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1. (a) Explain what the following two expressions represent for a 

fluid: 
  

  
 

  

  
 

  

  
 

  

  
 

 
[5] 

 
 (b) For a fluid in motion explain what is meant by a trajectory, a 

streamline and a streakline. Take care that your explanations 
distinguish clearly between these three entities. 
 

[10] 
 

 (c) A 2-D velocity field can be split into two terms: 

           

Show that: 
  

  
  

  

  
      

And that: 
  

  
  

  

  
      

Under what conditions would the streamlines of the velocity 
field coincide with contours of constant  ? 
 

[10] 
 
 



Page 3 
 

MTMW11/99 Turn over 
  

 (d) Assume that the equations governing the behaviour of an 
incompressible fluid flow, with no variation of velocity in the 
vertical, are given by: 

  

  
   

 

 

  

  
  

 

 
(
   

   
  

   

   
) 

  

  
   

 

 

  

  
  

 

 
(
   

   
 

   

   
) 

  

  
    

By referring to each of the terms individually, explain what 
each of these equations means physically. 
 

[10] 
 

 (e) For small perturbations on a shallow layer of the ocean, the 
equations in part (d) can be reduced to the form: 

  

  
    

   

  
 

 
   

  
    

  

  
 

 
where we have assumed no variation in the y-direction. By 
assuming  a wavelike solution for    show that the phase 

speed of the wave is      √  , and that the group speed is 

   √  . Explain whether such waves are dispersive or 

non-dispersive. 
   
  [15] 
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2. (a) Euler’s equation in a rotating frame of reference can be written 
in the form: 

  

  
           (   )    

 

 
   

Explain the physical significance of all the terms in this 
equation. Estimate the ratio of the second and third terms on 
the right of the equality sign for the Earth. 
 

[10] 
 

 (b) Draw a diagram to illustrate why it is possible to simplify 
Euler’s equation by introducing an effective gravity. 
 

[5] 
 
 

 (c) Show by using the first law of thermodynamics in the form: 

      
  

 
  

  

 
, that the potential temperature   of an air 

parcel is given by: 

   (
 

  
⁄ )

  
  ⁄

 

 
Explain briefly why the quantity   is useful in meteorology. 
 

[15] 
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 (d) When natural co-ordinates are used to describe horizontal 
motion, the component of the momentum equation normal to 
the velocity at any point is: 

  

 
      

 

 

  

  
 

 
Explain what each of the terms in this equation represents 
physically, and draw sketches to illustrate their meaning for 
both cyclonic and anti-cyclonic circulation in the northern 
hemisphere. 
 

[10] 
 
 

 (e) Show by defining geostrophic velocity that 
  

 
          

If            at | |       , find V for a cyclone at 50°N in 

the northern hemisphere. 
[10] 
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3. (a) State briefly how Rossby waves are generated in the 

atmosphere. 
 [5] 

 
 (b) Consider a situation where the atmosphere is initially zonally 

symmetric and then air parcels are displaced by a Rossby 
wave. Assuming that, for such a wave, the vorticity equation 
can be approximated as 

  

  
     

 

  
(        )    

 
show that the Rossby wave will be expected to propagate 
westwards with respect to the undisturbed atmospheric flow. 
Draw a schematic diagram to illustrate why the propagation is 
westward. 
 

[10] 
 

 (c) Consider air flow over a shallow hill. Assume that the 
barotropic vorticity equation applies to this situation: 

 

  
(   

  

 
)    

 
where   is the height of the hill above ground level and   the 
depth of the troposphere. Using this equation describe the 
changes in relative vorticity that you will expect as air flows 
over the hill. Make clear where you will expect to find the 
largest value of | | and give its value at that point together 
with its sign. 
 

[10] 
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 (d) 
 
 
 
 
 
 
 
 
 
 
(e) 

Kelvin’s circulation theorem can be written: 
  

  
  ∮

  

 
 

where the integral is around the boundary of a closed 
material contour with circulation C. Show that if the circuit lies 

on an isentropic surface, the integral vanishes and 
  

  
  . 

(Assume that the fluid is an ideal gas.)  
[15] 

 
 

Explain briefly why the quantity 
    

 
 is of fundamental 

importance in geophysical fluid dynamics. When this quantity 
is plotted on an isentropic surface, what do the isolines 
(contours) of equal value represent? 

[10] 
 
 

 
 
 
 

(End of Question Paper) 
                  
 


