zonal average of heat transfer across the ocean surface
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« The integral of the net heat flux should be zero in steady state.
* Imbalance at each latitude implies meridional ocean heat transport.
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Sea Surface Temperature
of the Ocean
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Ocean S Temperature at depth

Zonal Average Temperature in World Oceans {C)

Annual-mean cross-section
of zonal-average salinity (in
psu) in the world’s oceans:

e Top : upper 1000 m

« Bottom : the whole water
column.

Darker shading represents
warmer water.

Data from the Levitus World
Ocean Atlas 1994
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Surface Freshwater (E — P) flux

Data from National Centre for Environmental Prediction (NCEP)
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General Circulation of the Atmosphere & Climatic Regions
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Sea Surface Salinity
of the Ocean [PSU]
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Relation between the fresh-water flux
& Sea Surface Salinity (SSS)
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Ocean’s Salinity at depth

Zonal Average Salinity in World Oceans (psu)

= = —me 4 Annual-mean cross-section
1N N, T\i;fﬂ/"\ "~ of zonal-average potential
i -\ AV e \/W/ . temperature (in °C) in the
4 Jw L world’s oceans:

.|

e Top : upper 1000 m

 bottom : the whole water
column.

Dark shading represents
saltier water.

Note the variable contour
interval in the bottom plot.

Data from the Levitus World
Ocean Atlas 1994




The Momentum Equations for
a Rotating Fluid

Momentum Equations

Acceleration Force / Mass
A A
r N r N
Pressure
Substantial Derivative Di/ Dt Coriolis Gradient Gravity
-~ -
/1/8;;/ + fricti
= = riction
p Ox

Friction terms all take a similar form. For the x equation we have
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The Ekman transport

Recall the x-momentum equation

2
_fvavdU_].aTx _laTx

dzz_;8z = V= f 0z

The net mass transport (per unit width) in the y-direction is

| Surface current

Direction of
Ekman Transport

B /o ( 1 arx) J
Y - f 0z z

= — 2 (r2(0) — Tx(~00)) = % e

Adapted from Thurman, Harold V. Essentials of Oceanography, Sth ed.
Prentice-Hall, Inc., 1996,
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Global surface wind veloci

Zonal Wind, Jan—Dec, 2000-2004, QSCAT revs
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Ekman divergence (Ekman upwelling) at
equator and at land boundaries

Example for the Southern Hemisphere (SH)

SH Coastal Upwelling SH Coastal Downwelling
\évslith(e;r?wals-:emisphere Rotation é\IOeUS'fthS::fl|S‘|t‘5>miSphel’e \ll\lvﬁqréherly R/ota;1

of Earth of Earth

Ekman floy,

Copyright © 2004 Pearson Prentice Hall, Inc.
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Ekman divergence (Ekman upwelling) at
the equator and at land boundaries
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Ekman divergence (Ekman upwelling) at
the equator and at land boundaries

L3 MODIS Aqua Sea Surface Temperature — 08/08/2011
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Ekman transport convergence and
divergence
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Vertical velocity at base of Ekman layer: order (10-*cm/sec)

(Compare with typical horizontal velocities of 1-10 cm/sec)
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Global surface wind velocit

Joral Wing, Jun=Aug, 72306-200&, QECAT revs
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Global surface wind stress curl
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Wind stress curl (related to Ekman transport convergence and divergence)
(Chelton et al., 2004)
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Wind driven circulation: Ekman Pumping

Wind Curl
(climatology)
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Sea Surface Height
(from satellite & in situ data)
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The Global Ocean Circulation
Forced by wind-stress and buoyancy fluxes (heat & fresh-water)

SCHEMATICS:

o g,
»

+ __Equatorial %/
‘/\Countcr B

Upper ocean currents

= [ ——_Antarctic Circumpolar
T e NV e
— M““;ul: UMb ora, (Wost “\m\_ e e e ———
d Drf

)

b Warm-water current —————— Cold-water current

<€

= Syrface Salinity > 36 %
w— Deep Salinity < 34 %
m— Bottom © Deep Water Formation




