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[T] vs. p from NCEP reanalysis. 10 winters DJF mean; 10 summers JJA mean  
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Troposphere: [T] decreases 

with height (increases with p). 

Stratosphere: [T] increases 
with height, or at least does 

not decrease. 

Tropopause: The separation 

between troposphere and 
stratosphere. It is much higher 

in the tropics (14 - 17 km) than 

in midlatitudes (8 - 10 km). 

Lowest T is found at high 

latitudes in winter, AND at 
the equatorial tropopause 

Note the strong 

meridional  gradient 
of  [T]  ( d[T]/dy)  

in mid-latitudes  
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[u] vs. p from NCEP reanalysis: DJF mean, JJA mean  
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Sub-tropical jets are present in 
both hemispheres. 

The vertical wind shear is 
maximum at those latitudes 
where d[T]/dy is most negative 
(thermal wind relationship) 

The jets shift poleward in 
summer, equatorward in winter 

Note the easterlies in the 
tropics. Since the surface wind 
acts as a stress on the surface, 
the distribution of  surface 
easterlies and westerlies is 
connected to the angular 
momentum budget of  the 
earth-atmosphere system. 
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[T] vs. Z from NCEP reanalysis. 10 winters DJF mean; 10 summers JJA mean  

Z = H log(ps/p) 

H = 10 km 
ps=1000 mb 

Z
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[!] vs. Z from NCEP reanalysis. 10 winters DJF mean; 10 summers JJA mean  
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1 nanometer = 1 nm = 1.0 x 10
-9

 meters

1 micrometer = 1 µm = 1.0 x 10
-6

 meters
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Figure 2.14 Hartmann

The Line “Radiative Forcing” below gives the Total Northward 

Transport J!  required by the top of atmosphere radiative balance 
F. (Taken from Hartmann)   
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Mean Meridional Overturning Circulations
Hadley and Ferrel Cells

Pressure Coordinate Point of View

June 24, 2011

1 Continuity Equation

The mass continuity equation in pressure coordinates is a diagnostic equation:

�∇ · �v +
∂ω

∂p
=

∂u

∂x
+

∂v

∂y
+

∂ω

∂p
= 0 (1)

in Cartesian coordinates. (u, v) are the components of the horizontal wind �v,
ω = dp

dt gives the Lagrangian rate of change of pressure of a parcel.

In spherical coordinates, this becomes:

1

a cos φ

∂u

∂λ
+

1

a cos φ

∂

∂φ
(v cos φ) +

∂ω

∂p
= 0 (2)

1
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where λ is longitude, φ is latitude, and a is the earth’s radius.

2 Defining the Streamfunction

Averaging over longitude (and remembering that [F ] is defined as longitudinal
average) we obtain:

1

a cos φ

∂

∂φ
([v] cos φ) +

∂[ω]

∂p
= 0 (3)

We can define the mass streamfunction Ψ as the total northward mass flux
above a given latitude and height, integrated also over all x, where dx = (a cos φ)dλ.
This gives:

Ψ = 2πa

� ∞

z
dz ρ[v] cos φ = 2πa

� p

0

dp

g
[v] cos φ (4)

Note that the units of the streamfunction are kg/sec.

From this we easily get:

[v] =

�
g

2πa cos φ

�
∂Ψ

∂p
(5)

2
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Using this in the continuity equation gives:

∂[ω]

∂p
= −

�
g

2πa2 cos φ

�
∂2Ψ

∂p ∂φ
(6)

from which:

[ω] = −
�

g

2πa cos φ

�
∂Ψ

∂φ
(7)

3 Calculating the Streamfunction

From the previous section we know how to calculate the streamfunction and
compute the associated zonal mean ω and v. This can be applied instantaneously.
What is more usual, however, is to compute the streamfunction from seasonally
averaged time mean fields, and then further average over all years.

3
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Atmospheric General Circulation and Climate

The Meridional Flux of Total Energy Flux

Four types of energy are important in the atmosphere:

 

Type Symbol Formula Amount 

(x 106J m-2)

% of total

Internal IE (SH) CvT 1800 70

Potential PE Gz  700 27

Latent LH Lq   70  2.7

Kinetic KE ! (u2+v2)     1.3   0.05
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