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Climate Science Winter School 

GFD Laboratory Instructions 
 

 

Labs 

 

1. Turbulent plumes in a stratified fluid 

2. Gravity currents 

3. Heating/cooling of a salinity gradient from the side 

4. Rotating Flows 

5. Lee waves and turbulence 

 

Time/Place: 

 

Monday or Tuesday, 1.15-5pm, Geophysical Fluid Dynamics Laboratory, Jaeger 

7 Building, Research School of Earth Sciences.  

 

Please note that you must wear enclosed shoes while working in the 

GFD lab. 
 

On Wednesday, 1.15-5pm (and onward into the evening if you need to), the labs 

will be analysed and a 20 min group talk prepared. Two rooms are available to 

you on the ground floor of Jaeger 8 (DA Brown room and Jaeger 8 seminar 

room) for you to work on your analyses.   

 

Thursday, 1.15pm onwards, each group will present their results in a 20 minute 

presentation. Presentations will be held in the Jaeger 1 seminar room and may 

go into the evening; we will provide food to keep you sustained. 
 

These lab notes provide you with basic instructions for how to conduct the 

experiments, but each experiment is really open-ended. We encourage you, 

along with your demonstrator, to extend your experiments beyond the notes. 

There will be awards for the best group presentation and for the best 

image/video. 
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1. Turbulent plumes in a stratified fluid 
 

In both the atmosphere and oceans, numerous localized sources of buoyant fluid produce 

turbulent plumes e.g. fires, volcanoes, black smokers, sewerage outfalls. 

 

1. Make a uniform density gradient in the 60 cm x 20 cm x 50 cm high rectangular tank 

using the “double-bucket” technique. Place enough water to fill the tank in the double bucket 

system, with approximately half of the tank volume in each bucket. Ensure the valve 

connecting the two buckets is closed, and dissolve sufficient salt in the stirred bucket to give a 

density of 1033 kg/m
3
. Turn the stirrer on and equalize the pressure between the two buckets 

by opening the connecting valve. Fill the tank to 44 cm depth by draining water from the 

stirred bucket gently into the floating filler boat. 

2. Once the tank has finished filling, measure the density 0 at the surface with the hand-

held digital density meter, and estimate the initial density gradient. 

3. Fill the 20 l bucket with water and dissolve sufficient salt to give a density i of 1025 

kg/m
3
. Establish a siphon and measure the flow rate Q (which can be controlled by the screw 

tap) by pouring the flow into a measuring cylinder, with the tube outflow at the same height as 

the free surface of the fluid in the tank. Adjust the flow rate until it is about 2 ml/s. Then set 

up the 8 mm diameter source in the tank, being careful to ensure that there is no air in the 

outlet. 

 

4. Set up the shadowgraph and camera. Run the flow for a short time and photograph the 

turbulent plume. Measure both the penetration depth zp and the spreading depth zs of the 

plume. 

 

5. Increase the flow rate, using the screw tap, until the measured flow rate is about 8 

ml/s. Set up the source again. Run the flow for a short time and photograph the turbulent 

plume. Measure both the penetration depth zp and the spreading depth zs of the plume. 

 

6. Add salt to the 20 l bucket until the density i is about 1100 kg/m
3
. Flush out the flow 

tube and set up the source again. Run the flow for a short time and photograph the turbulent 

plume. Measure both the penetration depth zp and the spreading depth zs of the plume. 

 

7. Repeat 6. again, with a flow rate of about 20 ml/s. Run the experiment for a long time, 

adding small amounts of different coloured dyes at the outlet of the source bucket. Observe 

the movement of these dye lines. 