T

10,000yr —

1000yr |

NaV|er'S 100yr |-

(cons. mon
10yr +—
Conserv: -
heat and
imon |—
Conservi & .l
mass E
1d -
1hr |-

vertical
turbulent

mixing
| capillary
waves \,

processes

Ocean dynamics spatio-temporal scales

molecular )\

climate
change
7—_’
basin scalé

g ~—§riability

mesoscale and

waves <~ <
- (' seasonal )
: X _ cycle.
[ \ : i
' eddies'\ \( ‘ lv fe

|
shorter scale \ and

and \ fronts | "\ /barotropic
physical-biological e o> Variability S
interaction coasta;lx;;f . p
upwelling
,A\\ *(:‘; — -
2 < internal tides surface tides

internal waves
and
inertial motions

surface
gravity waves

© D. Chelton
| | | | | | | J

0.1sec
imm icm

10m 100m 1km 10km 100km 1000km 10*%km 10°km
Spatial Scale

~saprina:-speich@ens.fr



Putting things on the sphere

» Geophysical fluids are
particularly “thin”, gravity is
very important

» Afluid parcel on the rotating earth “feels” a rotation rate of only 2Q
singp ( = 2Q resolved in the direction of gravity, rather than the full
2Q))

=—-sabrina.speich@ens.fr



The ocean are rapidly rotating with the
Earth and they are stratified

Vertical structure in temperature
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Carbon d|0X|de concentratlon at Mauna Loa Observatory
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Full Record ending April 10, 2017

March 1958 - March 2017
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FOCUS ON THE ENERGY BUDGET &
THE LOST HEAT

Global Energy Flows W m™
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Ocean observing
... Dy remote sensing (satellites)

The Global Operational Satellite System
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Ocean observing
... Dy remote sensing (satellites)

“Sea Surface Salinity [SINCe 20 10




Ocean observing
.. but the ocean is opaque to EM radiation




( rl ‘f‘ ‘= ‘., — - —
’ r’ ' ‘ [A ‘
| ‘

1 9
€
202024
| A
11
(1 »

e

A € rr(‘
- ' v . ’ { ’ -
Yy Vv
'[t‘-"
I'-’ (-t ,[
/’
ll
r"’f

BB
a &N |
Tl
{19




In Situ Ocean Observing:

Vertical Profiles Of Temperatures (0 - 700 M)

Expandable Bathymograph
Temperature — XBTs (1998)

Real Time and Delayed XBTs collected in 1998
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Ocean observing

Surface layer

Descend to 1,000 m
and drift at this depth

1000m

Subsurface layer
Descend to 2,000 m every 10 days and then rise
to the surface measuring temperature and salinity
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Main in-situ Elements of the Global Ocean Observing System March 2017

Argo DBCP OceanSITES
®  Argo (3937) @  Surface Drifters (1407) ®E  Platforms (332)
® Deep-Argo (32) =  Fixed Platforms (103) GO-SHIP
BGC-Argo (282) © Ice Buoys (22) GO-SHIP (61)
Moored Buoys (394) GLOSS

Tsunameter (34) Tide Gauges:(252)

VOSClim-Automated (102) & ASAP Radiosondes (20)
VOSClim-Manned (371) SOOP XBTs (37)
VOS-Automated (149)

VOS-Manned (1188)




The Ocean :
The anthropogenic heat repository

Heat stored in the different 300

[ Upper ocean

. . . I Deep ocean /
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2 Last 20 years: satellite altimetry
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Trends in Global Average Absolute Sea Level

s Trend dated on 1221 gauges

Satellite measurements: TOPEX

Jason-1

60-day smoothing

——Inverse barometer applied, GIA correc

Change in sea level [inches)

Rate = 3.3+ 0.
Seasonal

1.7 +/- 0.3 mmly

20 University of Colorado 2015_rel3
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Data sources: CSIRO, 2009, * University of Colorado at Boulder, 20097




Sea level rise

Sea level does not rise uniformly!
Sea level rise causes

100° 120° 140° 160° 180° Others
(errors ?)

* Continental __ Ocean

Water .
Y o (f P y warming
TN 35%
s TR T (]

Continental
ice melting
45%




Sea level rise & Earth Energy Budget
2003-2015

Sea level
rate sea level rise Resulting Earth energy
from Altimetry= imbalance =
(from Dieng et al. In revision)

3 mm/yr— T 1 W/m2
2.8 mm/yr

Thermal atmosphere

expansion + continent + sea ice
St Ocean heat uptake

—| 0.5 W/m?

