
GFD 1  Winter Q. 2015      mid-term Quiz      
out: 5 Feb. 2015 
back: by 12 noon Friday 6 Feb. to Rhines’ mailbox in OSB or to Miguel Jimenez in 
OSB 335  (electronic submission is ok if sent to both of us).  
   Do not discuss anything about the quiz with others, though you may refer to texts and notes.  
Do problems 1 and 2  and only 1 of problems  3 and 4. 
1. (33 points;  short answers, just a few lines of writing for each)    
1a.   Air is made of nitrogen N2  oxygen O2 , water vapor and some other trace gases.  
Equipartition of energy occurs, essentially saying that the temperature each species is the same.  
What are the ratios of rms  (root-mean-square) molecular velocities of the three?  Their 
molecular masses are  28,  32 and 18 grams/mol, in that order.    
 1b.  A hot horizontal plate at the base of a fluid (at z = 0) heats the fluid. 
 0 How is the heat transfer into the fluid  increased by thermal convection?      
        o By measuring the temperature profile T(z) how can one immediately calculate the heat 
flux from the boundary into the fluid? 
1c.   Waves are dispersive when their phase speed and group velocity varies with wavelength 
and frequency.  If inertial-gravity waves (hydrostatic, one-layer fluid with Coriolis effects) are 
generated by a sudden disturbance at the origin, x=0, qualitatively how would the frequency and 
wavelength of waves arriving at a distant observer change with time?   
1d.   In the GFD lab experiment with flow over a mountain, describe how the production and 
development of vortices (‘vortexes’) depends on the speed of the zonal flow. The flow is started 
abruptly after being at rest in the rotating system.   

2. (34 points)    Zonal flow of a rotating fluid over topography.   Suppose a 1-layer fluid flows 
steadily from west to east over mountain ridges and valleys, conserving potential vorticity.  The 
zonal velocity has a mean value U0.     
    The potential vorticity is Q = (f +  ζ)/(H+h’)   where H + h’(x,y) is the layer thickness. 
 f = 2ΩΩ is the Coriolis frequency,  ζ = ∂v/∂x - ∂u/∂y the relative vertical vorticity.  Here H= 
constant, h’ is a mountain topography (note positive h’ is a valley, negative h’ is a mountain): !
     H + h’ = H + A sin k0x sin k0y  with A<< H (mountains and valleys in a checker-board 
pattern) !
     If  h’<<H   we can write the Taylor series approximation   
   Q ≈ f/H + ζ /Η - fh’/H2   
The PV equation is DQ/Dt = 0, and here the flow is steady with Q constant, assuming far 
upstream,  h’ = 0 and so Q = f/H, and therefore  
  
   ζ /Η - fh’/H2  = 0                                     (1) 
   !!



              o  Make a sketch of the contours of constant h in the x,y plane marking the tops and 
bottoms of the hills.  
  o   Show that we can write the vorticity ζ  =  (1/ρf)∇2p’ ≡ (1/ρf)(p’xx + p’yy) where 
p’(x,y) is the pressure field due to the topography, assuming geostrophic balance.   
 o   Show that the total pressure field is 
                                         p = -U0 y ρf + p’ 
 including the background mean flow. 
  o  Solve equation (1) for ζ, and hence find  p’,  and geostrophic horizontal velocity  (u,v) 
as a function of x and y, assuming the upper surface is rigid (no free surface).  
               o Sketch the constant pressure curves on your sketch of h’.  For small Rossby number 
these are approximately streamlines.   
 o  What parameter governs how strongly the flow is deflected by the topography?  That 
is, what non-dimensional parameter based on U0 , f, k0 , h’, H   tells us when the flow is very 
‘wavy’?   For this topography, considering fast and slow flows,  for what parameter values will 
the flow deflect so much that fluid is trapped (not moving downstream) above the mountain 
tops and valley bottoms?  !
   Do just 1. of the following two problems,  3. and 4. 
3. (34 points)   
  The 1st law of thermodynamics, the thermal energy equation, can be written 
                          Cv dT = T dη - p dv     
or,    
              Cp dT = Tdη  + v dp 
where Cv and Cp are the specific heat capacities at constant volume and pressure, respectively. 
η is the entropy, p pressure, T temperature, v is specific volume, 1/ρ. !
 o  Show that the 1st law can be written in terms of η, v and p in this convenient form:  
            dη =  Cp dv/v + Cv dp/p 
for an ideal gas,  using the equation of state in the form 
                       pvγ = exp(η/Cv) 
where γ ≡ Cp/Cv. (We are assuming reversible, equilibrium processes in which the entropy η is 
defined as  d*Q/T ,   the heating d*Q  divided by temperature. The standard equation of state is 
pv = RT.      
  
  !
4. (34 points)  Geostrophic adjustment of a rotating fluid with a free surface begins with the 
‘slumping’ of an unbalanced surface elevation field, for example η(x, t=0).   
 o  Describe in words the time-dependence of the horizontal velocity vector that leads to  
a geostrophically balanced flow. 
 o  The adjustment involves u- and w- velocities (an ‘overturning’ circulation).  Consider 
the distance ∆x that fluid moves in the x-direction during adjustment to the balanced, time-
mean solution (ignore the oscillating, homogeneous part of the flow).  
     Estimate how ∆x compares with the Rossby radius Ld ≡ (gH)1/2/f.   Use scale analysis to 
estimate ∆x based on the difference δη between initial η profile and the geostrophically balanced 
η-profile. 
  (You can use Gill’s example from Chapter 7 or problem set 2.7 (an initial sinusoidal profile,  η = 
Α  sin k0 x at t = 0) to think about this).  !
  !


