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Lecture 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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Pressure is proportional to the vertical 

integral of density in a hydrostatic fluid: dp/

dz = -ρg, (g is gravitational acceleration). 

Therefore the overlying mass is m = pA/g, 

where A is area. 

 

10 metres (10 dbar) of water exerts as much 

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 (~1.4x1021 kg 

versus ~5x1018 kg). 

Relative mass of the ocean and 

atmosphere 
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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-1) 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-1 

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. 
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•  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 = ½ ∫ ρu2 dV; u is velocity; V is volume). 

So despite the ocean's greater mass, the 

atmosphere has more kinetic energy.  

•    

Ocean and atmosphere reservoirs: 

Other properties 



Ñ Ocean	mixed	layer	is	~	50m	deep	

Ñ Deep	ocean	is	~	4000m	deep	

Heat	capacities	per	unit	area	–	mixed	layer	ocean	

&	atmosphere	

Atmosphere: 

CA = c p,A ρAHA = 103 J kg-1 K-1 x 1 kg m-3 x 10 x 103 m = 107 J m-2 K-1 

Ocean (mixed layer): 

CO = c p,O ρOHO = 

   4 x 103 J kg-1 K-1 x 103 kg m-3 x 50 m = 2 x 108 J m-2 K-1 



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) :

Ca

d ʹ T a
dt

+ B ʹ T a = 0 ⇒
d ʹ T a
dt

+
B

Ca

ʹ T a = 0 ;  ʹ T a = a
1
exp −λat( ) + a

2

where λa = B Ca = 1 τ a  i.e., τ a = Ca B

mixed layer (ditto atmosphere) :

Co

d ʹ T o
dt

+ λ ʹ T o = 0 ⇒
d ʹ T o
dt

+
λ

Co

ʹ T o = 0 ;  ʹ T o = b
1
exp −λot( ) + b

2

where λo = λ Co = 1 τ o  i.e., τ o = Co B

deep ocean -  vertical diffusion equation :

∂T

∂t
− kv

∂2T

∂z2
= 0 → scaling (∂z2 ~ H2 ) yields τ d =

H2

kv



Consequences:	Equilibration	timescales	

Ñ Atmosphere	(troposphere)	:	~	two	months	
Ó  w.r.t.	thermal	equilibration	with	space	(via	OLWR,	for	which	B	≈	2	
W	m-2	K-1)	

•  Ocean mixed layer : also two months 
–  w.r.t. thermal equilibration with atmosphere (via air-sea 

exchange, for which λ ≈ 35 W m-2 K-1) 

•  Deep Ocean :  ~ 1000 years 
–  w.r.t. diffusive mixing (with deep ocean depth scale, H = 2000 m; 

ocean vertical diffusivity, kv ≈ 10-4 m2 s-1) 

CA / B ≈ 107 Ws m-2 K-1 / 2 W m-2 K-1 ≈ 5 × 106 s ≈ 50 days 

Co / λ ≈ 2 × 108 Ws m-2 K-1 / 35 W m-2 K-1 ≈ 6 × 106 s ≈ 60 days 

H2
 / kv ≈ 4 × 106 m2 / 10-4 m2 s-1 ≈ 4 × 1010 s ≈ 1300 years 



These exchanges 
happen 

essentially within 

the upper ocean 



Energy Budget Energy Transport 

At equilibrium:  Balance between the incoming and 

outgoing radiation 



 
Forced by wind-stress and buoyancy fluxes (heat & fresh-water) 

SCHEMATICS: 
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Net Ocean Surface Heat Flux 

DT

Dt
= −

1

ρcp

∂Q

∂z
Heat flux &    Heat transport (Qadv) 

Talley et al. 2011 
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Net Ocean Surface Heat Components 
Zonal average of heat transfer across the ocean surface 

•  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 
Annual-mean cross-section 

of zonal-average salinity (in 

psu) in the world’s oceans: 

•  Top : upper 1000 m 

•  Bottom :  the whole water 

column. 

Darker shading represents 

warmer water. 

