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Abstract--Studies of mixing were done at the northern flank of Georges Bank in the summer and 
autumn of 1988. Two time-series of the evolution and intensity of microstructure were examined over 
a tidal period in the context of tidal forcing and the evolution of the density and velocity field at the 
site. From the CTD, ADCP and microstructure observations (EPSONDE) on Georges Bank, several 
interesting features of the mixing processes were found. High dissipation and diffusivity regions 
appear near the bottom of the Bank. Turbulence near the bottom is highest in intensity and reaches 
farthest from the bottom at peak tidal flow and diminishes in intensity and vertical extent as the flow 
decreases. The thickness of the bottom turbulent layer has its maximum value when the flow is 
strongest and the stratification is weakest. Characterization of the dissipation rate and turbulent 
diffusivities in respect to buoyancy frequency N, current shear S, Richardson Number Ri and .s/oN2 
was done. Dissipation and or showed little dependence on shear or N2 but decreased at larger Ri. xt 
was found to be higher in regions of higher N2 and increased as s/vN’ increased. KT, K,, and K,, were 
all highest near the bottom in excess of lo-* m2 s-’ and decreased towards the surface. There was 
little suggestion of a dependence of mixing efficiency on 8, Ri or &/oN2, but some indication that I’ 
decreases with decreasing N2. Copyright 0 1996 Elsevier Science Ltd 

INTRODUCTION 

Georges Bank on the northwestern Atlantic shelf to the east of Cape Cod and to the south of 
Nova Scotia, well known for its high biological productivity, is characterized by a 
pronounced tidal-mixing front. This front extends around the bank near the 60 m isobath 
during the spring-autumn period. Previous investigations indicate the importance of the 
variability of the front to this high productivity (e.g. Loder and Platt, 1985; Horne et al., 
1989). Riley (1982) also pointed out that high vertical mixing rates over the Bank front could 
be responsible for enhanced regeneration of nutrients. Nevertheless, the precise nature of 
the mixing processes is still not clear. 

An extensive field study of mixing processes at this tidal mixing front was undertaken in 
the Bedford Institute’s 1988 Georges Bank Frontal study. An overview of some of the 
results of this study is given in Loder et al. (1993) and Fig. 1 from that paper is used here as a 
reference for the study area. The area is dominated by a strong tidal front determined largely 
by temperature. Intensive observations at each of the four sites shown on the figure were 
obtained from a CTD, an acoustic doppler current profiler, and in particular the 
microstructure profiler, EPSONDE. Details of the hydrography and currents are 
discussed in detail in Loder et al. (1992). They confirm previous observations of strong 
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Fig. 1. The Georges Bank Frontal study area is shown (a) with the four principal study sites on a 
north-south line crossing the bank edge at 66”W. The mean temperature (b) and density fields (c) are 
shown as contour plots in relation to these four sites. Site 2 at the strongest frontal expression is 

discussed in this paper. 

tidal and residual currents, internal tide and tidal front, but also describe a richness of 
internal wave structure, an internal hydraulic jump and solitary waves generated at the bank 
edge moving into the frontal zone. As we shall see later, the complexity of this region makes 
it difficult to characterize the turbulent mixing processes. In a previous study in 1985, Horne 
et al. (1995) made similar studies to those reported in this paper. Their microstructure 
measurements, nevertheless, did not go to the bottom and did not have the concurrent 
ADCP data. 

It is the purpose of the present paper to explore the relationships between various 
turbulence parameters commonly used to quantify the intensity of turbulence and mixing 
rates. A major difficulty in merging data from the microstructure profiler (which goes to the 
bottom) and the CTD and ADCP profilers (which do not go to the bottom) is that a 
concomitant set of data from all sources largely ignores the lowest 5-8 m of the water 
column. We are therefore unable to satisfactorily quantify the bottom boundary layer 
thickness and its variability. 

