
Chapter 9  Outline Answers

Student
9.1 Heat not converted (temporarily) into mechanical energy is carried through the 
engine and exhausted from its heat sink, by terrestrial radiation to space, in the case of 
the atmospheric engine.  Heat converted into mechanical energy often exchanges 
repeatedly between kinetic and potential energy before being degraded to heat by 
friction and exhausted with the throughput.  In the atmospheric engine some potential 
energy bypasses this process by being exhausted directly to space when terrestrial 
radiative cooling deflates warm air columns (Box 9.6)  
9.3 Joule was hoping to measure the increase of water temperature at the bottom of the 
waterfall, where the KE of falling water parcels degrades to molecular kinetic energy as 
they impact rocks and relatively still water.  However these small temperature changes 
are easily masked by changes in air temperature (with height and/or with time) and 
evaporative cooling of falling water, which is sensitive to the relative humidity of the 
ambient air.    
9.5 As mentioned in the text, Joule’s experiment models the atmosphere in its frictional 
degradation of mechanical energy to heat.  Missing ingredients are a heat source at which 
some heat input is converted into mechanical energy, and a heat sink at which heat is 
exhausted from the system.  A heat engine can run continuously between heat source 
and sink, converting some of the big throughput of heat temporarily into mechanical 
energy, and this heat throughput is the most important missing ingredient, comparing 
Joule’s system with the atmosphere or any other heat engine.   
9.7 Internal energy is the energy of a material body on account of its molecular activity 
(molecular translation, rotation and vibration); kinetic energy (in meterological terms) is 
the energy of a parcel of air (or water) on account of its parcel motion; likewise potential 
energy is the energy of an air parcel on account of its position in the Earth’s gravitational 
field; the mechanical energy of an air parcel is the sum of its kinetic and potential energies; 
the total potential energy of an air column is the sum of its internal and potential energies; 
available potential energy is the part of the total potential energy which is available for 
conversion to kinetic energy by some feasible rearrangement of air (e.g. in convection or 
slope convection).  
9.9 The ratio of slab mass (per unit area) to total column mass is 10/10,010 ≈ 0.001 
which is so small that according to Table 9.3 the slab PE increase, as a proportion of the 
increase in total column PE, is 0.0005.  This means that only about 9 J m-2 of the total is 
used to increase the slab PE, leaving 17,151 J m-2 to lift the overlying 10,000 kg.  Using 
∆PE = m g ∆h, the lifting ∆h = ∆PE/(m g) = 17,151/(10,000 x 9.8) ≈ 0.18 m.

The slab warming will lead to convective instability in and above the heated slab, 
unless there is a strong residual nocturnal inversion just above it (though even that could 
delay the convection by only another ten minutes or so).  Convection then carries surface 
heat into a deeper and deeper layer of air.  Though the inflation of the heated layer is 
immeasurably small and plays no role in itself, its very smallness is associated with the 
layer’s strong warming and its important consequences.
Additional Note Table 9.3 is comprehensive but opaque.  For layers much shallower 
than the exponential scale height it may be simpler and physically clearer to go back to 
first principles. The thickness h of a “shallow” slab of mass m per unit area is given by a 
form of the equation of state for the warming slab (Eqn 4.1), pc = (m/h) R T,  where h is 
numerically equal to slab volume per unit area, and pc is the pressure at height h/2 (the 
centre of gravity of the slab).  In the form h = m R T/pc, a little increase dh in thickness at 
constant pc and m is given by dh = m R dT/pc, where dT is the rise in slab temperature.  