 

Data from the Levitus World 

Ocean Atlas 1994 



Département de Géosciences  ENS  sabrina.speich@ens.fr 

Surface Freshwater (E – P) flux 
Data from National Centre for Environmental Prediction (NCEP) 

DS

Dt
= S

∂E

∂z

Freshwater flux

Freshwater flux ε is the turbulent vertical ux of freshwater 

and at the surface is equal to E – P. 
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Evaporation 

Precipitation 

Where air subside 

Where air rise in altitude 

General Circulation of the Atmosphere & Climatic Regions 
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Sea Surface Salinity 

of the Ocean 

Interpolated global ocean salinity at the surface based on all historical observations: red 
areas have high salinity (i.e., 36 PSU or higher) and blue areas have low salinity (i.e., 

34 PSU or lower). World Ocean Atlas 2009 
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Relation between the fresh-water flux 

& Sea Surface Salinity (SSS) 

E-P 

SSS 
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Ocean’s Salinity at depth 

Annual-mean cross-section 

of zonal-average potential 

temperature (in °C) in the 

world’s oceans:  

•  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 
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The Momentum Equations for  

a Rotating Fluid 
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The Ekman transport 

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

Recall	the	x-momentum	equation	
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Global surface wind velocity 

Westward  Eastward 
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Ekman divergence (Ekman upwelling) at 

equator and at land boundaries 

SH Coastal Upwelling SH Coastal Downwelling 

Example for the Southern Hemisphere (SH) 



Département de Géosciences  ENS  sabrina.speich@ens.fr 

Ekman divergence (Ekman upwelling) at 

the equator and at land boundaries 

 Equatorial 
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Ekman divergence (Ekman upwelling) at 

the equator and at land boundaries 
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Ekman transport convergence and 

divergence 

Vertical velocity at base of Ekman layer: order (10-4cm/sec) 

(Compare with typical horizontal velocities of 1-10 cm/sec) 

Geostrophic 
flow 

Ekman 
Pumping 
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Global surface wind velocity 
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Global surface wind stress curl 

Wind stress curl (related to Ekman transport convergence and divergence) 

(Chelton et al., 2004) 

NH:	

Red	=	upwelling	

Blue	=	

downwelling	

SH:	

Red	=	

downwelling	

Blue	=	upwelling	
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Ekman	pumping	

Wind	Curl	

(climatology)	

Wind driven circulation: Ekman Pumping 



Sea	Surface	Height	
(from	satellite	&	in	situ	data)	



 
Forced by wind-stress and buoyancy fluxes (heat & fresh-water) 

Upper ocean currents 

3D global ocean circulation 

SCHEMATICS: 
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∂tρv⃗ + ∇ · ρv⃗v⃗ + 2Ω⃗ ∧ ρv⃗ + gρk̂ + ∇p = ∇ · ⃗τ 

∂tρ + ∇ · ρv⃗ = 0 

∂tρS + ∇ · ρSv⃗ = 0 

1 
∂t ρθ + ∇ · ρθv⃗ = 

cpS 

∇ · Fθ 

ρ = ρ(θ, S, p) 

                

            

Navier-Stokes 
(cons. mom. & mass) 

Conservation of 

heat and salt 

Conservation of 

mass 

These equations support fast acoustic modes and involve 
nonlinearities in many terms 

Ocean dynamics spatio-temporal scales 
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Putting things on the sphere 

Ø  A fluid parcel on the rotating earth “feels” a rotation rate of only 2Ω 

sinφ ( = 2Ω resolved in the direction of gravity, rather than the full 

2Ω ) 

Ø Geophysical fluids are 
particularly “thin”, gravity is 

very important   



The ocean are rapidly rotating with the 

Earth and they are stratified  
Vertical structure in temperature 

Océan 
Atmosphere 

TROPOSPHERE	



Data from Climate Monitoring and Diagnostics Lab., NOAA. Data prior 
to 1974 from C. Keeling, Scripps Inst. Oceanogr. 

Changing atmospheric composition: CO2 

 

 

 

                            Mauna Loa, Hawaii        

Rate increasing 



Base period 1900-99; data from NOAA  

Sept 2015-Aug 2016: 

Warmest 12 months on record 
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Trenberth	&	Fasullo	2011	
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Sea	Surface	Temperature	

Sea	Surface	Salinity	(since	2010)	
Ocean	color	– chlorophylle	a	

Sea	Surface	Height	
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Expandable Bathymograph 
Temperature – XBTs (1998) 
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Ocean observing 

XBTs (1998) 
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XBTs (1998) 
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From ocean 
cruises  

XBT 

CTD 

Robotic observing 

… to the 
development of new 

instruments 

and ... instrumented animals 
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Rhein	et	al.,	2013;	IPCC	AR5	
29 

  Contenu thermique  

(1022 Joules) 

5 

10 

15 

Océan 

Atmosphère 

Terres  

émergées 

Chaleur stockée dans les différents  

réservoirs du système climatique 
(50 dernières années) 

5x1022 Joules = énergie 

de toutes les ressources 

fossiles (pétrole, gaz et 

charbon) actuellement 

connues sur la Terre!  

