Lecture 14- The atmospheric heat engine
Key concept: Air parcel trajectory; Carnot cycle
Motivation: is there an external force pushing air parcels from west to east so as to create the Jet stream? 
The answer is no! The atmosphere must generate its mechanical energy (kinetic+potential energy) through heating and cooling, as a thermodynamic heat engine.
Idealized Carnot cycle for the atmosphere
Tracking of air parcels along their journey in the atmosphere (x,y,z-space), while constantly measuring their temperature and entropy (T & S, respectively) allows to “map” the physical space (x,y,z) to the thermodynamic space (T,S). Observations suggest a simple “two-loop” structure in physical space, symmetric with respect to the equator (Fig. 1): 


[image: image1]
Figure 1: Schematic of air parcels trajectory in physical space. The upper branch follows the tropopause (see schematic below) whose height and pressure is given at B and C (1hPa=100N/m2).
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The corresponding trajectory in thermodynamic space is given in Fig. 2. It consists of two isothermal legs (at surface temperature Ts –DA- and at tropopause temperature Tt –BC-) connected to two adiabats (AB and CD), much like in a Carnot cycle. The cycle is completed in a clockwise trajectory and thus mechanical energy is generated as air parcels complete their journey in the loop. 

[image: image3]
Figure 2: Trajectory of air parcels in thermodynamic (temperature T, entropy S) space. Ts and Tt denote the temperature of the Earth surface and the tropopause, respectively. 
To complete the analogy with a Carnot cycle, the hot reservoir would correspond to the Earth surface while the cold reservoir would be the tropopause. Since the temperature of these “reservoirs” depend strongly upon the atmospheric circulation, the problem is more complicated than in a traditional Carnot cycle where hot/cold reservoirs are externally prescribed. 

Conclusion

The atmosphere creates kinetic energy by using solar energy and Carnot’s thermodynamics. The solar energy is mostly absorbed at the Earth surface and, in so doing, it creates the “hot” reservoir of a Carnot heat engine. The atmospheric heat engine is powered by the enthalpy flux associated with the warm surface and the cooling associated with radiation at the tropopause level. Based on Ts=288K and Tt=210K, the Carnot efficiency of the atmosphere is expected to be high (
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). In practise, however, friction and other irreversible processes lead to a much reduced efficiency (an estimate of a few percent  is offered in Problem sheet 3).   

NB: There will be no summary for lecture 15 because the latter is not examinable. You can however find the Powerpoint slides used in lecture 15 on the course website.
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(A-B): Vertical ascent from the surface to about 15 km in deep Tropical clouds. This ascent is very close to being adiabatic.





(B-C): Poleward and downward motion. The parcel cools by emitting radiation in this part.





(C-D): Downward motion. We will approximate this part as adiabatic.





(D-A): The parcel flows above the surface (mostly ocean) towards the Tropics to complete the loop. In so


 doing it gains energy through evaporation of sea water (enthalpy 


flux).
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The tropopause is the height at which the lapse-rate changes sign (positive below the tropopause, negative above.
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