
Ocean layers

• Steady winds blowing on the sea surface produce a thin, horizontal boundary layer, the Ekman layer.
• thin: a few-hundred meters thick, compared with the depth of the water in the deep ocean. 
• A similar boundary layer exists at the bottom of the ocean and at the bottom of the atmosphere just 

above the sea surface, the planetary boundary layer or frictional layer .



Atlantic Ocean 
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Source: Dietrich, Kalle, Kraus, Siedler
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High latitudes: 
Schematic of the flow of important 

water masses



NADW
• Although the overflows themselves have only a strength 

of 1-2 Sv, turbulent entrainment during the downslope 
flow increases the volume transport of the overflows 
considerably. 

• The overflow water from the Denmark Strait and the 
Faroer Bank Channel then forms the deep part of the 
western boundary current of the Labrador Sea and joins 
with a deep water outflowout of the central Labrador Sea 
where deep open ocean convection takes place.

• Overflow and Labrador convection contribute to about 
equal to the sum of around 10-15 Sv

• we are concerned here with the dynamics of the
large-scale circulation after the water-mass
formation process





Meridional overturning circulation

Atlantic Ocean deep sea circulation

NADW: 18 Sv

AABW: 4 Sv

Sv=106 m3/s



Symmetric solution



Simple Model of MOC

+



MOC continued



Schematic of the surface flow driven by a north-south density gradient in an 
ocean basin. The primary north-south gradient – as a result of the surface forcing 
– is in balance with an eastward geostrophic current which generates a 
secondary high and low pressure system. This, in turn, drives a northward 
geostrophic current, the upper branch of the
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Conceptual Model of MOC



T and S



MOC and mixing

the upwelling can be wind-induced (Ekman pumping), isopycnals must 
outcrop at the surface as in the Southern Ocean. 



What drives the AMOC?

Mixing in the Interior, the interior mixing drives the MOC

 the windstress and breaking surface waves drive the MOC



Box Models

• Stommel‘s model almost completey 
ignored (25 years)

• Rooth, 1982: Two hemisphere 
counterpart,

• Unaware of Stommel (1961) model
• Rooth suggested to  F. Bryan: test with a 

GCM







Global circulation: 4 states



Coupled model. Manabe & Stouffer (1988)

Overtunrning                  Sea surface salinity



Glacial
mono-stable
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 < S2

Conceptual model of the Atlantic THC

South         Equator           North

Importance of the ‘‘warm water route‘‘ Peeters et al. 2004

bistable
S1

 > S2
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Bistability: Potential for the YD event





• https://www.awi.de/fileadmin/user_upload/
AWI/Forschung/Klimawissenschaft/Dynam
ik_des_Palaeoklimas/EnergyBalanceMode
ls/index.html



EBM with sea ice

How Climate Model Complexity Influences Sea Ice Stability 
TILL J. W. WAGNER AND IAN EISENMAN 
JOURNAL OF CLIMATE 
VOLUME 28 



The equations



EBM with sea ice



output



Exercise 1: EBM
D∗=Wm−2K−1  Diffusivity for heat transport: 0.6
A=Wm−2 OLR:193
B=Wm−2K−1 OLR temperature dependence: 2.1
cw=Wyrm−2K−1 Ocean mixed layer heat capacity: 9.8
S0=Wm−2 Insolation at equator: 420
S2=Wm−2 Insolation spatial dependence: 240
A0 Ice-free coalbedo at equator: 0.7
A2 Ice-free coalbedo spatial dependence: 0.1
Ai Coalbedo when there is sea ice: 0.4
Wm−2 Radiative forcing: 0
γ Gamma: 1

1) What will happen if the CO2 content in the atmosphere is doubled?  Radiative forcing= 4 W/m2

2) What will happen if the factor γ is 1% higher/lower in the long-wave radiation?
3) Describe the effect if the diffusivity is enhanced by a factor of 2!
4) The coalbedo of sea ice can vary between 0.3 and 0.4. Describe the effect when varying the value!

https://www.awi.de/fileadmin/user_upload/AWI/Forschung/Klimawissenschaft/Dynamik_des_Palaeoklimas
/EnergyBalanceModels/index.html

https://paleodyn.uni-bremen.de/study/MES/ebm/

https://www.awi.de/fileadmin/user_upload/AWI/Forschung/Klimawissenschaft/Dynamik_des_Palaeoklimas/EnergyBalanceModels/index.html
https://www.awi.de/fileadmin/user_upload/AWI/Forschung/Klimawissenschaft/Dynamik_des_Palaeoklimas/EnergyBalanceModels/index.html
https://paleodyn.uni-bremen.de/study/MES/ebm/


Exercise 2:  Aquaplanet EBM with 
seasonal cycle

a) What will happen if the CO2 content in the atmosphere is doubled?  Radiative forcing= 4 W/m2= 
lowering of A 

b) Describe the effect if the diffusivity is enhanced by a factor of 2! 

c) The coalbedo of sea ice can vary. Describe the effect when enhancing the value by 0.1!

Not:Reduce and enhance the sea ice thermal conductivity by 20% mimiking more /less snow on top of 
sea ice !

