
SO513 Honors Atmospheric and Oceanic Processes  

The Atmospheric Boundary Layer and Ekman Spiral Lab 
 

1. Background 

Consider an ocean with no interior flow and a horizontal wind field imposing a wind stress along 

the surface ocean (𝜏𝑥, 𝜏𝑦).  Assuming a steady state, homogenous fluid with no pressure 

gradient, the following set of equations represents the flow field in the surface Ekman layer: 

−𝑓𝑣 =  𝜐
𝜕2𝑢

𝜕𝑧2
 

𝑓𝑢 =  𝜐
𝜕2𝑣

𝜕𝑧2
 

(Eq. 1) 

The upper boundary forcing at z = 0 is from the wind stress: 

𝜌𝑤𝜐
𝜕𝑣

𝜕𝑧
= 𝜏𝑦  

𝜌𝑤𝜐
𝜕𝑢

𝜕𝑧
= 𝜏𝑥 

(Eq. 2) 

By substituting the upper boundary condition from Equation (2) into Equation (1)  the surface 

ocean Ekman Layer equations become:  

−𝜌𝑤𝑓𝑣 =  
𝜕𝜏𝑥

𝜕𝑧
 

𝜌𝑤𝑓𝑢 =  
𝜕𝜏𝑦

𝜕𝑧
 

(Eq. 3) 

 

 

 



With the prescribed upper (Equation 2) and lower (u,v = 0 and z = -∞) boundary conditions, the 

solution to Equation (3) in the Northern Hemisphere is: 

𝑢 =
𝛿𝐸√2

𝜌𝑤𝑓
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4
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4
)]  

𝑣 =
𝛿𝐸√2

𝜌𝑤𝑓
𝑒𝛿𝐸𝑧 [𝜏𝑥 sin (𝛿𝐸𝑧 −
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4
) + 𝜏𝑦cos (𝛿𝐸𝑧 −

𝜋

4
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(Eq. 4) 

where 𝛿𝐸 is one over the Ekman depth, 𝑑 =  √2𝜐 𝑓⁄ , and 𝜌𝑤 is the density of water. Assume 

the vertical component of the turbulent eddy diffusion, 𝜐, is on the order of 0.1 m2/s and the 𝜌𝑤 

= 1025 kg/m3. The analytical solutions to the vertically integrated horizontal velocities (Eq. 4)  is 

called the Ekman transport: 

𝑀𝑥 = ∫ 𝜌𝑤𝑓𝑢 𝑑𝑧 =  
𝜏𝑦

𝜌𝑤𝑓
 

𝑀𝑦 = − ∫ 𝜌𝑤𝑓𝑣 𝑑𝑧 =  −
𝜏𝑥

𝜌𝑤𝑓
 

(Eq. 5) 

In the turbulent atmospheric boundary layer, the surface stresses in the x and y directions are: 

𝜏𝑥 = −𝜌𝑎 𝑈′𝑥𝑈′𝑧
̅̅ ̅̅ ̅̅ ̅̅ ̅  

𝜏𝑦 = −𝜌𝑎 𝑈′𝑦𝑈′𝑧
̅̅ ̅̅ ̅̅ ̅̅ ̅  

(Eq. 6) 

where 𝜌𝑎 is the density of air and capital U and V denote atmospheric winds (note lowercase u 

and v denote ocean currents). However, obtaining reliable measurement of turbulent fluxes in the 

marine atmospheric boundary layer (often on a moving ship in heavy seas) has proven difficult. 

Instead, scientists use the bulk formula to relate the momentum flux at the ocean surface to more 

easily measured variables via the dimensionless drag coefficient, 𝐶𝑑.  The bulk formula for the 

zonal and meridional wind components are: 

 

 



𝜏𝑥 = 𝐶𝑑𝑥(𝑈 − 𝑈𝑜)|𝑈 − 𝑈𝑜| 

𝜏𝑦 = 𝐶𝑑𝑦(𝑉 − 𝑉𝑜)|𝑉 − 𝑉𝑜| 

(Eq. 7) 

where 𝑈 and 𝑉 are the “surface” wind speeds (often taken at 10 meters above the surface) and 

𝑈𝑜  and 𝑉𝑜  are the wind speeds right at the ground, assumed to be zero for our application. The 

bars |  | denote absolute values.  

 

2. Tasks  

 (1)  Plot the drag coefficient versus wind speed for winds ranging 1 to 30 m/s. On the 

same plot (using the yyaxis function), plot the wind stress as a function of wind speed. 