The work done in raising the centre of gravity of the inflating slab by dh/2 is  m g dh/2 = 
m g (m R dT)/(2 pc).  Since by Eqn 9.16  m R dT is the increase in the PE of the whole 
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column arising from the slab inflation, the proportion used to inflate the warming slab is  
m g/(2 pc) ≈ m/(2 M)   In the present case m/(2 M) = 10/(2 x 10,000) = 0.0005 as 
extrapolated from Table 9.3
9.11 Water density is 1,000 kg m-3 or 1 kg per litre.   Heat required to bring 1 kg of 
water to boiling is m SHC ∆T = 1 x 4,200 x (100 - 20) = 336 kJ.  Heat comes from work (W) 
done by gravity on the lowering weight = M g ∆h, so that ∆h = W/(M g) = 336 x 103/(10 
x 9.81) ≈ 3.43 km!  “Minimum”, because more heat input is needed if some is wasted 
during heating (by warming walls and paddles, leakage through walls and top, and 
evaporation from apparatus).  “At least”, because of this and because of wastage in 
converting gravitational PE to paddle KE (by pulley friction, paddle axle friction and rope 
stiffness).  “Sea level”, because water boils when its saturation vapour pressure exceeds 
local air pressure (allowing vapour bubbles to expand spontaneously).  Boiling point 
temperature therefore falls with decreasing atmospheric pressure, i.e. with increasing 
height.  
9.13 In low latitudes Tsource = 25 °C (298.2 K), Tsink = - 60 °C (213.2 K), so that mechanical 
efficiency = (Tsource  -  Tsink)/Tsource = [25 - (- 60)]/298.2 = 85/298.2 ≈ 0.285.  In the same 
way the maximum mechanical efficiency in midlatitudes is 55/288.2 = 0.191, which is about 
33% lower because the fall in (Tsource  -  Tsink) between low and middle latitudes far 
outweighs the fall in Tsource.  
9.15 In the current deep ocean engine Tsource = 25 °C (298.2 K), Tsink = 0°C (273.2 K), so 
that maximum mechanical efficiency = 25/298.2 = 0.084.  One hundred million years ago, 
its maximum efficiency was 18/291.2 = 0.062.  All other factors being the same as now (a 
sweeping assumption), the older deep ocean currents would have been weaker, carrying 
less heat and playing a smaller role in global heat transport.
9.17 The surface layers of the low latitude oceans effect a major solar input to the 
tropospheric engine, and to the surface ocean engine which is an integral part of the 
tropospheric/ocean engine (surface currents like the Gulf Stream being driven by surface 
winds, and supplying heat to the atmosphere in midlatitudes).  However some of the 
surface currents become so dense in high latitudes (by local cooling by radiation and wind 
chill, and by salination under seasonally forming pack ice), that it peels away from surface 
flow and sinks into a network of deep ocean currents.
9.19 The midlatitude source and sink directly represent midlatitude convection between 
the local surface and local high troposphere.  However slope convection in midlatitudes 
(in extratropical cycones) connects a warmer surface heat source in lower latitudes with 
the local high troposphere, and so operates on a larger temperature difference with a 
potentially greater mechanical efficiency.
9.21 According to Box 9.7 the proportionate fall in column potential energy produced by 
one convective overturn of the incompressible model is ∆CPE/CPE ≈ ∆T/T where ∆T is 
half the temperature difference between the vertically exchanging blocks of air.  In the 
present case ∆T = 2.5 °C so that ∆T/T ≈ 10-2, meaning that nearly 1% of the column 
potential energy is converted into kinetic energy.   In the real compressible atmosphere, 
CPE is replaced by the proportion of CTE involved in the convection (i.e. ignoring the 
overlying stratosphere, as we can in the simplest model).  Since CTE = m Cp T, its value 
(per unit horizontal area) in this case is about 8,000 x 1,000 x 260 = 2,080 MJ, the possible 
conversion would be nearly 2.1 MJ (implying an air speed of over 70 m s-1!).   In the real 
atmosphere this conversion is greatly reduced by drag (simple and entrainment), and 
cancellation of buoyancy by mixing.  Small scale convection is especially vulnerable to drag 
and mixing effects on account of its larger surface/volume ratio.
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