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Mode l  s tat is t ics  of iner t ia l  shea r  
f r o m  mult i -year  s imulat ions at 
weathersh ip  'Mike' 

L. Henderson and S. Piacsek 

Execut ive  Summary:  Recently there has been increased interest in ASW- 
related environmental acoustics research on the influence of the oceanic fine- 
structure and internal waves on acoustic signal propagation. Both the direct 
source mechanisms that generate such structures and fluctuations, as well as 
the environmental factors that affect their propagation and/or dissipation, are 

PJof direct interest to applied oceanographic research. ' - - -m=-kk-,q 
This memorandum focuses on one of the most important environmental factors 
affecting the propagation and dissipation of internal waves: the presence of 
strong vertical shear in the mean currents. It has been known for a long 
time by fluid dynamicists and oceanographers that in such a current shear 
the internal waves suffer critical layer absorption and strong refraction, thus 
strongly influencing their spectra and level of activity in a given region. 

At the base of the mixed layer the main contribution to vertical current shears 
comes from inertial currents generated by strong winds, and from breaking 
internal waves. (The latter phenomena is not independent of the presence of 
the former.) 

Using a numerical model for the turbulent surface mixed layer, we have in- 
vestigated two aspects of inertial shear statistics: the interannual variations 
due to variability of the atmospheric forcing fluxes, and the sensitivity of the 
model-predicted shear to the grid size employed in the prediction model. 

The results have shown that there are strong interannual variations in the 
magnitude and predominant depth of inertial shear, with magnitudes varying 
by a factor of up to three, and the depth of mean shear moving by 30 m 
or more. A dependence of the these quantities on the vertical grid size has 
also been found, with the simulation results showing large inaccuracies for 
6r > 5 m. In particular, this implies that the current TOPS (thermal ocean 
prediction system) operational model can predict inertial shear statistics only 
marginally at best. 

This work was part of a larger study of upper ocean shear funded by NORDA, 
and satisfied our contract requirements. No further work on this topic by 
SACLANTCEN is planned. 
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M o d e l  s ta t i s t i cs  of inertial shea r  
f r o m  mul t i -year  s imula t ions  at 
wea the r sh ip  'Mike' 

L. Henderson and S. Piacsek 

Abs t r ac t :  In this memorandum we focus on one of the most important envi- 
ronmental factors affecting the propagation and dissipation of internal waves: 
the presence of strong vertical shear in the mean currents. Using a numerical 
model for the turbulent surface mixed layer, we have investigated two aspects 
of inertial shear statistics: the interannual variations due to  variability of the 
atmospheric forcing fluxes, and the sensitivity of the model predicted shear 
to  the grid size employed in the prediction model. To study the interannual 
variation of shear, we performed a simulation for the month of May for 20 
consecutive years from 1960-1979 at the site of weathership 'Mike' in the 
Norwegian Sea. To examine the dependence of the shear statistics on the 
vertical grid size, we performed the computations on grid sizes of 1 m, 2 m, 
5 m, and a grid approximating the TOPS grid (for the top 100 m). The re- 
sults show that there are strong interannual variations in the magnitude and 
predominant depth of inertial shear, with magnitudes varying by a factor of 
up to  three, and the depth of maximum shear moving by 30 m or more. A 
dependence of the these quantities on the vertical grid size is also found, with 
the simulation results showing large inaccuracies for 6% greater than 5 m. 

Keywords:  atmospheric forcing o currents o inertial shear o internal 
waves o mixed layer o Norwegian Sea 
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Importance of shear 

This study is a continuation of a research effort to evaluate the capability of the cur- 
rent FNOC (Fleet Numerical Oceanographic Center) ocean forecast model TOPS 
(Thermal Ocean Prediction System) to predict some of the environmental parame- 
ters that are of interest to acoustic and non-acoustic ASW. One of these parameters 
is the vertical shear of the horizontal velocity, shown by both observational and the- 
oretical work to have a strong effect on the propagation of internal waves, and on 
the generation and evolution of turbulent patches and fine structure in the ocean. 