 

8. Evaluate the buoyancy frequency N: 

 
 

9. The momentum flux from the source is assumed negligible. If the finite diameter of 

the source is also neglected, both the penetration depth zp and the spreading depth zs of the 

plume depend on only 2 physical parameters: N and B = gQ/0, where i - 0 is the 

density difference at the source. Using dimensional analysis show that the only possible 

lengthscale is B
1/4

/N
3/4

, so that zp = c1 B
1/4

/N
3/4

 and zs = c2 B
1/4

/N
3/4

. 
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10. Plot zp and zs versus B
1/4

/N
3/4

 using the experimental data, and determine the values of 

the constants c1 and c2, and the ratio c2/c1. 

11. Why does the width of the plumes increase with depth, and why does the plume fluid 

not reach the bottom of the tank? 

12. Discuss the motion of the coloured dyes seen in 7. Describe the motion within the 

interior of the fluid: what is the effect of the finite horizontal extent of the tank? 

13. Comment on the implications for the dispersion of atmospheric pollution e.g. from 

wood fires in a town surrounded by mountains. 

14. The BP oil plume was released with B = 0.6 m
4
s

-3
 at a depth of 1500 m in the Gulf of 

Mexico where N  = 1.3 x 10
-3

 s
-1

.   Where is it predicted to spread out? 

15. Monday Group: discuss what happens to the hydrothermal fluids emitted from black 

smokers on the East Pacific Rise. [See: Speer & Helfrich, “Hydrothermal plumes: a review of 

flow and fluxes”, in: Hydrothermal Vents and Processes, Geol. Soc. Spec. Pub. 87, 373-383, 

1995.] 

Tuesday Group: discuss what happens in plinian volcanic eruptions, such as the 2010 

eruptions of Eyjafjallajokull in Iceland. 
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2. Gravity currents 
 

Horizontal density differences in the atmosphere and oceans frequently give rise to horizontal 

flows called gravity currents. 

 

Fill the long channel with tap water. 

 

a) Insert the sliding barrier 30 cm from one end and dissolve 25 g of salt in the water behind 

the barrier (electronic balance available). Add a little yellow dye. 

Measure water depth H, and the water densities in both chambers (use the hand-held 

digital density meter). 

 

b) After equalising the bottom pressure across the barrier, carefully remove the barrier and 

measure 

 the time for the leading edge of the gravity current to travel 1 m (e.g. from 0.8 m to 

1.8 m along the tank); 

 the height h of the head of the current. 

 Calculate the intrusion speed U. 

 

c) Thoroughly mix the tank, replace the barrier, and dissolve 50 g salt behind the barrier. Add 

a little blue dye. Measure the densities in both chambers. 

Pull the barrier and again measure the intrusion speed and height. 

 

d) Repeat c) three more times, adding 100g, 200g and 400 g of salt and some red dye behind 

the barrier. 

 

e) Repeat c) again, but this time do not add salt and mix only the short chamber behind 

the barrier. Observe the behaviour of the current. 

 

f) For the bottom currents, calculate speed U, density difference  = 2 - 1 and the 

quantity [g(/2)H]
1/2

. 

 
Plot U versus [g(/2)H]

1/2
 for the 5 experiments and compare your data with the 

prediction 

 

U = 0.5 [g(/2)H]
1/2

 

 

of a simplified theoretical model of the flow. 

 

g) Noting that Kelvin-Helmholtz billows grow on the density interface at the head of the 

currents and cause some mixing, calculate for each case the 

 

Reynolds numbers   Re = Uh/ 

 

Richardson numbers   Ri = g∆h/(2U
2
) 

 

 (use the water kinematic viscosity  = 10
–6

 m
2
s

–1
). 
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h) Noting that the Richardson number Ri needs to be less than 0.25 for mixing, 

calculate the largest vertical lengthscale hm over which mixing can occur in this 

experiment (i.e. where g∆hm/(2U
2
) = 0.25).  Compare hm with h. 

i) A lagoon in a National Park on the South Coast is 10 km long and 1 m deep.  If a storm 

destroys the sandbar separating it from the ocean, estimate how long it will take for the 

saltwater to intrude to the end of the lagoon? (Take  = 1000 kg/m
3
 for water and s = 

