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Figure 1. This is NOT what happens.

THE CLIMATE & THE MODELLING THEREOF-Part 2

Some Details
In the first lecture we saw how a climate model is essentially a set of partial differential

equations which are far too complicated for us to find exact solutions. Solutions (necessarily
approximate) can be found by turning the continuous differential equations into discrete alge-
braic equations and using large computers for the billions of computations required. In this
section we’re going to first look at the large-scale atmospheric structure and then in a bit more
detail at some of the processes in the atmosphere which produce our weather and climate and
which therefore we’d like our models to mimic as closely as possible. Then we’ll discuss some
of the problems with models and some of the ways of trying to cope with these.

The General Circulation

The atmosphere is a heat-engine. The source of the energy is solar radiation which causes
warming of the earth’s surface and atmosphere but because the energy input is non-uniform
so is the temperature field. Broadly speaking, the tropics have an excess of heat at the surface
and the polar regions a deficit, so there is a temperature gradient with latitude. It is this
temperature difference which drives atmospheric motions and, therefore, weather and climate.

• The temperature of a gas or liquid affects its density and pressure.

• A consequence of the energy-input maximum in the tropics is that in the upper levels
of the troposphere there is, on average, a force due to pressure differences acting from
the tropics towards the poles (the surface pressure in the tropics is low but in the upper
troposphere the pressure is high relative to the pressure over the poles). One might
think this would lead to a single large circulation with an upper flow from tropics
to pole and a compensating return surface flow from pole to tropics. However, the
dynamics of motion on a rotating spherical body ensure that this doesnt happen.

North-South Flow

What actually happens is that the upper flow from the tropics returns to the surface in sub-
tropical latitudes (about 30 degrees) and, with the return surface flow, forms what is known as a
Hadley cell. There is another Hadley cell in the region and between the two Hadley cells is what
is known as a Ferrel cell(different from the Hadley cells because the surface flow is towards the
pole and the upper flow is equatorwards). This circulation occurs in both hemispheres and the
region about the equator where the return surface flows converge is known as the inter-tropical
convergence zone(ITCZ). It. The whole pattern, moves latitudinally as the region of maximum
solar heating (the thermal equator) moves with the seasons. .
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Figure 2. North-South flow: this is what happens. This illustration is for the
Austral summer when the thermal equator is south of the geographic equator.
Note: this is schematic only. For instance, the changes in tropopause height
actually occur more abruptly.

Now we continue with a consideration of

East-West Motions

Air moving towards the equator tends to curve towards the west, and air moving polewards
tends towards the east (Coriolis effect). The consequences of this are:

• In the lower troposphere, on average, we see easterly winds in the tropics (the trade
winds) and strong westerlies(the roaring forties) in mid-latitudes. These are separated
by a belt of light winds and high pressure, the subtropical ridge.

• Near the poles the equator-ward-moving winds in the lower levels are also deflected to
the west and form the polar easterlies. The boundary between the cold polar air of
the easterlies and the relatively warmer westerlies is known as the polar front.

• High in the atmosphere, just below the tropopause, at the boundaries between the
Hadley cells and the Ferrel cell, are the subtropical and polar jet-streams. These are
regions of strong westerly winds, typically a few hundreds of kilometres wide and about
five kilometres thick. Wind speeds vary; typical speeds are 90-100 km/h, although
speeds of several hundred km/h have been recorded. The polar jet is at a lower
altitude than the subtropical jet because the tropopause is lower.

Implications of General Circulation for Weather

• In the ITCZ winds are usually light, temperatures warm and showers from convective
clouds are common.

• The subtropics, under the descending branch of a Hadley cell, are dominated by high
pressure cells, generally dry with few clouds, warm to hot daytime temperatures, with
a central area of mostly light winds bordered equatorwards by the easterly trade winds
and polewards by the westerlies.