The largest shears in the ocean are usually associated with inertial waves and break- 
ing internal waves, and are found in many cases near the surface or near the bottom 
of the mixed layer. Since it is impossible to measure or monitor experimentally the 
velocity shear associated with these motions over large areas of the world ocean, one 
has to have recourse to numerical models. The highly intermittent nature of veloc- 
ity shear, however, makes a deterministic prediction very difficult if not impossible. 
What has been considered and attempted so far is a simulation of certain statistical 
aspects of these motions, including spectral slopes and intensity levels of activity, 
and their dependence on season, geography, and/or the mesoscale flow. 

Important; factors that influence the prediction problem are the accuracy of the 
forcing functions, the representation of all the physical phenomena present, and 
various aspects of the numerical model, among them the size of the spatial grid on 
which the variables are defined. 
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Nature of shear 

The nature of inertial shear has been investigated by many authors in the last few 
years, both experimentally and numerically. The various observational studies have 
found the maximum shear values to range from 0.002 to 0.1 s-', although most 
maxima tend to fall between 0.01 to 0.04 s-' . The observations most often find the 
maximum shear to occur near and below the base of the mixed layer (Gregg and 
Sanford, 1980; Davis et al., 1981a; Oakey, 1982; Oakey and Elliot, 1982; Rubenstein 
and Newman, 1982; D'Asaro and Sanford, 1981; Briscoe and Weller, 1984). Several 
investigators have found evidence that the motions below the mixed layer are not 
driven directly by the local wind. 

These observations tend to be confirmed on the whole also by numerical simulation 
studies (Davis et al., 1981b; Martin, 1982; Martinet al., 1986). Recent observational 
evidence for the shear frequency and vertical wave-number spectrum in the upper 
ocean has been produced by Pinkel (1984). He has shown that the variance of shear 
in the inertial-period band occurs in vertical scales of tens of meters, and that there 
is a rapid fall-off of shear with decreasing vertical scales. In the frequency band 
corresponding to the Brunt-Vaisala period, the smallest vertical scales contribute 
the most to the variance, and the shear spectrum is white with respect to vertical 
scales. Pinkel's observational picture is in sharp contrast with the shear spectrum 
model derived from the internal wave model of Garrett and Munk (1972, 1975), or 
any other semi-empirical s nod el. These models predict that most of the variance of 
shear should occur at the inertial frequency, but Pinkel's observations refute it by 
pointing out that only about half of the shear variance is captured by motions at 
the inertial frequency. Pinkel's observations did not single out the mixed layer as 
a special region for shear. This memorandum addresses that fraction of the shear 
variance that is generated by the inertial motions at the base of the mixed layer. 

In model studies with a constant wind stress (Warn-Varnas et al., 1981b), it was 
found that the amplitude of the inertial velocity becomes constant throughout the 
mixed-layer depth and zero below the mixed layer, leading to the formation of maxi- 
mum shears near the bottom of the mixed layer and near the surface. Since the shear 
within and at the base of the mixed layer is due largely to currents that are directly 
wind-driven, the shear in this region tends to be correlated with the surface forcing 
rather well. When the maximum shear occurs below the base of the mixed layer, the 
situation corresponds to one where stresses due to growing winds are superimposed 
on a previously oscillating inertial wave. 
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These analyses were performed by decomposing the velocity into an Ekman and 
inertial part. The Ekman part of the shear was found to be dependent upon the 
instantaneous wind stress at the surface, while the inertial part was influenced by 
present and past wind stresses. Once an inertial wave was excited, it remained 
present for ca. 10 days till it was damped out, whereas the Ekman part of the 
velocity diminished to zero as the wind stress decreased to zero. 

In a simulation of the MILE (Mixed Layer Experiment) experiment carried out in 
1977, one of the most comprehensive studies of mixed-layer dynamics up to that 
time (Davis et al., 1981a; Levine et al., 1983), Martin et al. (1986) found that the 
currents in the upper 15-20 m were primarily driven by the local winds. Between 
20 and 30 m the motions were thought likely to be due to a mixture of both local 
wind-driving and dispersion. Below 30 m the motions were proposed to be caused 
primarily by dispersion, since vertical mixing did not extend to those depths. 

The formation of vertical shear both within and below the mixed layer has also 
been investigated in connection with MILE simulations. In the upper 20 m or so, 
the predicted shear agreed well with the observed shear, and it was found to be 
closely influenced by the surface forcing. Between 20 and 30 m, however, the model- 
predicted shear increased only during the stronger wind events, which deepened the 
mixed layer to these depths. Furthermore, the observed shear showed much more 
variability on the shorter timescales, possibly caused by phenomena not included in 
the model (e.g. internal waves). Below 30 m, the maximum observed mixed-layer 
depth during MILE, the model predicted almost no shear, whereas the observa- 
tions showed considerable shear present between 30 and 50 m, within the seasonal 
thermocline. 

