Lecture 4

Lecture 1

Atmospheric General Circulation

By convention, a westerly wind blows
from west to east, and an easterly wind
blows from east to west.

eastward
westerly
easterly
westward

In the ocean, the convention is
different! A westward current flows
towards the west, and an eastward
current flows towards the east.
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4.1 Meridional circulation according to Hadley

The atmosphere (and ocean) must
move about 6 PW of heat polewards
because there is an excess of incoming
over outgoing radiation in the tropics,
and a deficit at high latitudes.

Trenberth and Caron (2001)

Meridional heat transport on a non-rotating planet…
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Hadley realized that during this process air
must conserve its angular momentum
(mvr = mΩr2).
As rings of air move poleward aloft
they get closer to the rotation axis.
⇒ air must spin faster
⇒ westerly winds.
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Rings of air moving equatorward at the
surface expand and generate easterly winds.

Alternatively, think about what happens
as ascending air in the Tropics starts to
flow polewards aloft….
The Coriolis force deflects it (to the right in
the northern hemisphere and to left in the
southern hemisphere)…

Eventually the Coriolis force acting
on the zonal jet created this way
exactly balances the pressure
gradient force associated with the
pole to equator temperature
difference.
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4.2 Observed large-scale atmospheric circulation
subtropical jet
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Ferrel cell

Ferrel cell

Thermally direct cells - air subject to heating rises, while air subject to
cooling sinks (e.g. the convective circulation postulated by Hadley).
Thermally indirect cells - circulate in the other direction, with warmer air
sinking and colder air rising (e.g Ferrel cells).
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Height (km)

The Hadley Cell functions as Hadley suggested…

…except that it extends only 30 degrees from the equator, rather than
all the way to the pole! How, then, is heat transported polewards in
mid-latitudes?!

Note that the atmosphere does not look like this zonally-averaged picture
at any given time. In reality the atmospheric structure is 3-dimensional and
variable in time:

DJF climatology

Instantaneous snapshot (February)
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4.3 Mid-latitude weather systems

The strong zonal flow in mid-latitudes becomes unstable when it reaches a
critical speed (i.e. when there is a critical meridional temperature gradient)
The subtropical jet develops waves which grow into meanders and then
often form closed eddies, especially at the surface. This process is called
baroclinic instability.

Surface pressure field at midnight on Saturday 6 Feb 2010.
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Development of waves due to instability of the zonal jet

Waves and eddies move warm air poleward and cold
air equatorward, giving a net flux of heat poleward.
Heat is transported laterally, rather than through
an overturning circulation.

Eddies also transport zonal momentum
polewards because of their shape…

L

In the southern half of this low pressure
system, westerly momentum (+u) is
moved northwards and easterly
momentum (-u) is moved southward.
By trailing their tails down into the Tropics
like this, eddies therefore move westerly
momentum northwards.
⇒ Surface westerlies at mid-latitudes.
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• Differential heating creates an equator-to-pole temperature gradient.
• Because the planet is rotating, the resulting meridional Hadley Cell
gives rise to a strong upper-level zonal jet at mid-latitudes.
• The zonal-mean flow here cannot transport heat polewards, resulting
in large temperature gradients and strong vertical wind shear.
• This situation is unstable to small perturbations and eddies develop
spontaneously, a process called baroclinic instability.
• The resulting weather systems transport heat (and momentum)
polewards, as required to maintain a steady state.
Net radiative gain

Net radiative loss

Heat transport
by eddies

Heat transport by
Hadley circulation

tropics

subtropics

high latitudes

In some places and at some times, there
are two jet streams, e.g. subtropical jet and
eddy-driven jet in the North Atlantic.
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4.4 Regional climate features
Near equatorial regions
- convergence of trade winds

Ferrel
cell

- frequent intense rainfall
- tropical rainforest!

Ferrel
cell
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4.4 Regional climate features
Near equatorial regions
- convergence of trade winds

Ferrel
cell

- frequent intense rainfall
- tropical rainforest!
Subtropics (20o - 30o)
- descending branch of Hadley
circulation
- hot and dry
- desert belt!

Ferrel
cell

Mid-latitudes (> 30o)
- predominantly westerly, but eddies dominate the meteorology
- calm and fine in anticyclones, frequently wet and stormy in cyclones

Many features of atmospheric general circulation and major climate
zones can be explained by the properties of the atmosphere on a zonallyuniform rotating planet subject to zonally-uniform differential heating.
However, we also need to consider:
• Zonal asymmetry - land-sea contrast.
• Seasonal variations
Wind, sea-level
pressure, and
temperature
difference from
the zonal mean
in January
(atmospheric
model).

Seager et al. (2000)
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Storm tracks - belts of strongest
eddy activity at mid-latitudes.

Storm tracks during one DJF
season, and average storms
per month over the last 45
years (ERA40 reanalysis).

4.5 An atmospheric analogue - the rotating annulus
Consider an annular tank which is heated at its perimeter and cooled at its
centre. What would the circulation look like if the tank was not rotating?

And if it were rotating?
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1. Radial inflow and outflow is deflected to the right by the Coriolis force to
give a current around the tank..
2. Thermal wind balance requires that the flow becomes more cyclonic
with height.
3. Friction at the tank base brings the flow to zero there, giving a surface
intensified cyclonic current.

4. This gets stronger and stronger until it becomes baroclinically
unstable. It then develops waves which grow into eddies, the
analogue of atmospheric high and low pressure systems!

Roland Young, AOPP, Oxford.
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Annulus rotation speed
increases from (a) to (f)

Number of eddies
increases, and flow
finally becomes
irregular.

Hide and Mason (1975)
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