
Ch14 Exercise Outline Answers

Students
14.1, 3, 5, 7 Verbal mechanistic descriptions are required, such as the following for 
Ex 14.1.  In midlatitudes as in low, the low heat capacity of land surfaces cf. sea surfaces 
maintains much larger diurnal surface temperature variations over land in middle and high 
latitudes.  For the same reason, the big seasonal forcing of middle and high latitudes 
drives much larger seasonal temperature variations over land than over the sea.  These 
increase rapidly with downwind fetch from W continental margins, whose seasonal 
climates differ least from the adjacent oceans, to the continental interiors, whose seasonal 
climates are much more extreme.  Differences between such maritime and continental 
climates are further enhanced by the progressive quenching of extratropical cyclones as 
they run E’ward over land. 
14.9  0 - 1 kyr: atmosphere/ocean/ice interactions; severe volcanic eruption and 
aftermath; large bolide impact and aftermath; disturbance by recent human industry.  0 - 
150 kyr; Croll-Milankovitch mechanisms and longer term atmosphere-ocean-ice 
interactions (in an ice age); longer term atmosphere-ocean interactions (in a warm epoch); 
epochs of severe volcanism.  0 - 500 Myr: continental migration (and very long term 
atmosphere-ocean ice interactions if a continent is near a pole), atmosphere-ocean 
interactions with evolving life.
14.11 Ice ages are periods in which there is permanent ice at or near sea level.  A glacial 
is a major cold period within an ice age.  An interglacial is a warmer period within an ice 
age.   A stadial is a cool interruption of an interglacial.  An interstadial is a warm 
interruption of a glacial. 
14.13 Covering land or sea with ice or snow drastically reduces the absorption of solar 
radiation, but barely alters the emission or absorption of terrestrial radiation.  Radiative 
loss during the long polar night is maintained regardless of glaciation, though sea ice 
enhances ice surface cooling by thermally insulating it from the heat reservoir in the 
underlying water.  By contrast, warming during the long summer day is drastically 
reduced by glaciation, which raises surface albedos from about 5% (for ice-free oceans) or 
about 20% (for ice-free land) to over 80% for ice surfaces.
14.15 Fairly simple analysis shows that when the Earth’s surface is ice-covered down to 
low enough latitudes, the input of solar energy becomes so small that it can no longer 
match TR output, and positive feedback will drive further cooling until the Earth is 
completely ice covered.  Unless the radiative balance changes in some other way, the 
Earth will then remain ice covered for ever.  By this argument, the Earth can never have 
been a snowball, since it is obviously not one now.  The argument failed once it was 
realised that the atmosphere of snowball Earth would be so cold, dry and cloud-free that 
it could not scavange atmospheric CO2 to the surface in rain and snow nearly as 
effectively as the present warm, cloudy atmosphere.  Continuing normal volcanic injection 
of CO2 would therefore build a very strong greenhouse effect on quite short geological 
time scales, eventually triggering fast global warming and deglaciation by positive 
feedback.
14.17 The huge range of time and space scales of interacting activity in the different 
parts of the climate system requires that different parts be modelled in different ways, 
which are then “stitched together” semi-empirically.  For example in weather forecasting 
models, the computer simulates the larger scales quite faithfully, but treats small fast 
turbulent activity by empirical frictional and heat and water vapour transport terms.  It 
also takes the states of land and sea as a given, instead of allowing them to be very 
slowly affected by the weather, initiating slow feedback.  A single comprehensive model 
would have to cover the range of structures from the smallest eddy (~ 1 cm) to 
tropospheric long waves (~ 107 m), and time scales from seconds to millions of years.  
Similar problems arise in the thermal responses of the atmosphere and oceans to sudden 
heating or cooling.  Because of its small heat capacity, the atmosphere and the top metre 
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or so of the oceans has a lag of a few days.  But progressively longer term heating or 
cooling taps progressively into the huge thermal inertia of the ocean deeps, so that we are 
driven toward a hierarchy of models to cover a wide range of response times (Ex 14.23). 
14.19 Earth’s surface area is 4 π R2 ≈ 4 x π x (6,350)2 ≈ 507 million km2.  Since 4.15% of 
this lies inside the Antarctic circle (Table 14.1), the area of the Antarctic ice cap is 0.66 x 
0.0415 x 507 ≈ 13.9 million km2, and the volume of the ice cap is 27.8 million km3.  Reducing 
this to allow for shrinkage on melting, the volume of meltwater is 25.6 million km3, which 
when spread over the world ocean (70% of the Earth’s surface ≈ 355 km2) gives a rise in 
sea level of 25.6/355 ≈ 0.072 km or 72 m.
14.21 Orbital seasonality arises from the varying strength of solar input ot Earth on its 
elliptical orbit round the sun - from maximum at perihelion to minimum at aphelion.  The 
seasonality is simultaneous and proportionately uniform across the globe, regardless of 
hemisphere.  Tilt seasonality arises as a particular hemisphere tilts towards and away from 
the sun, as the direction of Earth’s spin axis remains constant while Earth orbits the sun.  
The seasonality is exactly out of phase in the two hemispheres, and proportionately much 
larger in high latitudes than in low because of the geometry of solar illimination of the 
tilted, spinning, spherical Earth.   Currently orbital midsummer occurs close to tilt 
midsummer in the S hemisphere (and therefore tilt midwinter in the N).

Because Earth’s spin axis is precessiing round Earth’s orbital axis (like a tilted 
spinning top round the vertical through its base) the relative timings of spin and orbital 
seasons are continually shifting, completing a cycle in about 21,000 years.  For practical 
reasons the precession is observed by the precession of the spring and vernal equinoxes 
(locating tilt seasons) round Earth’s elliptical orbit (locating orbital seasons).  In fact the 
period of this precession compounds the precession of spin axis with an opposing slower 
precession of orbital ellipticity.  The moving in and out of phase of the tilt and orbital 
seasons for the N hemisphere in particular has a large effect in the current ice age, 
through the large variation in ice caps forming on surrounding land masses.

The small variations in the angle of Earth’s spin relative to the plane of its orbit 
round the sun have a surprisingly large effect on the area enclosed by the Arctic and 
Antarctic circles, and on polar climates, with consiequences spreading into high 
midlatitudes.
14.23 Expressed as usual for an atmospheric column resting on a horizontal square 
metre, the atmospheric heat capacity is HC = mass x Cp = (∆p/g) Cp = (1,013 x 100/9.8) x 
1,004 ≈ 10.4 MJ K-1.  With a radiative forcing of RF, the initial rate of warming dT/dt = 
RF/HC = 2/(10.4 x 106) = 1.92 x 10-7 K s-1 or 6.05 °C per year.   Including the top 100 m of 
the oceans adds 100 x 1,000 x 4,200  = 420 MJ K-1 to the heat capacity being warmed, 
making a total of 430.4 MJ K-1, so that the initial rate of warming is reduced by a factor of 
430.4/10.4 ≈ 41.4, i.e. to just under 0.15 °C per year.

If the step change in RF was actually spread over 10 years, the initial response 
would be purely atmospheric and quite fast (about 0.6 °C per year in the first year or 
two) and then would slow progressively as greater and greater depths of ocean became 
involved, perhaps being reduced 100-fold (rather than about 40 as above) by the end of 
the 10 years, supposing 250 m depth of water might be involved by then.
 

McIlveen: Fundamentals of Weather and Climate 2e