1020 kg/m
3
 for seawater.) 

j) Describe some examples of gravity currents in the atmosphere (Monday Group) and 

ocean (Tuesday Group).  See: Gravity Currents in the Environment and the Laboratory, 

by John Simpson (1997). 
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3. Heating/cooling of a salinity gradient from the side 

 

The ocean waters can have differing temperatures and salinities. Gradients in both properties 

can lead to surprising flow structures through a process known as ‘double-diffusive 

convection’. This is a result of different diffusion coefficients for heat (≈ 10
–7

 m
2
s

–1
) and salt 

(≈ 10
–9

 m
2
s

–1
). 

 

A rectangular tank filled with a linear profile of salt concentration gives a uniform density 

gradient (d/dz) and buoyancy frequency N: 

 

 
 

The water density is approximately 

 

 = o[1 – (T – To) + (S – So)], 

 

where o, To, So are initial values of density, temperature and salinity at the base. The 

temperature is initially uniform. 

 

1) The rectangular tank must be filled with a uniform density gradient using the “double-

bucket” system. Place enough water to fill the tank in the double bucket system, with 

approximately half of the tank volume in each bucket. Ensure the valve connecting the two 

buckets is closed, and dissolve sufficient salt in the stirred bucket to give a density of about 

1030 kg/m
3
. Turn the stirrer on and equalize the pressure between the two buckets by opening 

the connecting valve. Fill the tank by draining water from the stirred bucket gently into the 

floating filler boat. 

 

2) Once the tank has finished filling, find the initial density gradient by withdrawing about 5 

samples by syringe from recorded depths, and measuring the density with the hand-held 

refractometer. Evaluate the buoyancy frequency N. 

 

3) Measure the initial water temperature T0. 

 

4) Fill the metal box insert at one end of the tank with hot water (45ºC, Monday Group) or 

cold water (5ºC, Tuesday Group).  Measure the temperature after filling the metal box. 

 

5) Describe the growing structures observed on the shadowgraph. These structures are 

convecting layers. Measure their thickness h. Are the layers horizontal or sloping? Can you 

explain why? 

 

6) Use dye crystals to reveal horizontal motions at locations along the length of the box, and 

again measure the layer thickness h.  Use the period 2π/N of vertical oscillations in the layers 

produced by the falling dye crystals to determine the buoyancy frequency N (which is an 

angular frequency for oscillations in simple harmonic motion). 

 

7) Use dimensional analysis to find an expression for the layer thickness, h0, in terms of the 

variables in the problem (the density, the density gradient d/dz, the temperature difference 

∆T applied at the wall, and the thermal expansion coefficient ).  Relate the measured layer 
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thickness to h0 and find the proportionately constant C, where h = C h0.  (Assume  = 3  10
–

4
 ºC

–1
.) 

 

8) Monday Group: outline the locations where double diffusion is important in the world’s 

oceans. [See: R.W. Schmitt, “Double Diffusion in Oceanography”, Annual Reviews of Fluid 

Mechanics, 26, 255-285,1994.] 

Tuesday Group: A large iceberg lies in the Weddell Sea, where the ocean has an initially 

uniform temperature of 1ºC and a salinity gradient (dS/dz) of 4 x 10
–6

 m
–1

. The temperature 

at the edge of the iceberg is 2ºC (the freezing point of the ocean).  How thick are the double-

diffusive layers? (Assume  = 3  10
–5

 ºC
–1

 and  ≈ 0.7 in the Weddell Sea.) 
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4. Rotating flows 
 

These experiments demonstrate some of the effects rotation (relative to an inertial reference 

frame) has on fluid flow. These effects are common to planetary atmospheres and oceans (see 

Chapter 16 of D. J. Tritton’s book Physical Fluid Dynamics 1988). 

 

I. Ekman boundary layers and “Spin-up” 
 

You are asked to work through several steps to observe the effects of friction at horizontal 

boundaries. 