• The middle latitudes are dominated by the belt of westerlies. The fronts and low pres-
sure systems which develop within them are associated with cool to cold temperatures,
strong winds and precipitation in the form of rain or snow.

• The polar regions are cold and subject to snowstorms, especially during the long polar
night.
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• As the thermal equator moves with the seasons so do these ‘weather zones’. For ex-
ample, in summer the southwest of Western Australia lies within the subtropical ridge
and the weather is mostly warm and dry. In winter the ridge has moved northwards
and so have the westerlies which bring cold fronts and lows, so that the winter is cool
to cold and frequently wet.
• It is important to understand that when we speak of the general circulation we are

referring to average values, and that there is a lot of variation about this basic state.
At any particular time or point in space there may be significant differences from the
conditions to be expected from a consideration of the general circulation alone. For
example, the ITCZ is not a neat band of uniform width running strictly east-west. At
some longitudes it will be wider and/or more displaced towards one hemisphere than
it is at others.

Pressure and Geostrophic Winds

• A surface weather map, such as is published in newspapers, on TV or on weather
web-sites, shows a pattern of isobars, which are curves joining points on the earth’s
surface with the same atmospheric pressure.

• Away from the tropics these maps usually show systems of closed isobars, with the
pressure falling towards the centre (cyclones or lows) or increasing towards the centre
(anticyclones or highs).

• The pressure gradient acts at right angles to the isobars, so there’s a force on the air
in that direction. One might, therefore, expect the wind to blow directly across the
isobars, into a low and out of a high.

• In fact, the wind almost always is nearly parallel to the isobars. Why?

The answer lies in the fact that, given the spatial scale of the pressure systems and the magni-
tude of wind speeds, from the point of view of a chunk of air conditions are pretty steady; in
other words, its acceleration is very nearly zero. This means that the forces on it must be in
balance; i.e.. if U is the horizontal wind velocity and f = −2Ω sinφ is the Coriolis parameter
then

ρ
DU

Dt
= 0 = −1

ρ
∇p− 2Ω×U

Hence we find that the wind speed is

U =
1

ρf
| ∇p |

and the wind direction is along the isobars, with low pressure to the right in the Southern
Hemisphere. Therefore the circulation is clockwise round a cyclone and anti-clockwise round
an anticyclone in our hemisphere. The rotation is in the opposite sense in the Northern Hemi-
sphere. (This is because of the direction of the earth’s rotation, the geometry of the sphere and
the way cross-products work; can you see that?). Such a wind is called ’geostrophic’ (from the
Greek for ’earth-turning’).

Away from the tropics (where the horizontal Coriolis force is weak because sinφ ≈ 0) it is
observed that winds are usually very close to being geostrophic.
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Figure 3. Unaccelerated flow without friction: pressure gradient force (−∇p)
must balance Coriolis force, (magnitude ρfU). In the southern hemisphere this
force is to the left of the flow, so the wind must be along the isobars in the sense
shown.

Upper Atmosphere and Rossby Waves

Weather and climate depend on what happens throughout the troposphere, not just on the
surface. An important feature are wavy motions which occur in the belt of westerly winds high
in the troposphere in higher latitudes (so again we’re not talking about the tropics).

• Vorticity, ∇×U, is a measure of the local ’spin’ in a fluid. Like angular momentum
it is conserved unless there is some input or output mechanism at work.

• For the atmosphere there are two components to the vorticity; one is due to the motion
of the air relative to the earth (ζ) and the other due to the rotation of the earth(f).
So the vorticity(assuming horizontal motion only) is η = ζ + f and in normal cir-
cumstances this is conserved. We can see this by taking the curl of the momentum
equation for Ua, the velocity in a fixed frame of reference:

∇× ρDUa

Dt
= ρ

D∇×Ua

Dt
= ρ

D(ζ + f)

Dt
= ∇× (ρg −∇p) = 0

because
∇×∇(anything) = 0

.
• Now consider a belt of air flowing from west to east in geostrophic balance. Suppose

the flow is disturbed so that some of the air is displaced towards the equator. For that
the air the value of f has decreased; so in order to conserve η it will have to increase
ζ. That is, it will have to increase its spin and consequently it will move back to the
original latitude.
• Now it will overshoot and move too far poleward. Then f will increase so it will have to

decrease zeta and so again move back to the original latitude. As the process repeats
the result if a wavy motion rather than simple west to east flow.

