
Surface winds

An air parcel initially at rest will move from high pressure 
to low pressure (pressure gradient force)

Geostrophic wind blows parallel to the isobars because the 
Coriolis force and pressure gradient force are in 
balance. 



Close to geostrophy, but

The surface of the Earth exerts a 
frictional drag on the air blowing 
just above it. This friction can act 
to change the wind's direction and 
slow it down -- keeping it from 
blowing as fast as the wind aloft. 



Effect of friction

In the friction layer, the turbulent friction slows the wind down

This slowing causes the wind to be not geostrophic
This reduces the Coriolis force

pressure gradient force becomes more dominant



General global circulation
The atmosphere is 
rotating in the same 
direction as the Earth:

westerly winds move 
faster and easterly 
winds move slower 
than the Earth's 
surface. 



Tropospheric Circulation

Intertropical Convergence Zone (ITCZ) and the Hadley cell

George Hadley [1685-1768], a British meteorologist, fromulated trade wind theory

50% of the Earth's surface 30�N - 30�S:  Hadley cells directly affect half the 
globe



Why doesn't the Earth's circulation 
have a single cell? 



circulation



H and L



H and L

The pressure patterns are not stationary. 

They change daily and seasonally. 



Climatology



Climatology



The sub-tropical anticyclones
The subsiding high level air of the Hadley cell: persistent sub-tropical 
high pressure belt, or ridge, encircling the globe between 30�S -
50�S. Within the belt there are three semi-permanent year-round high 
pressure centres in the Indian, Pacific and South Atlantic Oceans. 



In winter the high pressure belt moves northward. 

The sub-tropical anticyclones



Rossby waves and the westerly 
wind belt

The jet stream is closely linked to the position of Rossby waves. 



Vorticity - the tendency to spin about an axis 

Rossby waves

On the spinnng Earth there is vorticity from the Earth�s spin (planetary vorticity) 
and local vorticity due to cyclonic/anticyclonic behaviour (relative vorticity) 
The absolute vorticity is conserved: zeta + f = constant    (f = 2 \omega sin \phi)

Oscillations: Rossby waves 

Topographic Rossby waves: 
standing wave fixed to a 
permanent forcing location 



Rossby waves and the westerly 
wind belt

large-scale meanders of the mid-latitude jet stream. 
Here Southern Hemisphere 

Extend: 30�
of latitude 

Zeta + f = const.



Atmosphere: Large-scale meanders



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. 



Fridtjof Wedel-Jarlsberg Nansen (10 

October 1861 – 13 May 1930) was a 

Norwegian explorer, scientist, diplomat, 

humanitarian and Nobel laureate. 

In his youth a champion skier and ice skater, 

he led the first crossing of the Greenland 
interior in 1888, and won international fame 

after reaching a record northern latitude of 

86�13' during his North Pole expedition of 

1893–96. 

In the final decade of his life Nansen devoted 

himself primarily to the League of Nations,

following his appointment in 1921 as the 
League's High Commissioner for Refugees. In 

1922 he was awarded the Nobel Peace Prize 
for his work on behalf of the displaced victims 

of the First World War and related conflicts. 

http://en.wikipedia.org/wiki/List_of_Nobel_laureates
http://en.wikipedia.org/wiki/List_of_Nobel_laureates
http://en.wikipedia.org/wiki/Nansen's_Fram_expedition
http://en.wikipedia.org/wiki/League_of_Nations
http://en.wikipedia.org/wiki/League_of_Nations
http://en.wikipedia.org/wiki/Nobel_Peace_Prize
http://en.wikipedia.org/wiki/First_World_War


Blue: Dotted line is the ship Jason's journey from Iceland 
to near Sermilik fjord continuous blue: two small boats 
trying to reach the coast.

Red: Planned journey from Sermilik northwest to 
Christianhaab (today known as Qasigiannguit).

Green: Nansen's actual journey across Greenland from 
Umivik fjord to Gothaab (Nuuk).

Fridtjof Nansen's 1888 route across Greenland

http://en.wikipedia.org/wiki/Sermiligaaq
http://en.wikipedia.org/wiki/Qasigiannguit
http://en.wikipedia.org/wiki/Nuuk
http://en.wikipedia.org/wiki/Fridtjof_Nansen
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Ekman
• the vertical flow from the surface Ekman 

layer into the geostrophic interior is 



Sverdrup Balance

Geostrophic balance



… relates the integral meridional flow throughout the vertical 
extent of the treated layer to the local windstress curl. 

Sverdrup 
Balance



Sverdrup Stream function 

Sverdrup Balance



Being that the curl is negative throughout the subtropics, it follows that the 
meridional flux must be everywhere equatorward. But such a situation, if 
sustained, will progressively empty the midlatitude oceans, while piling-up 
more and more water along the Equator; a clear physical impossibility! 
There must be somewhere a return poleward flow that `drains' the 
Equatorial region while replenishing the midlatitude missing volume. 
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N=1, k=1 Rossby wave



Rossby waves: Ocean

Existence in the oceans (Carl-Gustav 
Rossby, 1930s) has been only indirectly 
confirmed before the advent of satellite 
oceanography. 

Why is it so difficult to observe them? 

It is the big difference in the horizontal 
and vertical scale of these waves which 
makes them so difficult to observe. 

Schematic view "first-mode 
baroclinic" Rossby wave

speed varies with latitude and increases equatorward, order of 
just a few cm/s

http://stommel.tamu.edu/~baum/paleo/paleogloss/node38.html


Shallow Water Model
Case b=0

This is a formulation that we will encounter in layered models !



Shallow Water Model
Case b=0











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 .







Deglaciation



Atmospheric Gas Concentrations from Ice Cores

Time  (Thousands of Years Before Present)

400

EPICA 2008



Eccentricity



Orbital focing

• ~20.000, ~40.000, ~100.000 years
• 0.5, 1 year

• Geometry of the Sun-Earth configuration
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Dissipative Systems (as atmosphere & ocean) cannot 
maintain large gradients on long time scales

Ice agess
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Spatio-Temporal Scales

Assumption: Spatial || temporal Scales



Insolation (6k minus present)



Statistics

Covariance (cross, auto)

g(D) = E (( x (t) - x ) ( y (t + D) – y ))
e.g. coral e.g. meteorol. data

Correlation (cross, auto)

rxy =                
measures the tendency of x (t) and y (t) to covary, between -1 and 1

g(D)
normalized

Spectrum (cross, auto)
(spectral density)

G(w) =S   g (D) e-2piD

D=-

measures variance

8

8

covariance is a measure of how much two random variables change together
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A longitude is blocked if:

for at least one Δ

RELATIVE HIGH 
BLOCKING FREQUENCY:
EURO – ATLANTIC AND 

PACIFIC SECTORS

Z500 (NCEP\NCAR)-1948-2005 (57 winters)
TM index (Tibaldi and Molteni,1990)

Z500 (NCEP): 1948-2005 (57 winters)
TM index (Tibaldi and Molteni,1990)

Atmospheric Blocking

Euro-Atlantic  

sectors 

Pacific 



WATER VAPOR TRANSPORT

ENHANCED MOISTURE TRANSPORT
TOWARD GREENLAND DURING HIGH
BLOCKING ACTIVITY IN 20ºW - 20ºE

SECTOR



http://climexp.knmi.nl
1) Monthly climate indices (temp, precip, ...)

Calculate different regions on the world 
(home town, Bremerhaven 53� N, 8� E)

2) Correlation with temperature, precipiation, SLP

3) Explain the teleconnections for different seasons 

---

4) Modes of climate variability (global temperature)