In general, four main timescales of the atmospheric forcing functions have been 
found to affect the formation of shear: the diurnal heatingJcooling cycle, the 3- 
7 day random procession of fronts and storms, the seasonal cycle, and an annual 
variation in the frequency and intensity of storms. Harding et al. (1983) found that 
high shear variability appears on diurnal, synoptic, and interannual time scales. 
Further studies along these lines, with similar findings, were performed by Preller 
and Piacsek (1985), Warn-Varnas et al. (1986), and Piacsek et al. (1988). 
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Scope of present work 

In order to gain an insight into the interannual variation of shear, we have performed 
a simulation for the month of May for 20 consecutive years from 1960-1979, at the 
site of weathership 'Mike' in the Norwegian Sea, located at 66ON, 2OE. In order to 
examine the dependence of the shear statistics on the vertical grid size, we have 
performed the computations on grid sizes of 1, 2, 5 m, and a grid approximating the 
TOPS grid for the top 100 m. 

In summary, the current work was mainly designed to serve as a sensitivity study for 
estimating the dependence of the modeled shear on the grid size and on the variations 
in the forcing functions. It was not designed to be compared with observational data, 
and as such was not initialized, updated and verified against XBT and/or current 
meter observations. 

A second goal of the study was to make a first-order estimate of the adequacy of the 
operational TOPS model to predict shear. By request of NORDA the velocity fields 
from the daily output of TOPS have also been archived (in addition to temperature 
and salinity), and for the year 1985 several studies have been ~nade  using these fields 
( Warn-Varnas et al., 1986; Piacsek et al., 1988) to derive the statistics of the various 
environmental parameters, including shear. A comparison of the two model shear 
statistics is attempted. 
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Model description 

The rnixed-layer model used in this study is a 'profile' or 'differential' type model, 
in which all the physical variables are defined on a fixed vertical set of grid points, 
and their time evolution computed via transport equations in finite-difference form. 
The vertical variation of the variables and their time changes can be followed to any 
desired accuracy by choosing a fine enough spatial grid and small enough time step. 

In contrast, 'bulk' type models assume the existence of a mixed layer a priori and 
compute the time evolution via an integrated form of the transport equations, pro- 
viding momentum and heat entrainment at the surface and at the bottom of the 
(uniform) mixed region. Thus, these 'bulk' type models do not allow for decaying or 
growing motions (e.g. the existence of vertical gradients) within a region of uniform 
density, even though this uniformity does not impose an instant constraint of ve- 
locity homogeneity in the region. A region made uniform by previous wind-stirring 
events can have strongly varying velocity gradients when subjected to future storms 
and turbulence build-up. 

It was therefore natural to choose a 'profile' type model, for studying the time 
evolution of inertial shear and its statistics during a month-long simulation with 
time-varying momentum and heat fluxes. The particular profile model rhosen was 
the Mellor-Yamada model with level 2.8 turbulence closure (MY2.8). This model 
was first introduced by Mellor and Yamada (1974) to study the turbulent planetary 
boundary layer, and later applied by Mellor and Durbin (1975) and Warn-Varnas 
and Piacsek (1979) to the oceanic mixed layer. A comparison of the level 2.0 and 2.5 
closures for mixed layers was made by Martin (1985) at two weathership locations; 
he has also extended the level 2.5 closure to level 2.8. 

We now give a brief description of the model. As all 'profile' or 'differential' type 
mixed-layer models, it uses the conservation equations for momentum, temperature, 
and salinity, defined on a finite-difference grid. In the momentum equations, the time 
and vertical spatial derivatives are retained, but the horizontal spatial derivatives are 
assumed to be small and are neglected. This implies, in particular, that horizontal 
pressure gradients are neglected. Vertical mixing is parameterized by using eddy 
coefficients computed via appropriate turbulence closure schemes corresponding to 
the level of closure of the Mellor-Yamada mixed-layer model. The MY2.8 model 
uses a critical Richardson number (Ri) cut-off criteria to suppress turbulence mixing 
in regions where the density stratification is large and the corresponding stability 
suppresses vertical motions. In this regard it is unlike the WP model (Warn-Varnas 
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and Piacsek, 1979), where the turbulence closure is of third order and does not 
involve a critical Ri cut-off of turbulence. Consequently, the WP model preserves 
the effects of shear penetration and of turbulence below the bottom of the mixed 
layer. The MY2.8 model, on the other hand, has no means of transferring momentum 
to depths below the mixed layer, because the cut-off mechanism has eliminated the 
existence of an eddy diffusion mechanism below the mixed layer. 