 93%  

de la chaleur  

anthropique 

accumulée dans 

le système 

 climatique 

 depuis 50 ans  

est contenue  

dans l’océan 

Ocean 

Land 
Atmosphere 

93%	of	the	

anthropogenic	

heat	

accumulating	

since	50	years	is	

accumulating	in	

the	ocean	

5x1022	Joules	=	the	

whole	energy	

provided	by	fossil	

ressources	known	on	

Earth	

Heat stored in the different 
climatic subsystems during 

the last 50 years 
Heat content 



Sea level rise 
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1.7 +/- 0.3 mm/y 

3.2 +/- 0.4 mm/y 

20th century: tide gauges 
Last 20 years: satellite altimetry 



Sea level does not rise uniformly! 

From AVISO 

Sea level rise 



GRACE-based 
 ocean mass 

         

1 mm/yr 

3 mm/yr 

2 mm/yr 

Sea level 
 rate 

1 W/m2 

Heating rate 

 (from Dieng et al. In revision) 

Resulting Earth energy  

imbalance = 0.75 ± 0.52 W/m2  

sea level rise 

from Altimetry= 2.8 ± 0.4mm/yr 

1.9 ± 
 0.3 mm/yr 

 

0.5 W/m2 

Land ice 

 

atmosphere  

+ continent + sea ice 

 

Land ice melt 

processes 

 

Ocean heat uptake 

 

0.01 W/m2 

  

0.02 W/m2 

  

2.8 mm/yr 

 Thermal 
 expansion 

0.9 ± 
 0.4 mm/yr 

0.72 ± 
 0.5 W/m2 

 

Sea level rise & Earth Energy Budget 

2003-2015 

Messignac et al. 2017 



Von	Schukmann	et	al.	2016	
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Map of absolute geostrophic current 



Surface Ocean Currents & 
ocean surface temperature 

Greg Shirah, NASA Visualization ECCO2 model and satellite SST 



The challenge: 

Understanding 

the turbulent 

processes that 

govern heat (& 

other 

properties) 

fluxes & 

transfers 

MITgcm, 1/48° 
Su et al. 2018 

It impacts the ocean upper layers 
but also intense processes at 

depth influencing the global ocean 

circulation (and heat transfers) 
Capuano et al. 2018 
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The ocean is a very turbulent fluid 

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] 



The Atlantic (surface) eddies global picture 	
% of eddies presence for each ¼°x¼° grid cell  

Cyclones Anticyclones 

Automatic detection and tracking of ocean eddies 

Laxenaire, 2015; Laxenaire et al. 2017 
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Gulf Stream 

The Ocean: Air-Sea interactions at 

the ocean mesoscale 
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Models suggest strong effect 



The Ocean: Air-Sea interactions at 

the ocean mesoscale 

Observations: 
Hurricane Harvey drawing heat  

(& water) from the ocean 
E
n
e
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1°x 1° % Time of eddies presence 

WARM OCEAN EDDIES 

Speich et al. 2018 

Intense observing period Jan.-Feb. 2020 

The EURC4A (EU) – ATOMIC (US) project  
Shallow convection, clouds & air-sea exchanges

Bony et al., 2017 



 
Meridional overturning circulation or Thermohaline 

circulation or Ocean Conevor Belt 

Speich et al. 2007 



FROM THE THERMOHALINE 

CIRCULATION TO THE GLOBAL 

OCEAN CIRCUMATION 

Lumpkin & Speer 2007 



Ocean Dynamics resulting from multiscale 

processes interactions 

Oceanic Measurements and Large-Scale Patterns 



Global heat transport  
(Ganachaud and Wunsch, 2000) 



Global heat transport  
(Ganachaud and Wunsch, 2000) 



The Ocean observing 

 
Integrated system designed to 

meet many requirements: 

•  Climate 

•  Weather prediction 

•  Global and coastal 
ocean prediction 

•  Marine hazards warning 

•  Transportation 

•  Marine environment and 
ecosystem monitoring 

•  Naval applications 

•  Blue economy 

•  8 of 9 Societal Benefits 

50%
	com

plet
e	



The Ocean Observing 





Human activities have increased Green House 
Gases and Aerosols 

Energy fluxes across the system are not 

instantaneous 

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 



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. 

   


