
Problem Set 1       GFD1 Winter 2011   P. Rhines,  A.Gray   out: Friday 7 Jan 2011 back: Friday 14 Jan

1.    Suppose we heat a small sample of  dry air confined in a cylinder.   
  o Calculate the change in thermal energy for a temperature 
rise ∆T if  the volume is held constant.    Now, suppose the lid of  
the cylinder is free to rise, but is held down by a weight, which 
balances the pressure force from the gas in the cylinder.   Initially 
it has the same volume as the rigid cylinder.      Calculate the 
change in thermal energy E if  the heat addition is the same as 
above.   For this cylinder also calculate the change in gravitational 
potential energy PE caused by the rising lid.   What is the ratio 
∆PE/∆E?                                     
            o For an isothermal atmosphere (as in the last page of  
Lec 2 notes) make the same calculation: what is  ∆PE/∆E  if  
there is a uniform temperature rise ∆T throughout? That is, The 
idea is to have an atmosphere with uniform temperature at all z   
(all heights), say 270K,  and change it by a constant amount ∆T  

[delta T] everywhere to another constant value, and calculate the change in PE and E due to this change.

 o  Now, suppose a similar experiment is done at the top of  the ocean: heat a  layer of  thickness h by 
an amount ∆T.   What is ∆PE/∆E and how does it depend on h?  Use the observed 
thermal expansion coefficient given in Gill’s Appendix table A3.1 (choose some 
temperature to start with). 
 o  What do these results suggest about the A/O heat engine? {The situation is that 
the ocean surface is at atmospheric pressure, so the upper ocean can expand at constant 
pressure, rather like the gas with a lid that can rise.
   However  the ocean case comes out differently because:  
o  the numerical expansion coefficient α  is much smaller for ocean water than for air at the 
same temperature.
o  the potential energy is 1/2 mass x g x h and so the change in PE is 1/2 mass x g x δh. 
Note here that mass = ρgh     per square meter of  horizontal area and so ρh = constant.
o  the internal energy change is approximately  δE = Cp δT   (this is true because the 
expansion is so slight); this is not a perfect gas so we don't have a simple relationship like E 

= CvT. Values of  Cp are given in a table in Gill p. 603 }

2.   The 100 cm tall tube in the figure is closed at the top on the left side. Mercury fills it to a height 50cm. 
Air at atmospheric pressure fills the rest of  the tube on the left side. The initial temperature is 300K, and 
then the trapped air is heated. 

   o find the temperature T at which the air column at the left is 60 cm long. 
Take atmospheric pressure to be  75 cm of  mercury (i.e., the pressure at the base of  a 75 cm column of  
mercury), assume this stays the same.   Neglect any expansion of  the mercury.
   o Sketch the isotherms at 300K and at T on the pressure-volume (p-v) plane, and show the curve 
representing the process followed by the air captured in the tube as the temperature rises. 

3.   Evaporation at the sea surface removes about 1 m per year as a global average, which rains out both 
locally and far away; the evaporation is greatest in the tropics and subtropics (see Lec 2 notes). Using the 
latent heat values for water (see Gill §3.4, eqn 3.4.6), how much power in Watts does this represent?   Use a 
sea surface temperature of  25C.  The poleward heat flux (carried by the MOCs of  A and O together)  is 
about 6 petaWatts (6 x 1015 W) at its maximum; how does this compare with the latent heat flux from the sea 
surface?  Gill gives in Appendix Two some more useful numbers. A number not given there is the number of  
seconds in a year: π x 107 very closely!



 Comment on the relationship between these two numbers (the evaporative energy per sec versus the 
poleward flux of  heat). 

4.   Meridional global heat flux.   We observe that there is a MOC (meridional overturning circulation) in the 
atmosphere with air moving poleward aloft and equatorward below.  (This tends to be single cell if  one 
uses an MOC that tracks air parcels;  the Ferrel Cells that appear in the textbooks are an artifact of  simple 
zonal averaging.)  This MOC provides roughly 4 pW heat flux from tropics toward the pole.   Now, the air 
is cold aloft and warmer below. We might try expressing poleward heat flux  as  ρCp T V  where V is now 
north-south velocity.  We could integrate this vertically. But, clearly this would lead to equatorward heat flux 
since the northward moving air is colder than the southward moving air.   Try to resolve this paradox 
discussing the full energy equation (Gill 4.7, 4.8).  Ignore water vapor effects (dry air).   You might sketch 
the trajectory of  an air parcel in the (y,z) meridional plane with heating in the tropics and cooling at high 
latitude. Then sketch its path on a pressure-volume diagram (that is specific volume. 1/density).  Supposing 
this forms a closed curve on the p-vs plane,  what is the significance of  the area enclosed by the curve, 

 
p dvs∫ ? 

=========
The lecture notes have an error after equation (2) where it says:
    "Cv = dE/dT at constant volume vs.
     Cp = dE/dT at constant pressure p"
This should be based on the heating and not the change in E:
                   " Cv = d*Q/dT = T dη/dT at constant volume vs.
                     Cp = d*Q/dt = T dη/dT at constant pressure p "
(see Gill p 42); it was correctly stated on the next page of  our notes.
     A perfect gas has E =CvT for any kind of  process so the first line is dE/dT for any process but the 
second line would be Cp = dh/dT for any kind of  process where h = E+p vs is the enthalpy (vs is specific 
volume). This latter is true for any process, not just constant pressure. To see this, write  dh = d(E+p vs ) = d
(CvT + RT) = (Cv + R)dT= Cp dT for a perfect gas, just as E = CvT for a perfect gas, in general and 
regardless of  the process.