Calculate the drag coefficient and surface wind stress for ten meter wind speeds ranging 1 to 

30 m/s (see Eq. 7). The equation for the neutral drag coefficient comes from the following 

paper (you will need to read the paper): 

Kevin E. Trenberth, William G. Large, and Jerry G. Olson, 1989: The 

Effective Drag Coefficient for Evaluating Wind Stress over the Oceans. J. 

Climate, 2, 1507–1516. 

In this lab, we make two addition modifications to the neutral drag coefficient 

parameterization given by Trenberth, Large, and Olson, (1989):   

• If the wind speed is zero, set the drag coefficient to zero (for simplicity). 

 

• Recent scientific studies have shown that at moderate wind speeds, the amplitude and 

period of the wind driven, surface gravity waves augment the atmospheric boundary 

layer flow by physically decoupling it from the wavy sea surface. This phenomenon 

reduces the drag imposed by the sea surface on atmospheric boundary layer flow field 

by altering the roughness length.  Hence, for wind speeds greater than or equal to 20 

m/s, the drag coefficient saturates and is approximately constant, 𝐶𝑑 = 1.8x10-3. 

Note that you will need conditional if-elseif-else-end statements within a for loop 

of the ten-meter wind speeds to perform the drag coefficient calculation.  

 

 

 



(2)  Plot the u and v components of the Ekman Spiral (Eq. 4) for U = 10.0 m/s, V = 5.0 

m/s, and at a latitude of 40o N. On a separate figure, plot the 3D Ekman spiral for the 

above list conditions using the plot3 function. 

Remember z is positive upward. Your vertical scale should range z = 0 m to z = -500 m 

using a vertical grid spacing of 1 m.   

(3)  Plot the wind speed (contourf function) and quivered wind direction (quiver 

function) using the NorPac_ExampleWinds.mat dataset provided. 

Use xlim to constrain you longitude range to 150o E to 240oE and ylim latitude range to 

25o N and 75o N. The u and v component wind speeds are in m/s and have the variable 

names Uwind and Vwind, respectively. The associated longitude and latitude grids are in 

the variables windxgrid and windygrid, respectively. Also plot the coastlines using 

by loading and using the coastline.mat data file (you should have this from prior lab 

assignments) 

(4)  Plots quivers of the u and v component winds with quivers of the Mx and My 

components of the mass transport using the NorPac_ExampleWinds.mat dataset 

provided (i.e. two sets of quivers on the same plot). 

Use xlim to constrain you longitude range to 150o E to 240oE and ylim latitude range to 

25o N and 75o N. The analytical solutions for Mx and My are found in Equation 5. You 

will need to follow the steps (and code) used to make the prior plots in this lab. You will 

need to calculate the component drag coefficients and component wind stresses in order 

to solve the component mass transport. 

 

3. Deliverable Questions  

Answer the following questions using information from Trenberth, et al. (1989), the course notes 

or text, the lab background information, and any supplemental outside sources (must be credible 

and cited!). Questions to should be answered based on the figures you made, if applicable. 

Answers should limited to a well-rounded and scientifically developed paragraph referencing the 

applicable figures, notes, text, and paper. All figures can be made as a group and all questions 

can be answered and submitted as a group. 

(1) Describe the figure in Task 1. Explain physically and mathematically why the drag 

coefficient over the open ocean changes with increasing wind speed.  How does the 

dependence of the drag coefficient on wind speed help to explain how wind stress varies 

with wind speed? 

(2) Based on your understanding of Trenberth, Large, and Olson, (1989), specifically the 

air-sea temperature difference discussion surrounding Figure (1) in that paper, in which 

months (generally) would you expect the drag coefficient off the Mid Atlantic coast to be 

greater than or less than the neutral drag coefficient (i.e. the solid ∆𝑇 = 0 line in that 

figure)? Why? 



(3) Does the Ekman Spiral plotted in Task 2 rotate in the correct direction for the 

Northern Hemisphere? What would happened in the Southern Hemisphere? Why? 

(4) How theoretically does mass transport vary with latitude (holding wind speed 

constant)? How does it vary with wind speed?  

(5) Based on the figure in Task 4, explain in detail how the quivers of the meridional and 

zonal components of the wind speed relate to the corresponding quivers of Mx and My. 

(6) Based on the figure in Task 4, where would you expect to see Ekman Pumping (i.e. 

wEk negative; downwelling) and/or Ekman Suction (i.e. wEk positive; upwelling? 