1 mm/yr_| GRACE-based
ocean mass

Land ice melt
processes

Land ice




The Ocean :

nergy imbalance: ¥ B
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infrared radia
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Von Schukmann et al. 2016




Fluid Dynamics on a sphere:
A turbulent fluid




Qcean Dynamics:
A (very) turbulent fluid

Map of absolute geostrophic current




Ocean Dynamics a turbulent heat
reservoir and source

Surface Ocean Currents &
ocean surface temperature

Greg Shirah, NASA Visualization ECCO2 model and satellite SST






The ocean has a complex dynamics:
Scale interactions

dirpldne™ ¢ 2
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The ocean is a very turbulent fluid

L) i\?a

Eddy detection from satellite altimetry
(2000-2015)
Laxenaire et al., 2017

[AVISO Ssalto-Duacs Daily multi-satellite Maps

of Absolute Dynamic Topography; Ducet:et al';;-;\
2000; Pascual et al. 2006] § Ve
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The Atlantic (surface) eddies global picture
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The Ocean: Air-Sea interactions at
the ocean mesoscale

Models suggest strong effect

’’’’’’’’

e Gulf Stream
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Temperature (°C)
20 22 24 26

Aug13 (4902349)
Aug18 (4901480)
Aug20 (4902914)
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Circulation océanique globale

Meridional overturning circulation or Thermohaline
circulation or Ocean Conevor Belt




FROM THE THERMOHALINE |
CIRCULATION TO THE GLOBAL
OCEAN CIRCUMATION

1
PACIFIC

ALumpkin & Speer 2007



Ocean Dynamics resulting from multiscale
processes interactions

Oceanic Measurements and Large-Scale Patterns

\
= | CLIMATE |
years - - P i \
m@w Maxrbimscausd Tripody Decadal Oscillations/ \
A\ / Fish Regime Shifts y
10years |- ‘ Mesoscale
A Remote Sensors °>>°F
e Seasonal MLD &
1year |- iomass Cycles
3 o=
B Fronts, Eddies
1month = & Filaments
e
8 Coastally Trapped
g Waves
2 tweek |-
5 Synoptic Storms, River
a 0 Outfiows, & Sediment
Resuspension
1day [~ Diurnal
inertialinternal
- & Soittary Waves
1hour = <
Turbulent
Patch Size
1 min
Molecular . - .
Koashioied) In-situ Non-stationary Platforms
1sec |-
| | | | | | | | | |
1mm 1em 1dm im 10m 100m 1km 10 km 100km 1,000 km 10,000 km

Horizontal Spatial Scales



Global heat transport
(Ganachaud and Wunsch, 2000)
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Global meridional heat transport (PW)

Global heat transport
(Ganachaud and Wunsch, 2000)
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Integrated system designed‘ to
meet many requirements:

e -Chmate

s WWeather prediction

Global and coastal
Qcean-prediction

Marine hazards warning
Transportation

Marine environment-and
ecosystem monitoring

Naval applications
Blue economy
o018 S0l oz Mo =t fisments of the Global Ocean Observing System April 2018

ceanSITES) Ship based Measurements (SOT) Other Networks

Core (3815) Surface Drifters (1408) E  Interdisciplinary Moorings (338) &  Automated Weather Stations (248) = HF Radars (270)

®  Deep(57) E  Offshore Platforms (96) Repeated Hydrography (GO-SHIP) <  Manned Weather Stations (1767) ©  Animal Borne Sensors (53)

®  BioGeoChemical (305) ©  Ice Buoys (11) Research Vessel Lines (61) @  Radiosondes (8) —— Ocean Gliders (31,

H  MooredBuoys (387)  Sea Level (GLOSS)

eXpendable BathyThermographs (37)

A Tsunameters (32) = Tide Gauges (252) Generated by www.jcommops.org, 14/05/2018



An Ocean of

Opportunity

www.oceanobsi19.net
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Global warming and the ocean

Human activities have increased Green House
Gases and Aerosols

. Energy fluxes across the system are not
iInstantaneous

. This causes an Earth Energy Imbalance (EEI)
. The Ocean is the repository of this energy

. The ocean warms up, expands, provides more
energy and water vapor to the atmosphere,
affect marine ecosystems and society



Global warming and the ocean (2)

The absolute value of EEI represents the most
fundamental metric defining the status of global
climate change (not global surface temperature).

Sustained ocean observations are crucial to refining
future estimates of EEI

. This will allow to assess the status of global climate
change and testing the effectiveness of mitigation
actions

We need to better understand ocean and air-sea
processes to improve weather and climate predictions,
marine ecosystem and fisheries management and
enable a more efficient adaptation

Progress can only be achieved with a concerted
international effort.



