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ABSTRACT

The shear in the mixed layer was forecasted and studied for the duration of

the MILE experiment. The forecasting was done with the Warn-Varnas and Piacsek

(1979) model.

The forecasts were initiated from data and driven by the experimentally-

f measured wind stress, radiation, and latent and sensible heat flux. The duration

of forecasts spanned a time frame of several days to a month.

The problem of understanding the shear in the mixed-layer region during MILE

was approached from two points of view. First, the basic dynamic processes that

generate shear were considered. Second, statistical distributions of shear as a

function of depth and time were computed.

The basic dynamics can be understood by decomposing the velocity into an

Ekran-type component and an inertial component. The vertical structure of this

velocity can be visualized as a superposition of an inertial oscillation onto an

Ekman spiral; the inertial oscillations being excited by abrupt changes in wind

stress. In most cases, the maximum shear occurred at the bottom of the mixed

layer and near the surface. In some cases, two shear maxima regions were found

below the surface. These cases involved situations of rising wind stress from

a previous history of low magnitude.

In the statistical approach, scatter diagrams of shear versus Brunt-Vaisala

frequency are computed. At different depths, these scatter diagrams show the re-

lationship of mixing, as indicated by the Brunt-Vaisala frequency, to shear. The

simulated magnitudes of shear are in the range of the experimental results of

R. E. Davis, et al.

Probability diagrams of calculated flux Richardson numbers as a function of

depth are also computed. These probability diagrams show a shift toward higher

Richardson numbers as the depth increases. This reflects the fact that the pene-

tration of turbulence and mixing tend to decrease, on the average, with depth.
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AN ANALYSIS OF MODELLED SHEAR DISTRIBUTIONS DURING
THE MILE EXPERIMENT

|I. INTRODUCTION

The propagation of internal waves in the ocean is strongly affected by gradi-

ents in density and current velocity. Such regions cause reflection, refraction,

absorption, and breakinq of the waves. Under certain conditions, the waves can

also grow in regions of velocity shear. To be able to predict the propagation of

a group of internal waves in the upper ocean, one must be able to predict in some

deterministic/statistical sense the properties of this upper ocean environment; in

particular, the spatial and temporal distribution of density and velocity graidents

and regions of turbulence activity. Since temperature measurements are much easier

to carry out than current measurements, and temperature data sets are in great

abundance, emphasis will be on measurements and theoretical understanding of cur-

rent shear in the coming year.

The present study deals with the problem of current shear in the mixed layer.

The shear in the mixed layer was forecasted and studied for the duration of the

MILE experiment. The forecasting was done with the Warn-Varnas and Piacsek (1979)

model, referred hereafter as the WP model.

The WP model is a one-dimensional, higher-order closure model in the sense

that it retain, the triple-correlation terms. The model contains forecast equa-

tions for the mean fields, second-order correlations, and third-order correlations.

The finite-difference solution of the equations is formulated without any critical

Richardson number cut-off criteria of the turbulence, and, therefore, the effects

of shear penetration of turbulence at the bottom of the mixed layer are preserved.

The forecasts were initiated from data and driven by the experimentally-

measured wind stress, radiation, and latent and sensible heat flux. The duration

of forecasts ranoed from several days to a month.

The problem of understanding the shear in the mixed layer during MILE was

approached frn, tw; points of view. First, the basic dynamic processes that gen-

erate shear were considered. Second, the statistical distributions of shear as a

function of depth and time were calculated.

The basic dynamics can be understood by decomposing the velocity into an

Ekman-type cor; ,nent and an inertial component. The Ekman components are obtained

from a balance between the second-order correlation terms and the Coriolis terms.

-. . .-- .. . . . !1
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fhe vertical structure of this velocity can be visualized as a superposition of an

inertial oscillation onto an Ekman spiral, the inertial oscillations being excited

by abrupt changes in wind stress.

This hypothesis was illustrated by turning on a constant wind stress, with

no heat flux, for one of the MILE temperature profiles and performing a numerical

simulation of several inertial periods. Throughout the mixed layer, the velocity

hodographs showed circles of constant amplitudes versus depth. The center of the

circles versus depth were displaced as if sitting on top of an Ekman spiral. The

amplitude of this inertial velocity was constant throughout the mixed-layer depth

and was zero below the mixed layer. The maximum shears occurred at the bottom of

the mixed layer and near the surface. Both components of the velocity, the Ekman

and inertial, showed appreciable shear at the bottom of the mixed layer.