We focus our attention on mixing processes at Site 2, which is on the bank and likely to be 
the site most temporally affected by velocity and density changes as a result of the tide. 
Because the front is tidally forced, it is advected on and off the bank past the measurement 
site by the barotropic tide, providing a wide range of currents over the tidal period and at the 
same time a varying mixing environinent as the density and density gradient change. The 
frontal expression has extreme positions separated by 10-15 km. Previous studies of 
turbulence in shallow seas where tidal forcing is high (Dewey and Crawford, 1988; Loder et 
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al., 1992; Horne et al., 1995) lead one to expect that in our study area a major factor in 
determining the intensity of turbulence should be the shear flow, particularly in the bottom 
boundary layer. One might expect mixing to be strongest when the tidal flow is greatest and 
the bottom boundary layer shear the largest. It also should be damped as the density gradient 
increases. Site 2 was chosen for the current investigation because it is characterized by strong 
changes in velocity, velocity shear and density gradient. In the upper water column the 
situation may be much more complicated with internal waves or solitons contributing to 
mixing. Near the surface, energy from the wind field and stratification from surface heat flux 
will be an additional complication. We will show data to contrast mixing at times reflecting 
stronger off-bank and on-bank flow periods to those periods when the currents are low. We 
will explore in the paper the way in which mixing is dependent on factors such as shear and 
density gradient and try to characterize mixing rates (e.g. vertical diffusivity) at this site in 
terms of the larger scale forcing quantities. This may provide a way in which these sub-grid- 
scale processes may be more easily and correctly incorporated into models. 

INSTRUMENTATION AND DATA ANALYSIS 

CTD measurements 

A Guildline model 8715 S/N 53 100 CTD (Conductivity, Temperature and Depth Profiler) 
was used to observe temperature, salinity and density structure on Georges Bank. CTD 
observations were conducted as near to the bottom as possible (typically 5 m) and at 
approximately 1 h intervals at both tidal-long series at Site 2. Conductivity, temperature and 
pressure data were sampled at 25 Hz. Abnormal spikes in the data were removed by using a 
median filter technique. Data were averaged and decimated to approximately 1 m vertical 
depth bins. On each CTD cast, salinity samples taken from the deepest bottle were measured 
using a Guildline AUTOSAL salinometer in the laboratory to calibrate CTD salinity data. 
The pressure sensor was calibrated using a dead weight pressure standard before and after 
the cruise. 

ADCP measurements 

Current speed and direction measurements were obtained using a ship-mounted Ametek 
Straza 300~kHz ADCP (Acoustic Doppler Current Profiler) with a repetition period of 3 s 
and a pulse length, resulting in velocity components averaged vertically in 3.1 m bins. The 
water velocity profile was calculated from the relative water velocity and the bottom-tracked 
velocity. The data from good acoustic returns were averaged over 10 min. Cochrane (1985) 
estimated the noise associated with the ADCP in this configuration from the single ping 
standard deviation divided by the square root of the number of pings in a 10 min average. 
ThisgivesaO.O15ms-* standard error for the relative water velocity and 0.002 m s- ’ for 
the bottom tracked velocity. Values of 9 < low5 thus may be affected by instrument noise. 
Details of data processing for the ADCP in the context of other current measurements are 
given in Loder et al. (1990). 

EPSONDE measurements 

Microstructure measurements were conducted by using EPSONDE (Oakey, 1988b), a 
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tethered free-fall instrument, falling at a speed of about 0.8 m s-l. A strain gage pressure 
transducer and thermistor measure pressure and temperature sampled at 32Hz. 
Temperature microstructure was observed with a fast thermistor sampled at 32 Hz, and 
the differentiated signal from this sensor was also sampled at 128 Hz. From this 
differentiated signal, temperature gradients were calculated by assuming a frozen field and 
invoking Taylor’s hypothesis and the instruments measured drop velocity. Shear probes 
(Osborn and Crawford, 1980) were used to measure velocity microstructure. The turbulent 
velocity shear data were obtained by passing the velocity signal from the probe through an 
electronic differentiator and sampling at 256 Hz. The data were analyzed in segments of 2 s 
(64 samples for pressure and temperature data, 512 for microstructure data), which is 
equivalent to approximately 1.6 m blocks. For each segment, average depth, temperature 
and temperature gradient were calculated. Microstructure data were analyzed spectrally to 
obtain variances of temperature gradient and shear after correcting the signals for sensor 
and electronic transfer functions and removal of noises and spikes. From this data set, 
microstructure quantities, such as energy dissipation rate and turbulent eddy diffusivities, 
were calculated by using the following equations. 