 

(i) Fill the cylindrical tank to a depth of 10 cm with tap water (use the mixer tap set to 20˚C 

to minimise convection in the tank due to heating or cooling). 

 

(ii) Adjust the speed of the rotating table to  = 0.5 rad/s anticlockwise (speed indicated in 

servo-control panel). Wait 10 minutes for the water to come close (but not quite) to solid 

body rotation. 

 

(iii) While waiting for this spin-up, calculate 

  a) the period of rotation T = 2/ 

  b) the Coriolis parameter f = 2 

  c) the inertial period 2/f 

 d) the thickness  of the bottom viscous boundary layer,  = (
1/2
theEkman 

layer). Use kinematic viscosity  = 10
–6

 m
2
s

–1
. 


(iv) After 10 minutes, sprinkle some paper pellets on the water surface and drop a few 

isolated KMnO4 crystals in the water.  Observe the output of the co-rotating video 

camera. 

  a) what direction is the water surface moving relative to the tank? 

  b) what is happening close to the base? 

 c) Observe the water from the side: what do you notice about the motion through most 

of the water depth? 

 

(v) After another 10 minutes the water will be very close to solid body rotation. 

Then decrease the table rotation speed quickly and smoothly to 0.4 rad/s.  Observe the 

subsequent advection of dye from the crystals on the bottom. 

  a) What direction is the bulk of the water moving relative to the rotating tank? 

 b) What direction is the motion in the bottom Ekman layer relative to the bulk of the 

water column? Explain. 

 

(vi) Increase the tank speed to 0.6 rad/s. 

What happens to the Ekman layer motion immediately after the change of tank speed? 

 

II. Baroclinic waves and instability in rotating density-stratified shear flows 

This experiment reveals the instability of flows, and the waves and eddies that form, when 

there are horizontal temperature gradients in a rotating system. 

 

Fill the cylindrical tank to a depth of 10 cm with tap water and measure its temperature. 
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Bring the water in the tank to solid body rotation, and start the video recorder. Fill the inner 

copper cylinder with hot water and record its temperature.  Carefully release dye tracer at the 

wall of the inner cylinder. Observe the development of a warm current at the surface near the 

heated wall. 

 

a) What is the direction of the current flow relative to the tank? 

  

b) In time, waves develop on the current and grow (over about 5 to 10 rotation periods) to 

large amplitude, forming cyclonic and anticyclonic eddies.  Count the waves and estimate the 

wavelength  (using the circumference of the inner cylinder). What do you notice about the 

depth-dependence of the motions? 

 

c) Stop the table, empty the inner cylinder, spin-up the tank again to a different rotation speed, 

and repeat the experiment with different rotation rates or temperatures, again measuring the 

wavelength. 

 

Assuming the wavelength  takes the form  ≈ C u/f, use your temperature differences T, 

expansion coefficient  ≈ 3x10
–4

 K
–1

, and the rotation rates , to estimate a value for the 

proportionality constant C. 

 

Note: A balance between pressure gradient and Coriolis force in the radial direction 

implies 

 

fu  ≈  [g(∆/0)H]/L , 

 

where u is the velocity along the current, f=2Ω, H is the water depth, ∆ is the density 

difference resulting from the temperature difference, and L is the current width. The velocity 

in the current scales as u ≈ [g(0H]
1/2

, and the current width scales as L  ≈ u/f ≈ 

[g(0H]
1/2

/f, the ‘Rossby deformation radius’. 
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5. Lee waves and turbulence: light attenuation measurements 

 
The interaction of stratified flows with bottom topographies plays an important role in the 

momentum and energy balance of the atmosphere and the ocean. This mechanism can induce 

irreversible mixing of the fluid, due to lee waves breaking or turbulent motions over the 

topography (e.g. The Physics of atmospheres, Houghton, The turbulent ocean, Thorpe). 

