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Abstract. Observations and models show that es lasting one-half inertial period. Thus, the 
sudden chanMes in the magnitude of the wind stress intent is to isolate one effect rather than to 
which occur within a time interval of one-half in- simulate a particular data set which would be dif- 
ertial period are most effective in increasing ficult to interpret because of competing process- 
surface current speeds and mixing the upper layers es. 
of the ocean. The purpose of the present study is 
to quantify the effects of concurrent time depen- Model 
dent wind direction. The Mellor-Yamada level 2 
1/2 turbulence closure model is used. A series of The Mellor and Yamada (1982) level 2 1/2 turbu- 
model runs was executed in order to determine the lence closure model was chosen for the present 
relative sensitivity of mixed layer depth and sea study. This model and its simpler counterpart, 
surface temperature to wind speed as compared with level 2, have been quite successful in simulating 
the rate of change of wind direction. The results observations of upper ocean structure (e.g., 
indicate that the accuracy and time resolution of Mellor and Durbin, 1975). The model includes 
wind direction should be given special considera- equations for mean zonal and meridional momentum, 
tion in the design and interpretation of field ex- heat conservation, turbulent kinetic energy, tur- 
periments which will be used for testing prognos- bulent lenMth scale, and an equation of state. 
tic mixed layer models. Model assumptions include: hydrostatic balance, 

Boussinesq approximation, low Rossby number, boun- 
Introduction dary layer approximation, and no vertical advec- 

tion. The expressions for turbulent fluxes may be 
Observations and numerical experiments of the written in a classical K-theory form. The verti- 

L•pper ocean show that sudden changes in the magni- cal eddy diffusivity of momentum, KM, for example, 
tude of the wind stress (within one-half inertial may be written as a product of a turbulent veloc- 
period) correlate with increased surface current ity, a turbulent length scale, and a stability 
speeds and rapid deepening of the mixed layer function which approaches zero as the flux 
(e.g., Pollard, 1970; and Mellor and Durbin, Richardson number (the ratio of negative buoyancy 
1975). Klein (1980) found that wind stress pulses production to shear production) exceeds a value of 
applied at the inertial period result in enhanced approximately 0.2. The details of the model have 
mixed layer depths because of a resonance mecha- been described extensively elsewhere (e.g., 
nism. However, Klein's simulations were restrict- Blumberg and Mellor, 1981). The model runs utilize 
ed to uni-directional wind stress conditions. The 101 vertical grid points for the upper 60 m of the 
onset of major wind events commonly is character- water column and the time step is 1 h. The dura- 
ized by changing wind direction (e.g., Hertzman et tion of each run is 48 h. The model is driven by 
al., 1974). While several simulations of the mix- a wind stress obtained from the quadratic drag 
ed layer have been quite successful, the relative law. Its magnitude is given by 
i•portance of wind stress magnitude compared with 2 
the rate of change of wind stress direction has Zo=0 a C10U10 (1) 
not been examined in detail to our knowledge. 
This question is relevant to the experimental de- where 0 a is the density of air, C10 is the drag 
sign (e.g., required accuracy and time resolution coefficient, and U10 is the mean wind speed at 10 
of wind stress direction) of upper ocean experi- m above the ocean surface. The value of C10 is 
ments and the interpretation of resulting data. set equal to 1.4 X 10-3 for all runs (see Paulson 
For example, satellite-borne scatterometers and Simpson, 1981, and Dickey and Simpson, 1982, 
(sidelookin• radar with large incidence angles) for further discussion of C10 variability). The 
have been used to determine vector wind stress surface heat flux is set equal to zero for all 
fields over the world's oceans (e.g., Huang, 1979•; runs because only high wind speed cases are con- 
O'Brien, 1981; and Satellite Surface Stress (S) sidered and attention is focused on the short term 
Working Group, 1982). These data are used as in- response. The effects of solar heating under con- 
put for models of upper ocean dynamics and ocean ditions of high wind speed (U10>20 m s -1) are gen- 
circulation. The tremendous potential of this erally negligible (Simpson and Dickey, 1981a,b). 
technique is compelling. The focus of this study Clearly, surface heat fluxes could not be excluded 
is to quantify the effects of variability in wind if the long term relaxation were of interest. The 
direction which accompanies impulsive wind stress- same initial linear stratification (Brunt-V•is•l• 

period equals 15.3 min) used by Simpson and 
Copyright 1983 by the American Geophysical Union. Dickey (1981a) and Dickey and Simpson (1982) is 

employed and the mean currents are initially zero. 
Paper number 2L1910. For simplicity, geostrophic velocities are ne- 
0094-8276/83/002L-191053.00 glected and uniform salinity is assumed. The lat- 
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Fig. 2. Surface speed time series for constant 
(CONST), clockwise rotating (CW), and counter- 
clockwise (CCW) rotat[• wind stress vectors. 

