
Lecture 10: Abrupt climate change

We noted in the last lecture how the melting of the

Greenland Ice Cap provided one example of an

irreversible climate change. In this final lecture we look

at another, more famous, example: the possibility of an

irreversible shut-down of the thermohaline circulation.

The density of sea-water depends on both temperature,

T , and salinity, S. In tropical regions, T dominates, but

at high latitudes, salinity effects are much more

important. Temperature alone would force a

Hadley-cell-like overturning, with rising at the equator

and sinking at the poles, but there is also a net flux of

fresh water in the atmosphere from the equator to the

poles (E − P is larger at low latitudes), which means a

net flux of salinity from the poles to the equator.
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Stommel’s two-box model of the THC

Suppose the ocean consists of two boxes, an equatorial

box and a polar box, with temperature and salinity

T1, S1 and T2, S2 respectively, e is pole-to-equator

salinity flux in the atmosphere and q represents the rate

of overturning between the two boxes, increasing q

meaning more sinking at the poles ([?, ?, ?]). By

conservation of salinity, assuming the two boxes have

equal volume,

dS1

dt
= e + |q|(S2 − S1)

dS2

dt
= −e + |q|(S1 − S2)

Linearizing the equation of state

ρ = ρ0(1 − αT + βS)

and assuming a buoyancy-driven overturning gives

q = c(ρ2 − ρ1) = c(−α(T2 − T1) + β(S2 − S1))
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Steady-state solutions to the two-box model:

Because we are only dealing with temperature and

salinity differences, we can specify and arbitrary origin,

and set T = T1 = −T2 and S = S1 = −S2. The

conservation equations, for steady solutions, reduce to

0 = e − 2|q|S

while the equation for q becomes

q = 2c(αT − βS)

which can be combined to give

q

q0
= 1 − δ

2|q|,

where q0 = 2cαT is the overturning the absence of

salinity forcing and

δ =
βe

αT

is a measure of the relative importance of salinity

forcing.
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For some values of T , or q0, this model supports

multiple solutions. Large positive q corresponds to

present-day conditions, with a vigorous circulation

sinking at the poles, while small negative q corresponds

to a reversed, salinity driven, circulation, sinking at the

equator. There is some evidence in the geological

record that such thermohaline reversals have occurred

in the past, and may be responsible for the rapid

climate fluctuations which occurred as the earth moved

out of the last ice-age.

If we increase fresh-water input in high latitudes, δ

increases (“haline braking”) while q0 remains

unchanged. If we sketch the thermally-driven LHS q/q0

and the haline-driven RHS − δ
2|q| as a function of q, the

solution is given by the intercepts. Increasing δ moves

the curves representing the RHS downwards, until

eventually the upper “present day” solution disappears,

and q collapses rapidly to the weak reversed circulation.

In this simple model, even if δ is reduced again, the
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overturning does not recover (an example of hysteresis).

In more realistic models, things are much less clear-cut.

There is a general tendency for the THC to weaken

with increasing high-latitude precipitation, which may

moderate the greenhouse warming over Europe, but

very dramatic sudden shut-downs are not observed in

the current generation of models.
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External forcing of long-term climate changes:

Milankovitch cycles and ice-ages

The amount and distribution of solar energy incident on

the earth’s surface varies due to

• Precession of the equinoxes (where the north pole

points at apehelion) – 19 & 23 kyr.

• Obliquity (variation in tilt of earth’s axis) – 41 kyr.

• Eccentricity (orbit aspect ratio) – 100 kyr.

Which of these affect total incident solar radiation

(insolation)? Why might Northern Hemisphere

insolation matter more than Southern Hemisphere

insolation? Most of the power in Northern Hemisphere

insolation is at 19–41 kyr periods, but over the past 700

kyr, most of the response has been at 100 kyr periods.

Explanations involve feedbacks between ice-sheet

albedo, temperature and greenhouse gases, which may

have had even more dramatic impacts in the very

distant past.
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Snowball earth:

There is evidence that, between 550 and 750 million

years ago, the earth was frozen over completely for

periods of up to 10 million years. The story:

• Continents re-arrange to allow more rain to fall on

land, scrubbing the atmosphere of CO2.

• Single-celled animals fail to maintain atmospheric

CO2 levels, so temperatures drop and polar ice-caps

advance.

• Advancing ice-caps increase the planetary albedo,

reducing temperatures further.

• When ice-caps reach ∼30N/S, the system is no

longer stable, and the tropics freeze over altogether

(very similar argument to the Stommel’s model of

the collapse of the THC).

• Photosynthesis stops, so CO2 levels rise through

volcanic activity.
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• Eventually, the greenhouse effect becomes so strong

that it melts the equatorial ice despite the high

albedo, giving a rapid temperature rise to ∼50◦C

within a few hundred years.

• The process starts again, until the chaos following

one of these rapid warming events triggers the

formation of the first multi-cellular animals.

So, as well as being a cause of concern for our future

over the next century or two, abrupt climate change

may have played a role in our being here in the first

place.
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