The model is driven by surface fluxes of momentum, heat, and moisture. These fluxes 
can be derived from ship observations or from output of weather prediction models. 
As mentioned above, this model has been extensively tested at the weathership sites 
Papa (Station 'P') and November (Station 'N') by Martin (1985), and also for the 
location and duration of the MILE experiment (Davis et al., 1981; Warn-Varnas 
et al., 1981). In these cases the model was initialized from observed XBT profiles 
and driven using atmospheric surface f lues derived from shipboard and/or buoy 
observations of the relevant physical variables. 

The model has also been tested extensively in an operational setting at FNOC in 
Monterey, California, as part of the TOPS analysis/prediction system. In this case 
the temperature field is updated regularly by blending the predicted fields with an- 
alyzed fields that are a combination of climatology and recent XBT observations 
(Clancy and Martin, 1981; Clancy and Pollak, 1983). This operational model has 
predicted SST (sea-surface temperature) and MLD (mixed-layer depth) fields that 
had rms values much closer to the observed values than the corresponding climat,o- 
logical values. 

For the particular model details, such as numerical schemes, turbulence closure snd 
turbulence constants used in this study, the reader is referred to Xartin (1985). W e  
only want to add here that a rather small time step of 300 5 fi-a? necessary to run 
the case with 62 = 1 m, and to keep the comparisons meaningful the same time step 
was used for all vertical grid spacings. 
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Initialization and forcing 

The simulations were initialized from climatological temperature and salinity pro- 
files, in particular by the fields of the GDEM (Generalized Digital Environmental 
Model) climatology (Naval Oceanographic Office, 1987). The mixed-layer model was 
then driven by wind stresses and heat fluxes derived from observations of the rele- 
vant atmospheric and oceanic variables by the weathership 'Mike' stationed in the 
Norwegian Sea at 66ON, 2OE for the years 1960-1979 (Martin, personal communica- 
tion, 1987). Solar radiation, infrared back-radiation, and evaporative and sensible 
surface heat flux components were individually given, as well as the total net surface 
heat flux. Penetration of solar radiation was described using an extinction profile 
for seawater optical type 2 (Jerlov, 1976). 

Figures 1-3 show the time variation of the surface wind stress for 12 years of t,he 
20-year period employed in this study (1960-1979). Within this 20-year period, 
the May winds showed a remarkably uniform average of 0.10-0.15 dynes/cm2. The 
winds fluctuated almost regularly with a period of 3-4 days, with the stresses vary- 
ing from nearly 0.0 to 0.4 dynes/cm2. Some of the more prominent events are three 
exceptionally large storms that occurred in the Mays of 1964, 1965 and 1975, re- 
spectively. Two short periods of intense winds also occurred in May 1978, and some 
lesser storms in 1966, 1976 and 1979. 

The simulations were actually started on April 15 of each year, to provide a necessary 
'spin-up' of the model in order to achieve dynamical balance on the starting date of 
the statistical analysis, i.e. May 1 of each year. 
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Figure 2 Daily variation of the scalar wind stress during the month of May in the years 
1972-75, at the weathership 'Mike ' location (66 O N ,  2 OE). 
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Figure 3 Daily variation of the scalar wind stress during the month of May i n  the years 
1976-79, at the weathership 'Mike ' location (66 "N,2 "E) .  
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Statistical method and output display 

We have been mainly interested in the behavior of the scalar shear S, defined as 

where u and v are the a: and y (north and east) components of velocity, and 6% 
represents the vertical distance between grid points. The values of S were calculated 
every 6 h from the velocities at the various grid levels. 

