
THE CLIMATE & THE MODELLING THEREOF

The Bits of the (Complicated)System

The Atmosphere

• It is a thin layer of gas (about 100km thick-mean radius of earth is 6,371km) covering
a rotating spheroid.

• Although thin it has various layers; troposphere, stratosphere, etc.

• It is a mixture of gases(70%N, 21%O2 plus others) and stuff-solid and liquid water,
dust, volcanic ash,aerosols.

• The amount of stuff varies in space and time, and affects the state of the atmosphere.

• The state is also affected by the earth’s surface, which is very variable.

• It is run by an external energy source (the sun) and the input depends on season and
location. The geometry of the earth’s orbit and the earth’s orientation to the orbit
affect the energy input.

Radiation Balance

• Electromagnetic radiation from the sun is mostly short-wave (ultra-violet, visible and
near infra-red).

• Incoming radiation when absorbed transformed to thermal energy; warm(T > 0oK)
objects at terrestrial temperatures emit long-wave(infra-red) radiation.

• At balance energy in =energy out; so we can estimate the mean temperature of the
earth’s surface, using Stefan’s Law:

F = σT 4

where F is the energy emitted by a black body, σ is the Stefan-Boltzmann constant
and T is the absolute temperature of the emitting body.

• So if the atmosphere were transparent to all outgoing radiation then putting E equal
to the observed global mean gives T ≈ 258oK ≈ −15oC.

• This result, fortunately, does not agree with observations. The mean surface temper-
ature is in fact ≈ 15oC. Why the discrepancy? The atmosphere is not transparent to
all outgoing radiation. The so-called ’greenhouse gases’ (water vapour, carbon dioxide
and methane are chief among these) absorb some infra-red radiation and the result of
that is a warming. Clouds, aerosols, dust etc can also have an effect, either heating or
cooling depending on nature and height in atmosphere.

• It’s a good thing for life on earth that this greenhouse effect exists but it is yet another
complication for the atmospheric modeller.
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Making it Manageable

The trick is to simplify by picking out those features and processes most likely to be im-
portant for the particular problem and, of course, to describe them mathematically. The
conciseness of mathematical language means we can deal with complexities which would just
cause bad headaches if we tried to think about them in English or any other natural language.
So, what do we have? A fluid moving about and we would like to predict its movement; New-
ton”s law of motion springs to mind! So suppose we have a unit volume of air of density ρ
moving with velocity V. What will be the forces acting on it? If we ignore viscosity and
friction then the forces would be gravity and differences in pressure; i.e. the pressure gradient.
So Newton says, if t is time and p is pressure,

ρ
DV

Dt
= ρg −∇p

Looks simple enough? Well, not really, because, for instance

• The variables ρ, V and p are functions of both t and r, the position in space of our
chunk of air and r is also a function of t.

• The equations are incomplete because we need to predict how p changes and that will
mean bringing temperature into it.

• The equation can’t be correct anyway because Newton’s Law applies to a fixed refer-
ence frame, but the earth is rotating.

We can fix the rotation problem by adding a vector representing the rotation to V and then
moving the correction term to the the R.H.S. so as to preserve the form of Newton’s Law. The
result of this is that we get both a correction to g and also the Coriolis ’force’, −2ρΩ × V,
where Ω is the angular velocity of the earth.
Now let us break the vector equation into scalar components, and let’s use Cartesian co-

ordinates (which implies flatness, so we’d be applying the equation only to a small region).
Then the equation for u the x− component (the E-W wind) would be

Du

Dt
=
∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −1

ρ

∂p

∂x
+ 2Ω sinφ

Here v and w are the N-S and vertical wind components respectively and φ is the latitude (

so 0 at the equator and π/2 at the poles) and we have used the Chain Rule for functions of
several variables. Each of the other two wind components has a similar equation.

Building a Weather or Climate Prediction Model

• Take the momentum equations for the three wind components (but not necessarily
using Cartesian co-ordinates).

• Complete set by adding equations for

• Conservation of mass
Dρ

Dt
+ ρ∇ ·V = 0
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• Conservation of energy

• Water vapour balance

• Equation of state (temperature-pressure relationship)

Solving the Equations

What is the solution of these equations? This question is definitely in the length-of-a-piece-
of-string category. So, what to do?

• Divide space into finite number of boxes. Approximate derivatives at the centre of a
box by finite differences at box edges (grid-points) . For example,

∂u

∂x
≈ u2 − u1
x2 − x1

∂u

∂t
≈ u(t2)− u(t1)

t2 − t1
There are fancier ways of doing the approximation but the basic idea is the same.

• If we know the starting values, u2(t1), u2(t1).... then we can work out the values at
time t2, use those values to find the values at tie t3 and so on. So the differential
equations are turned into algebraic equations; MUCH easier to solve. Price paid is
loss of accuracy.

• Number of equations depends on number of boxes. Even regional models need a very
large number of boxes; global models need a really, really large number. Hence the
need for large, fast computers.

• If we want to apply the equations to a large section of the earth’s surface Cartesian
co-ordinates won’t do. We need spherical polar co-ordinates, r (radius), λ (longitude)
and φ (latitude). This increases the complexity of the equations. For instance,

∇p = ix
∂p

∂x
+ iy

∂p

∂y
+ iz

∂p

∂z
= ir

∂p

∂r
+

iλ
r cosφ

∂p

∂λ
+

iφ
r

∂p

∂φ
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