Discuss the sea ice evolution during the year !

https://paleodyn.uni-bremen.de/study/MES/ebm/

https://paleodyn.uni-bremen.de/study/ebm/
















Matlab Version

Fortran 90 Version



gfortran-mp-4.8 box_model_oop.f90
a.out

gnuplot 
plot './box_model_oop.out' using 1:2 w l
set pointsize 0.1

% Euler forward for ocean temperature

Tnln = Tnl + dts * ((Hfnl)/(rcz2)-(Tnl-Tml)*phi/Vnl);

Tmln = Tml + dts * ((Hfml)/(rcz1)-(Tml-Tsl)*phi/Vml);

Tsln = Tsl + dts * ((Hfsl)/(rcz2)-(Tsl-Td)*phi/Vsl);

Tdn = Td + dts * (-(Td-Tnl)*(phi/Vd));



Phase space dynamics





T and S



Model Results

2 meter temperature

interhemispheric Seesaw

Southward Shift of the ITCZ

high Noise level

Projection onto several 
Phenomena

Tellus 2003



Present dynamics:
Atlantic Multidecadal Mode & seesaw 

Linear SST trends (°C/ century) for 1980–2006 

Dima and Lohmann (2010, Jan., Journal of Climate).

Also: „An abrupt drop in Northern Hemisphere sea surface 
temperature around 1970“ Thompson et al. 2010

SST indices emphasizing the climate shift during 
the 1970s and its interhemispheric asymmetry.

NH

SH

NH-SH

NH

SH

NH-
SH

http://www.nature.com/nature/journal/v467/n7314/full/nature09394.html


Spatial signature of a simulated meltwater event 

Lohmann, 2003 

Temperature Salinity Velocity 
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Ocean Dynamics

•Dynamics for the atmosphere-ocean system 

•Theory, numerical models

•Concepts of flow, energetics, vorticity, wave motion

•Oceanic wind driven and thermohaline circulation 



Schedule:

Theory; Programing in R (please bring your laptops), Stability



Theory; Programing in Matlab or Fortran (please bring your 
laptops), 

Schedule:  2nd part



3rd part

6.2 Rayleigh-Benard convection . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.3 System preparations and running a simulation . . . . . . . . . . . . . . . . . . 66





Momentum equation

Dynamics of the Ocean System  

Geostrophic balance:     Pressure gradient               Coriolis force 



Scaling: Ocean circulation





Zero Solution
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Figure 2.1: Geometry of the Rayleigh-Bénard system (see text for details).

The density depends linearly on temperature T :

⇧ = ⇧0(1 � �(T � T0)) with � > 0 (2.2)

Such a system possesses a steady-state solution in which there is no motion, and the temperature

varies linearly with depth:

v = 0

T = T0 +

�
1 �

z

H

⇥
�T (2.3)

When this solution becomes unstable, convection should develop.

In the case where all motions are parallel to the x � z-plane, and no variations in the direction

of the y-axis occur, the governing equations may be written (see Saltzman (1962)) as:

⌃tu + u⌃xu + w⌃zu = �
1

⌅0

⌃xp + ⇤⇥2u (2.4)

⌃tw + u⌃xw + w⌃zw = �
1

⌅0

⌃zp + ⇤⇥2w + g(1 � �(T � T0)) (2.5)

⌃tT + u⌃xT + w⌃zT = ⇥⇥2T (2.6)

⌃xu + ⌃zw = 0 (2.7)
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where w and u are the vertical and horizontal components of the velocity, respectively. Further-

more, ⇧ = ⇥/⌃0, ⇤ = ⌅/(⌃0Cv) the momentum diffusivity (kinematic viscosity) and thermal

diffusivity, respectively.

It is useful to define the stream function ⇤ for the two-dimensional motion, i.e.

⌥⇤

⌥x
= w (2.8)

⌥⇤

⌥z
= �u . (2.9)

Then, the dynamics can be formulated for ⇤ and ⇥, which is the departure of temperature from

that occurring in the state of no convection1 (2.3):

⌥t⇥2⇤ = �
⌥(⇤, ⇥2⇤)

⌥(x, z)
+ ⇧⇥4⇤ + g�

⌥⇥

⌥x
(2.10)

⌥t⇥ = �
⌥(⇤, ⇥)

⌥(x, z)
+

�T

H

⌥⇤

⌥x
+ ⇤⇥2⇥ . (2.11)

The notation
⌥(⇤, ⇥2⇤)

⌥(x, z)
,

known as the determinant of the Jacobian matrix (or simply “the Jacobian”), stands for

⌥⇤

⌥x

⇥2⇤

⌥z
�

⌥⇤

⌥z

⇥2⇤

⌥x
.

The constants g, �, ⇧, and ⇤ denote, respectively, the acceleration of gravity, the coefficient of

thermal expansion, the kinematic viscosity, and the thermal conductivity of the fluid. The problem

is most tractable (analytically) when both the upper- and the lower-boundaries are taken to be free,

in which case ⇤ and ⇥2⇤ vanish at both boundaries.

1that is T = T0 + �T (1 � z/H) + ⇥.
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1that is T = T0 + �T (1 � z/H) + ⇥.
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2 Approaches



Numerical: LBM

setwd("/Users/glohmann/Desktop/DynII_2013/Rayleigh-Benard_R")
source("rayleigh-benard.r")





















Momentum equation

Dynamics of the Ocean System 



Momentum equation

Dynamics of the Ocean System  

Geostrophic balance:     Pressure gradient               Coriolis force 



Scaling: Ocean circulation



Nansen's Qualitative Arguments 

Nansen argued that three forces must be important:
1) Wind Stress W 

2) Friction F (otherwise the iceberg would move as fast as the wind)
    Drag must be opposite the direction of the ice's velocity

3) Coriolis Force C.
   Coriolis force must be perpendicular to the velocity

The forces must balance for steady flow: W + F + C = 0 

Fridtjof Nansen noticed that wind 
tended to blow icebergs 20°–40° 
to the right of the wind in the Arctic. 