/ • • stress vector rotating clockwise with inertial 

/ \i • % periød (CW) ør • = + f' and (3) wind stress vectør 

• // •cw•__••,•. •/i rotating counter-clockwise with inertial p. e r iod (CCW) or • = -f. In all cases Ui0 = 20 ms -1 and 
•CONST.• '•. f is the Coriolis parameter evaluated for 30øN. 
• •.j• •x The zonal and meridional components of the mean 

surface velocities are shown in Figs. la and lb. 
After spin-up, the amplitude of each component is 
greatest for the clockwise forcing and smallest 
for the counter-clockwise forcing. This occurs 
because the clockwise wind stress vector is nearly 
in phase with the generated surface current veloc- 
ity vector. Therefore, the clockwise wind stress 
reinforces the surface current. The resulting 

Fig. 1 a) Time series of zonal surface velocity surface speeds (Fig. 2) are almost eight times 
for constant (CONST), clockwise rotating (CW), and greater for the clockwise case than for the 
counter-clockwise (CCW) rotating wind stress vec- counter-clockwise case. The peaks in surface 
tors. b) Time series of the corresponding merid- 
ional surface velocity. The wind stress is zero 
after 12 h (see equations 2 and 3). 
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itude chosen for the study is 30øN and the local 
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Results 
For a non-rotating wind stress vector, the most 

intense response of the upper ocean occurs when •-,6 
the duration of the wind stress is equal to one- • ,• \ 
half inertial periodß The model runs to be dis- <• -- 

cussed employ impulsive forcing which lasts for • ß 

one-half inertial period. The zonal and meridion- al components of the wind stress vector are chosen x-•- 

to be of the form 
-- \ 

TOX = T O COS0•t 
0 •< t •< Tt/2 (2) _•_ ' 

and ToY = -•o sin,•t 
•ox = %oy = 0 t > Ti/2 (3) o 
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where 0• is the frequency of rotation of the wind Fig. 3. Mixed layer depths as functions of time 
stress vector and t is time. The following three for constant (CONST), clockwise rotating (CW), and 
cases will be considered in detail: (1) uni- counter-clockwise (CCW) rotating wind stress vec- 
directional wind stress (CONST) or • --O, (2) wind tots. 
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Speed for the CW and CCW cases occur at about t = 
Ti/2. This is the time at which the currents 
generated at t = 0 by the initiation of the wind 
stress have rotated through 180 ø and are nearly 
aligned with the applied wind stress vector. Sig- 
nificantly greater shear necessarily occurs at the 
base of the mixed layer with the clockwise forc- 
ing. Hence, the associated mixed layer depths are 
approximately 35% greater than those of the 
counter-clockwise case (Fig. 3) Under these con- 
ditions (e.g•, forcing duration equals one-half 
inertial period) maximum mixed layer depths gener- 
ally are proportional to wind speed. This implies 
that a range of constant wind speeds which vary by 
35% would produce equivalent changes in the mixed 
layer depth. The temporary retreat of the mixed 
layer seen in the CCW case results from reduced 
shear caused by the opposing effects of the ini- 
tial setup and those which accompany the wind 
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Fig. 5. Sea surface temperature versus time for 
constant (CONST), clockwise rotating (CW), and 
counter-clockwise (CCW) rotating wind stress vec- 
tors. 

stress vector in the time interval centered 

near t = •T i/4. Remnant shear generated turbu- 
lence, characterized by flux Richardson numbers 
less than approximately 0.2, persists near the 
base of the mixed layer after forcing ceases in 
all cases. The shortest lifetime of the residual 

turbulence is associated with the counter- 

clockwise case (~ 20 h) while the longest lifetime 
corresponds to the clockwise case (~ 48 h). 
Vertieal eddy diffusivities of momentum are shown 
in Fig. 4 for the three cases at 4, 12, and 20 h 
after the onset of the wind stress. In all three 

cases the relative maximum in vertical eddy dif- 
fu$ivity propagates downward in time and the 
greatest values occur at 12 h. The largest values 
of eddy diffusivity occur for the clockwise case 
(Fig. 4b) and the smallest for the counter- 

_ clockwise case (Fig. 4c). This is consistent with 
the previous velocity shear and mixed layer argu- 
ments. Sea surface temperatures are greater 
(~ 0.4øC) for the counter-clockwise 
case than for the clockwise case (Fig. 5). The 
time necessary for sea surface temperature to 
reach steady-state is longest for the clockwise 
case. Additional runs used U10= 10 m s -1 instead 
of U 10 = 20 ms-1. Surface speed, mixed layer 
depth, and sea surface temperature were evaluated 

- at t = 30 h for the clockwise and counterclockwise 

cases. The percentage difference between the two 
- cases was determined for each parameter. These 

percentages were similar to those computed for the 
U10 = 20 m s-1 runs. The U 10 = 10 m s-1 results 
should be interpreted with qualification because 
10 m s -1 is near the transition between heat and 

o•5 wind dominated regimes ( Simpson and Dickey, 
1981a). 

Fig. 4. Vertical profiles of eddy diffusivity of Approximately forty runs were executed in or- 
momentum for a) constant (CONST), b) clockwise ro- der to illustrate the importance of wind direc- 
tating (CW), and c) counter-clockwise (CCW) rotat- tional variability compared to wind stress magni- 
ing wind stress vectors. Profiles are shown for tude or alternatively U10. The time dependence of 
4, 12, and 20 hours after initiation of wind the wind stress is given by equations 2 and 3. 
stress. Thus, runs with various combinations of values of 
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