• Another way of explaining what is happening is to think in terms of geostrophic bal-
ance. If the air moves equatorwards the Coriolis force becomes too small to balance
the pressure gradient so there’s a nett force polewards and the air accelerates. When
it overshoots the Coriolis force is then stronger that the pressure gradient force and so
the air is accelerated equatorwards again.
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• Which ever way one looks at it, it’s β = df
dy

, the rate of change with N-S distance

of the Coriolis parameter f , which provides the restoring force (like the elasticity of
a spring). The resulting motions are called Rossby waves (after a famous Norwegian
meteorologist)

• The phase speed of a Rossby wave of wavelength L is −βL2/4π2, so the speed increases
rapidly with wave-length and the waves move to the west relative to the air.

• however, the waves are in a strongly eastward moving stream so the speed relative to
the ground is U −βL2/4π2. On the ground we see them moving to the east with short
waves moving more rapidly
a. in winter
• These waves have a lot of influence on the intensity and movement of the lows and

cold fronts on the surface. It is these systems which bring winter storms and rain to
southern W. A. in winter. The upper and lower layers of the atmosphere are connected
by small but crucial upward and downward air movements.

• The number, intensity and latitudinal position of the Rossby waves has a major influ-
ence on weather and therefore ultimately climate, so although their length and time
scales are not large on a global scale they must be incorporated into weather and
climate prediction models.

Even Smaller but Important Processes

The climates of the earth are brought about because of the large-scale temperature and
pressure differences between the tropics and the poles, but the transfer of heat and momentum
is brought about by small scale features like Rossby waves, highs and lows; and these, in turn,
depend on yet smaller scale processes such as the churning convection which produces large
rainclouds.

Vertical Stability

The vertical stability of a fluid mass is a measure of the effects of small vertical movements
of chunks of fluid within the mass. If the fluid is stable then small disturbances are quickly
damped out and nothing much happens. If the fluid is unstable then small disturbances are
grow and the result is convection, overturning and mixing of the fluid and, in the atmosphere,
sometimes cloud formation. Vertical stability is determined by vertical temperature profiles,
and also by water content for air and salinity for oceans. In order to understand the role of
stability in weather systems we need to define a few terms, as follows:

• Lapse rate: the negative of the rate of temperature change with height(Γ = −dT
dz

).
This is usually positive in the troposphere (i.e. temperature decreases with height)
but is sometimes negative. A region with a negative lapse rate is called an inversion,
and commonly occurs in anticyclonic conditions at night and in the early morning.

• Adiabatic lapse rate: Imagine a chunk of unsaturated air being lifted through the
atmosphere; as the pressure falls so does the temperature according to the laws of
thermodynamics. The rate at which this happens with height is called the adiabatic
lapse rate (adiabatic means that no heat is added to or lost from the system so all the
changes are due to internal re-arrangements of energy). The rate is γ ≈ 9.8o C/km.
If the lifted air is colder and therefore denser than its surroundings it will sink back.
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This means that the air is stable because small disturbances causing vertical motions
will not grow; the disturbed air will just sink back to its original position. In other
words, if γ > −dT

dz
, so a rising small chunk of air will cool rapidly enough to be colder

than the surrounding air then small disturbances will be suppressed and the air is
stable.
If γ < −dT

dz
then the lifted air will be warmer and therefore lighter than its surround-

ings, so will be buoyant and will continue to rise without external lifting forces ; that
is, small disturbances will grow and the air is unstable.