We have computed both averages and rms values of the scalar shear over the months 
of May for each year of the 20-year period from 1960-1979. The mean values were 
obtained by averaging 120 values (four times a day) of each May, for each depth level 
and each year, respectively. These were then plotted as a series of vertical prnfiles 
for the different years. The rms values were first sorted into depth bins of 10-m 
width (from 0 to 100 m),  and then also into magnitude bins of width 1 o - ~  S- l ,  with 
the total ranging from 0 to s-'. From these we have constructed 2-D plots of 
shear magnitude us depth, for each year and each computational grid. We have also 
prepared 3-D statistical plots that display the frequency of ocrilrrence of shear as a 
function of depth and magnitude of shear. However, because of the exressive details 
and, to some extent, repetitiousness of the plots, only a 15-year average of the 3-II 
histograms is presented for each of the four grids used, i.e. for constant grids with 
62 = 1, 2, and 5 m, and the TOPS grid (a stretched grid whose initial grid size near 
the surface is 5 m). 
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Discussion of  results 

The internal grid spacing was found to have a profound effect on shear statistics, 
as displayed in both the depth profiles and the 2-D and 3-D histograms. Figures 4 
and 5 present the monthly mean shear profiles as a function of year for three model 
grid sizes used, bz = 1, 2, and 5 m7  respectively. Each figure contains 12 profiles, 
representing four successive years (1970-73) at the three model resolutions. 

It is evident f ro~n the figures that the mean shear profiles vary more with grid size 
than with the years. Generally, it can be said that smaller grid sizes lead to 'spikier' 
or 'sharper7 shear maxima. Furthermore, somewhat surprisingly, the mean shears 
tend to increase with grid size over the whole depth domain, and penetrate further 
down into the seasonal thermocline. Whereas in the 1-m simulation the maxima near 
the bottom of the mixed layer occur between 30 and 60 m,  in the 5-m simulation tke 
maxima tend to occur between 60 and 80 m. This apparent increase in MLD with 
grid spacing can at least partly be explained by the criterion used for finding the 
MLD, namely the depth at which the temperature (or density) has fallen a ce~tajn 
prescribed increment below its surface value. Since in general this depth might fall 
between two grid points, and the criterion then ascribes the MLD to the deeper of 
the points, the larger grids will tend to have the deeper MLD. 

In greater detail, the 1-nl profiles display about two or three 1 ical maxima or 'peaks' 
that reflect the presence of large 'bottom-of-the-mixed-layer' shear events. Unfortu- 
nately, there is no clear-cut trend as to how the shifting and growth of these peaks 
occurs with changing grid size. For example, in 1976 the three peaks appearing at 
24,44 and 56 m in the 1-m simulations have shifted to 26,60, and 80 m, respectively, 
in the 2-m simulations. In the 5 m simulations, they have almost lost their 'spiky' 
character, with only some local maxima visible at 80 and 48 m, and two larger peaks 
at 8 and 28 m. Whereas in both the 1- and 2-m simulations the peak magnitudes 
increased with depth, in the 5-m simulations the reverse is found to be true. The 
tendency to form peaks at the surface with increasing Sz is clearly evident for al- 
most all years. Furthermore, the penetration of shear to lower depths for increasing 
grid spacing is also evident: the effective penetration depth is ca. 65 m for the 1-m 
simulations and ca. 100 m for the 5-m simulations. 

It must be pointed out that although the statistics of shear presented here are 
probably valid from the surface to the bottom of the mixed layer, they are not valid 
below the mixed layer. As discussed above, co~nparisons of the MY2 model to data 
at MILE showed that although the model simulated physical parameters well within 
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the mixed layer, below the mixed layer there was much more shear than the model 
showed. 

The absence of shear at the 6 z  = 0 m grid point on all profiles is an artifact, because 
there was no zero-point output from the model. In fact, the shear values can be seen 
to approach a local maximum at the first grid point below the surface. 

The 15-year average behavior of shear (1964-80) is illustrated in the 3-D histogram 
plots of Fig. 6 as a function of the four computational grids used, respectively. The 
histograms display a probability distribution for the occurrence of a given shear 
magnitude at a given depth. According to these results, the largest shears tend to 
occur near the surface. A secondary local maximum, only slightly smaller than the 
surface value, is evident in all except the 5-m simulations, at ca. 40 m in the 1- and 
2-m simulations, and at ca. 60 m for the TOPS grid results. There occur almost 
no shear values above 2 x s-' in the 1- and 2-m simulations, but ca. 10% or 
more of the shear values fall into the 3-4 x s-' range in the 5-m and the TOPS 
simulations. These ratios of occurrences between the large and small shear values 
are approximately the same at all the depth levels examined. Another interesting 
feature is the rather abrupt cut-off of shear below a certain critical depth, at ca. 65 m 
for the 1-m simulations and ca. 85 m for the 2-m simulations. The fall-off with depth 
appears to be almost exponential for the TOPS grid, but for the 5-m simulation a 
second local maximum is found at 100 m. 