 

1. Setup 

 

The tank has been filled with the double-bucket method, with red dye added to the 

drum filled with salted water to perform optical measurements of the density field. 

 

a. Measure the total fluid height. 

 

b. Take fluid samples close to the free surface, in the middle, and at the bottom of the 

tank. Estimate the Brunt-Vaisala (or buoyancy) frequency: 

 

 
 

c.  Position the DSLR camera equipped with a 200mm lens in front of the 

Electroluminescent panel. Adjust the height of the camera and the angle of the focal plane to 

the sidewall of the tank. 

 

d. We want to get the optimal exposure to improve the sensitivity of optical 

measurements. How can we vary the exposure (2 parameters)? Take a series of 10 pictures 

with varying exposures. 

 

e. Open a folder on the Mac, and copy your pictures. Using the Raw Photo Processor 

program, choose the best set of parameters for the camera. 

 

2. Ridge motion 

 

The interaction between the flow and the topography is modelled by towing a ridge at 

the top of the fluid. 

 

a. To what extent can we compare this configuration to geophysical flows? 

 

b. The vertical Froude number expresses as Fr=U/Nh, where U is the velocity of the   

            ridge and h=4 cm is the ridge height. What does this number describe? Using the   

            calibration table for the engine, find the value of U, expressed in Revolutions per    

            minute (RPM) to obtain Fr=1 (Monday group) or Fr=0.5 (Tuesday group). 

 

c. Input the desired value of U (RPM) into the Smartmotor’s playground interface. 

 

d.  Take 4 pictures of the fluid and at the same time start the stopwatch (pics A). 

 

e. Start the ridge motion (note the time). Take a series of pictures when the ridge passes  

            in front of the EL panel (pics B). Transfer pictures to the Mac. Take a series of   

            pictures, regularly spaced at Δt=30s, during 30 mins (pics C). Convert pictures from   
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            series A, B, C in tiff format using Raw Photo Processor. 

            

f. Once the flow has settled down, start the ridge motion in the other direction (note the   

            time). Take pictures of the flow with the compact camera when the ridge   

            passes in front of the shadowgraph paper. Use crystals of potassium permanganate 

            to follow fluid motions. 

 

g. Repeat step c, d, e, f for Fr=4 (Monday group) or Fr=2 (Tuesday group). 

  

3. Pictures analysis with Python (wednesday) 

 

The evolution of density is studied using the light attenuation technique. For a low enough 

dye concentration (assumed here), the density at a given level is proportional to the light 

absorption (Beer-lambert law). Using what you've learnt during the Python tutorials, write a 

routine to extract the mean vertical density profiles, with respect to depth in series A and C. 

 

a. Tiff pictures are saved in three channels: Red, Green and blue. To get the best                  

            sensitivity, what color channel should be used? 

 

b. Start with one picture for series A. The steps to obtain the density profile are the   

            following: 

 

                  -  Extract the chosen color channel from the picture. 

                  -  Crop the field to an adapted measurement field I(xpix,zpix). 

                  -  Find the conversion factor pixel-> distance in cms. 

                  -  Take the horizontal average of the intensity field Imean(z). 

                  -  Using measurements made in part 1, convert Imean(z) to a density profile ρ(z). 

                  -  Plot ρ(z). 

 

Describe the density profile. Note that the same fill is used for Monday and Tuesday group. 

What can be done to improve the density profile at the boundaries? 

 

c. Repeat b. for the other pictures of series A and series C, using a loop. 

 

d. Plot a time series of ρ(z,t). Describe the evolution of the profile. What process 

            appears to be the most efficient at mixing the stratified fluid? 

 

e.         Using series B, plot the instantaneous density field ρ(x,z,t) at each time and 

            describe the dynamics of the flow. What is the limitation of the light attenuation   

            technique regarding the flow measurement? Compare your results with the other   

            group. 

 

 

   

 

 