• Moist adiabatic lapse rate: If the chunk of air is saturated latent heat will be released
as it rises and cools so that condensation occurs. This means that the temperature
decrease as the air rises will be smaller than in the dry case. The moist adiabatic lapse
rate then depends on the temperature and the water content; it is about 3deg C/km
at high temperatures and at low temperatures (and therefore low water content even
at saturation) it is about 9.78deg C/km, which is close to the dry rate. Typically it is
about 5degC/km.
Hence an air mass can be stable for dry lifting but not for moist. When the ambient
lapse rate lies between the dry and the moist rates then a chunk of rising air cooling
at the (dry) adiabatic lapse rate will be colder than the surrounding air so will sink
back but air rising at the moist adiabatic lapse rate will be warmer and buoyant.

• Conditional instability: this describes a situation where air lifted from the surface,
say, is initially dry and lifted through air stable for dry processes but then reaches a
level where the temperature equals its dew-point. Then condensation occurs and the
ambient air is unstable for moist air, so convection begins. Castellatus clouds are a
typical visual indication that this process is taking place.

• Temperature and water vapour content often vary over very significantly over quite
small distances and short times, and therefore so does the stability. This means con-
vective processes, vital though they are to larger scale atmospheric systems, are far
too small to be resolved by numerical weather and climate models. This is a major
problem.

Some of the Problems

Problem 1: Resolution

• Important processes on scale much smaller than grid size: e.g. cloud activity. Clouds
affect the radiation balance, cause precipitation (an important predicted variable) and
move water and energy through the atmosphere so are crucial in climate dynamics.

• So effects are parameterised; i.e. relations of small scale processes to large-scale vari-
ables are made from observations and used to estimate probable effects averaged over
a box.

• There are various parameterisation schemes and different ones can produce signifi-
cantly different predictions. A given scheme may produce different effects in different
models.
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• Lots of work has been done on these schemes but many think they are still the weakest
part of weather and climate models.

Problem 2. Boundaries

• The atmosphere is affected a lot by the state of the earth’s surface.

• The state of the earth’s surface is affected by the atmosphere.

• Early models assumed fixed conditions at the boundaries. More recent ones include
interactions; needs mathematical modelling of lots of complicated processes.

• Global models don’t require side boundaries but the resolution is coarse. Finer res-
olution is needed for forecasts useful for particular regions but then there must be
boundaries. One way to deal with this is to use ’nested’ models; i.e a large-scale model
is used to predict the values at the boundaries which are then used by a smaller-scale
model. Care ust be taken in making the models compatible so errors in the boundary
values don’t get amplified by the smaller model.

• The boundary layer at the surface of the earth (where friction due to the roughness
affects winds) is thin but important processes occur in it. The, like clouds, are usually
too small to be resolved and have to be parameterised.

Problem 3. Chaos It is very likely that the atmosphere is a chaotic system.

• A consequence of being chaotic is that tiny differences in initial conditions can lead to
large differences in later states.

• This means that even if we knew the starting state of the atmosphere to 100 decimal
places (which we don’t) and even if we could solve the equations exactly (which we
can’t) then we still couldn’t be sure of 100% accuracy in our predictions.

• Hence ensemble forecasting: a model will be run many times, with a slightly different
set of initial conditions each time, to produce a set (an ensemble) of predictions. The
variation gives an idea of the uncertainty in the model results.

Some of the Uses

In spite of the problems, climate models are generally considered A GOOD THING.

• They cannot tell us exactly what the weather will be in Perth on the 10th May 2067
but they can tell us what, within error bounds, what broad-scale climate features are
likely in half a century from now. Models which can reproduce past climates fairly
well give confidence that they will do the same for future climates.

• They can be used to test climate sensitivity to changes in particular variables(e.g.
CO2 concentration), with other boundary and initial conditions constant. This is
useful both to our general understandig of the atmosphere and as an indication of
what we probably should be worrying about and what we need not bother about.
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