The effect of grid size on shear output is more obvious on shear us depth profile 
plots (Fig. 3) than in the histogram plots (Figs. 4-7) because different numbers of 
points were grouped together into 10-m 'bins' for each grid size: for the 1-m grid, ten 
points were grouped together for each 10-m box representing a range step, for the 
2-m grid, five points were grouped together, and for the 5-m grid, only two points. 
This use of 'bins' results in a s~noothing effect. 

The behavior of the mean shear and its rms deviation in the two consecutive decades 
1960-69 and 1970-79 is depicted in Fig. 7, respectively, again as a function of the 
vertical grid size. This figure is actually a 2-D version of the 3-D histogram-functions 
presented in Fig. 6, representing the 10-m average shear with depth (obtained by 
integrating the values in each 10-m bin in Fig. 6 over all magnitudes). 

Two overall trends for the mean shear can be distinguished: the slightly sharper cut- 
off of the mean shear with depth during the '60s vs the '70s (left vs right column 
in Fig. i'), and the sharper cut-off with finer grid resolution (top, 5 m; center, 2 m; 
bottom, 1 m - in Fig. 7). 

Figures 8 and 9 depict the annual variation of the rms deviation in the decade 1960- 
69, for the years 1960-61 and 1962-63, respectively. The deviations are computed 
for three model grid resolutions. Similar results were obtained by comparing the 
rms deviat,ion between single years and the 10-year average for the decade 1970-79. 
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Figure 6 Probability distribution of the 15-year average shear with depth and magnitude, 
as a function of .model grid spacing: ( a )  6 2  = I  m, (b) 6 2  = 2  nt, (c)  6 2  = 5  m, (d)  TOPS 
stretched grid with surface 6 2  =2.5 m. 
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Figure 7 Distribution in 10-m 'bins' of the 10-year average shear with depth and 
inagnitude, as a function of model grid spacing and decade of averaging: (a)  6 z  =5  m ,  
( b )  6 2  =2  7n, ( c )  6 2  =1 m. The left column is for the decade 1960-69, and the right 
coluntn is for the decade 1970-79. 
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Figure 0 Dist~ibutions in 10-m 'bins' of the monthly average rms shear variability 
with depth and magnitude, as a function of model grid spacing and year: (a )  6 2  =5 In, 
(b)  6r = 2  m, ( c )  6 2  = I  m.  The left column is for the year 1962, and the right column is 
for the year 1963. 
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There appear to be significant interannual variations as well as a grid dependence 
of the fluctuations. For all grid sizes, the largest interannual changes are between 
1960 and 1961; particularly noteworthy is the presence of very strong surface shear 
in 1960, and its almost complete absence in 1962. In all years the largest deviations 
occur below the surface, in the 40-50 m depth range for the 1-m results, and in the 
50-70 m depth range for the 2 and 5 m simulations. The magnitude and depth range 
of this subsurface peak are almost constant from 1961 to 1963 in the 1-m simulation, 
but there is a tendency to drift to a deeper depth in the coarser grid results, from 
ca. 55 m in 1961 to ca. 65 m in 1963. In general, the subsurface peak spans a depth 
range of ca. 20 m in all four years and for all grid resolution, except in 1962 for the 
2- and the 5-rn results, when it is only ca. 10 m wide. 
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Conclusions 

We have observed a strong dependence of the vertical inertial shear on model grid 
size and annual variations in the forcing. Both dependencies are enhanced by the 
nonlinear nature of the mixing processes, e.g. a cubic dependence on the wind speed 
and a quadratic dependence on shear and stability gradients ( 6 ~ - ~ )  in the Richard- 
son number. In general, the 1-m grid results differ substantially from the 2- and 5-m 
results, which are on the whole similar. The TOPS results tend to agree with the 
2-m results near the surface, with the 5-m results above 60 m, and diverge from all 
below that depth, reflecting the stretched nature of its model grid. 
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