Next, a time was selected during MILE when there was no wind stress. In

this case, it 4-:1 found that the Ekman part of the velocity was zero and the shear

at the bottom of the mixed layer was due to the inertial component of the velocity

on]y. In another case, a tioie was selected when the stress peaked around 4.5
2 -2dyne.-/cm , and a shear of 5 x 10- cm/sec was found at the bottom of the mixed lay-

er. The maqnitudes of the Ekman versus the inertial parts of the shear were 3 x

10.2 cm/sec and 4 x 10-6 cm/sec, respectively. Also considered was a case that in-

volved a situation where the wind stress was rising from a previous history of low

magnitude. The maximum shear occurred at the penetration depths of the turbulence

ienerated by this rising wind stress. The next largest shear was located further

down at the bottom of the mixed layer and was due to a previously-excited inertial

wave.

In the statistical approach, scatter diaqrams of shear versus Brunt-Vaisala

frequency are computed. At different depths, these scatter diagrams show the

relationship of mixing to shear as indicated by the Brunt-Vaisala frequency. The

simulated magnitudes of shear are in the range of the experimental results of

R. E. Davis, et al.

Probability diagrams of calculated Richardson numbers as d function of depth

are also computed. These probability diagrams show a shift toward higher Richard-

son numbers as the depth increases. This reflects the fact that the Penetration

of turbulence and mixinq tend to decrease, on the average, with depth.

2
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II. EQUATIONS OF THE ONE-DIMENSIONAL WP MODEL

A. THE MEAN FIELD EQUATIONS

- - TU + fv' + v(
2

2.

at az az 2  (2.1)

2

-- fu + a (2.2)az 2

32T 1 9T--T_ w'T' + +

at azc ocp 3z (2.3)

where Po is the mean density, F is the downward flux of solar radiation, and cp
is the specific heat at constant pressure.

B. THE WP EQUATIONS FOR THE SECOND-ORDER CORRELATIONS

+ u '..- + cg(u T'6 .+ uT'6
at a1 z j / 1 1 3 3

c, U t -2kG2  + !H 1+ ci 3"- (u'u'"w'), (2.4)c(Lk u~j axc a+x,1) ij - u ,z I

a -; - '- T au -
S 2- + ag TrT6

at 1 1 Dz a i3

-) uT'- - (uw'T'),
- C i t L k l- P - _L 1 ( 2 . 5 )

5 77i WV7 T C T'T F - -L (WTTF),. (2.6)
at Dz az'

where E is the dissipation function.
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The constants are set accordinq to Mellor (1973); C, = 3.19, C2 = 0.056,

1.47, Cit = 4.78, and Ci, = 1.87. They are based mostly on experimental mea-

suwements in the neutral, constantflux layer and grid-generated, constant shear

S flw ,.

rhe equations for the triple correlations are given in the WP paper with the

dc,,, terms changed to the f;or;i -2.46 c x triple correlations. The finite-

difference scheme used to solve the equations is described in the Appendix.

C. BOUNDARY CONDITIONS

At the bottom boundary, all velocities are set to zero and the temper-

at,ire is prescribed. At the top boundary, or surface, one uses

- (2.7)

H

where H is the sum of the latent, sensible, and back radiation fluxes, and T and

T are the wind stresses along the x and y axis.

D. DISSIPATION FUNCTION

The dissipation function is defined as

C k/l (2.8)

. , .1886 as obtain(,. fro!;, Mllor (1973). For the WP model, is defined

(2.9)

mj zk dz
S, is Von Karman's constant, and m, is ar, empirical con-

stant. f k 2 dz

4
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II1. RESULTS AND DISCUSSION

A. STATISTICAL DISTRIBUTIONS OF STRATIFICATIONS AND SHEAR

A numerical simulation of the MILE experiment with the WP one-dimen-

sional model was performed. The data used was that of Miyake (1978). The driving

fluxes that arose from this data are shown in figure 1. The model was initialized

from measured temperature profiles at 10:OOz August 2, 1977. Then, the measured

wind stress, solar radiation, back radiation, and sensible and latent heat flux

forced the model via the boundary conditions as given in Warn-Varnas et al.

(1981). Probability distributions of flux Richardson numbers were calculated at

various depths for the duration of MILE (about 30 days). The results are shown

in figures 2 through 4. The flux Richardson number was defined as

-cag w'T'
RF  = _ , (3.1)

w - - v w - 3)z )'Z

and the observations were 4 hours apart. Near the surface, inversions in temper-

ature can occur due to cooling. This results in negative values of the flux

Richardson number. In general, the probability of finding the low-value Richard.

son numbers is greatest near the surface since the chances of turbulence existing

there are the greatest. For turbulence to penetrate further into the mixed layer,

larger wind stresses or cooling fluxes are required. These larger values of forc-

ing fluxes are less probable, and, therefore, the values of the Richardson numbers

increase with depth, indicating that there is less turbulence at greater depths.

This fact is illustrated by the shift of the probability distribution diagrams

toward higher Richardson numbers as the depth increases (figures 2 through 4).

An estimate of the distribution of stratification and shear during

MILE can be obtained from scatter diagrams for various depths. These diagrams

have been computed from the model results at intervals of 4 hours. The results

are shown in figures 5 through 7. The units are cgs.

In general, the largest shears are around the bottom of the mixed

layer, which is located around 30 meters most of the time (figure 7). The next

largest shears are located around the surface (figure 5). The region which is

the mixed layer most of the time shows smaller shears since the velocities there

change less with depth (fiqure 6). The largest stratifications are near the

bottom of the mixed layer where the thermocline is located (figure 7).
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B. CASE OF CONSTANT WIND STRESS WITH No HEAT FLUX
In order to illustrate the consequences of wind-generated shear turbu-

lence on mixed-layer dynamics, a constant wind stress of Tx = Ty= 2.5 dynes/cm 2

is prescribed, and the problem is initialized from the MILE temperature profile on

day number 7. The results, about four inertial periods later, are shown in fig-

ures 8 through 13. The velocity can be decomposed into Ekman and inertial comoo-
nents as = + . It is assumed that the Ekman or shear-type components of

nent as = E +VI*
the velocity are determined by the equations

I v'w
-E 

=  f 3z (3.2)

-_ 1 U'W' (3

VE= f Dz (3.3)

Nomitsu (1933) gives further details on an analytical analog of such

a decomposition.

The largest shear is located near the bottom of the mixed layer (fiq-

ure 11). There, the Ekman and inertial components of the velocity both contribute

to the shear (figures 9 and 10). An interesting result is shown in figure 10; the

amplitude of the inertial velocity is constant with depth and the mixed layer

oscillates as a "slab".

Figures 12 and 13 show velocity hodographs at depths of 1 and 9 meters.

Again, one can see a constant amplitude oscillation in the mixed layer. A quali-

tative picture of the dynamics can be constructed by visualizing an Ekman spiral

oriented about 50 degrees to the right of the wind stress with a constant ampli-

tude inertial oscillation superposed on it. Thus, as one goes down into the ocean,

the hodographs shift to the right just as if they were following the Ekman spiral.

C. Low AND HIGH WIND STRESS CASES DURING MILE
2Around day number 8, the wind stress peaks at about 4 dynes/cm and,

then, around day 8.5 diminishes to zero (figure 1). The results for day number 8

are shown in figures 14 through 16. As in the previous example of constant wind

stresses, the Ekman and inertial parts of the velocity solution contribute to the

shear at the bottom of the mixed layer. The resultant shear magnitude is about

0.1 cm/sec (figure 16). On day number 8.58, both the wind stress and the Ekman

" part of the velocity solution tend toward zero. The total velocity is now equal

to the inertial component of the velocity shown in figure 17. The resultant Thear

is shown in figure 18. Thus, even in a case when there is no wind stress and no

-c 6



Ekman component of the velocity solution, there still is a shear present at the

bottom of the mixed layer due to the inertial component of the velocity solutions.

Once an inertial wave is excited, it will exist till it is damped out by the ambi-

ent ocean. An average damping time is about 10 days (Pollard, 1970). At this

point, one might tend to think that model-simulated shear exists only at the top

(surface) and bottom of mixed layers. This is not the case, as is shown in the

next example.

On day number 18.58, the wind stress began increasing after a period

when it was constant, and then began decreasing. The largest shear is now located

around the penetration depth of the Ekman velocity, which is about 10 meters (fig-

rue 20). The next largest shear is past 30 meters and is caused by a previously-

excited inertial wave.

The qualitative picture is one of an Ekman velocity being matched to

a previously-excited inertial wave (figure 19). The picture can be pursued fur-

ther by analyzing the excitations of inertial waves in time during MILE. Figures

21 through 22 show the MILE velocity hodographs at depths of I and 30 meters. The

graphics do not have enough resolution in time, and, therefore, lines that should

be arcs of a circle appear as straight lines. In figure 21, the time span from

2 to 7 days is covered and a range of inertial amplitudes, indicating that as wind

stress magnitude varies the amplitudes of the excited inertial waves vary. In

figure 22, the time span from 32 to 35 days at a depth of 30 meters is covered,

and one can see that a constant amplitude inertial wave was present. This iner-

tial wave was excited by a large storm from day 22 to day 25. Since, at that

time, the temperature mixed layer was already pre-mixed to about 30 meters, the

large wind stress that peaked at 5 dynes/cm 2 was able to excite a large ampli-

tude inertial wave at a depth of 30 meters. Similarly, on day number 18.58, there

was a large inertial wave present that had been excited during the wind storms

from day 9 to day 14. This inertial wave penetrated to a depth of almost 30

meters (figure 19).

IV. CONCLUSION

The shear was forecasted for the MILE experiment with a one-dimensional

higher-order closure mixed layer model by Warn-Varnas and Piacsek (1979). The

statistical distributions of shear and stratification were analyzed in various

ways. The probability distribution of flux Richardson numbers showed a shift

7



toward higher Richardson numbers as the depth of penetration into the ocean in-

creased. This situation arises because the depth of penetration of shear-produced

turbulence into the ocean depends upon the strength of the wind stress. The

larger values of wind stress are less probable and, therefore, the probable values

of the Richardson number increase with depth, indicating that, on the average,

there is less turbulence with increased depth.

The distribution of shear and stratification during MILE were obtained by

computing scatter diagrams at various depths. These scatter diagrams showed that,

most of the time, the largest shears are located around the bottom of the mixed

layer and near the surface. Within the mixed layer, the shears are usually

smaller, indicating a high homogeneity of velocity profiles. For transient cases,

there are exceptions, as will be pointed out later. The maximum shears were dis-

tributed in the range of 2 x 10-2 to 7 x 10-2 (cm/sec). These values are in the

range of the experimental results of R. E. Davis, et al. (1980).

Steady and unsteady cases of high and low wind stress were analyzed. The

analysis was performed by decomposing the velocity into an Ekman and inertial

part. The Ekman or shear part was dependent upon the wind stress being present

at the surface, while the inertial part was influenced by present and past wind

stresses. Once an inertial wave was excited, it remained for about 10 days till

it was damped out. The hodographs showed that as the wind stress amplitudes

changed, the amplitudes of excited inertial waves also changed. The Ek:11an part of

the velocity diminished to zero as the wind stress decreased to zero.

A transient case was found in which the maximum shear does not occur at the

bottom of the temperature mixed-layer depth. This can happen when there is a

building Ekman part of the velocity solution, generated by a rising wind stress,

* being superposed on a previously-excited inertial wave.
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Figure 16. Shedr versus depth on day 7.92.
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Figure 17. Inertial velocities versus depth on day 8.58.
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FiHure IR. Shear versus depth on day 8.58.
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Figure 19. Total velocities versus depth on day 18.58.
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Figure 20. Shear versus depth on day 18.58.
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Figure 21. Velocity hodographs for MILE from day 2 to 7 at a depth of I meter.
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Fiqure 22. Velocity hodographs for MILE from day 32 to 36 at a depth of 30 meters.
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I

I APPENDIX
THE FINITE-DIFFERENCE SCHEMES

I For the WP model, the finite-difference equations are solved implicitly

for ln+1 n+1, n+1. This involves, as explained in the WP paper, solving alge-

braically the finite-difference equations for the second-order correlations. The
resultant finite-difference equations for the mean fields are, then, in the desir-

able diffusive-type form plus a forcing term. The diffusive form is desirable

because it enables one to solve implicitly for the mean fields. As an illustra-

tion, the resultant equation for temperature is as follows:

Tn+ly -n-1 - -n+) cgTT +

2At z T 3 ) 3- 1 ~.+C 1( GOwTJ/

+ + 3g(fT/az) + 1 aF (
( 1/2At)+C 1(.)JJ+ poCp az,

C3C + ( - rwW n]

where KT =3
+ : cl.)[-L+c + __3otg (j/Dz)

2t + C 2T +C ) (1/2At)+ (Cl(e))1

T- R - n - 1 _ )n w ' n -1  (-i-w-rTr) n
RTT 2At -z and RwT= 2At

The treatment of the Coriolis terms are changed from the one stated in the

WP paper. The method of time splitting is now used to separate them from the rest

of the solution. This treatment is illustrated in equation (2.1). The finite-

difference analogy is
u._n-1 U* (2)u u-

(AtKu )+ S u  + u T (2)

f n+1u - U* = fln (3)
2At +r 3
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where Ku is the eddy coefficient term, su is the source term, and u* is the inte,

mediate time value. This method was introduced so as not to overdamp the inertial

oscillations.

The grid is stretched. The stretching of the grid and the resultant accu-

racy of the overall finite-difference scheme is described in the WP paper.
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