Although most of the definitions below are in previous papers, it is convenient to give 
them here for completeness. The turbulent kinetic energy equation (simplified by assuming 
isotropy and homogeneity) is given as 

II 
=_&q-av_E_gpw, 

az P 
(1) 

where 4 1-z is the rate of change of mean turbulent kinetic energy, -wg is the dt 24 
( J production o turbulent kinetic energy by the work of Reynolds stress against vertical mean 

shear, E is the dissipation of turbulent kinetic energy, and -g p’w’. is the production of 
potential energy by the buoyancy force. Here, the overbar denotes [he ensemble average. u’ 
and w’ are horizontal and vertical fluctuation velocities, respectively. p is density and p’ is the 
density fluctuation. 

The energy dissipation E is given by (Osborn, 1980) 

0 
2 

e=7.5u g Wkg-’ 

where ($$)’ is the variance in the vertical gradient of turbulent fluctuation in the x-direction 
(perpendicular to the z-axis upward). Here, isotropic turbulence is assumed. u is the 
kinematic viscosity (u = 1.3 x 10m6 m* s-l). 

The vertical diffusivity of density KP is defined as 

The flux Richardson number, Rf, defined as the ratio of the production of potential energy 
to that of kinetic energy (see Equation (l)), is 

If the change of mean turbulent kinetic energy is small (3 % 0), I$ is given by using (l), (3) 
and (4) as 
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Rf E 2 -1 KP=r$=r--RrFm s , 

where r is a parameter referred to often as the mixing efficiency. The value of r in terms of 
critical value of the flux Richardson number, Rf, is less than 0.25 as discussed in Osborn 
(1980), and for this paper we use a value of r=O.25 (Oakey, 1985). N is the buoyancy 
frequency (N” = $!). This formulation will not be valid if there is no stratification. There 
does not need to be stratification for there to be turbulence, but there does need to be 
stratification for there to be mixing (or more generally a property gradient). 

The structure of the bottom boundary layer turbulence (in the unstratified case) can be 
expressed as the balance between production of turbulent kinetic energy by Reynolds stress 
acting on the mean shear and dissipation by simplifying the TKE equation for unstratified 
flow (Hinze, 1975). This leads to the definition of the vertical diffusivity of momentum K,, 

KZ=_~ 
‘a2 * (6) 

If the buoyancy production of potential energy is neglected and ($ w 0) is assumed in 
Equation (l), then K, is given by 

K -4 m2s-‘, Y- 

0 
@ 
aZ , 

where $$! 
0 

2 is the vertical mean shear squared defined as S2 = (@2= (g)2+(z]2. Here, ii is 
the nor h-south component and V is the east-west component of current velocity measured 
by ADCP. Here, velocity shear is calculated from upper and lower adjacent velocity points. 
For example, velocity shear for the depth i, ($$i is calculated as 

aI7 0 azi = (ui_l - ui+l)/Az(Az = 6.2 m). 

The turbulent temperature fluctuation equation is defined analogous to Equation (1) as 

where &(T1)2 is the rate of change of temperature variance, -mg is the production of 
temperature variance by buoyancy flux, and 4 XT is the dissipation of temperature gradient 
variance by molecular diffusion. 

The dissipation of temperature gradient XT is given by 
V 

T2 s-l, 

where isotropy is also assumed, and D is the molecular diffusivity of heat 
(1.4x 10-7m2s-1 ). The vertical diffusivity of heat KT is defined as 

KT~ = -w’T’. (11) 

If the rate of change of temperature variance is small ($ z 0), then from Equations (9), (10) 
and (11) we have an expression for KT as 
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’ (12) 

where C, is the Cox number (Osbom and Cox, 1972). 
EPSONDE was profiled repeatedly (typically eight times) down to the bottom within a 

30-40 min period at approximately 1 h intervals (called a BURST). Temperature, pressure 
and microstructure data from each BURST were averaged in bins of 3.1 m (to correspond to 
the ADCP data) to give hourly averaged EPSONDE data profiles. To examine more closely 
the dependence of turbulent intensity on large-scale shear, EPSONDE data also were 
averaged over 10 min centred around the ADCP observation time to give 10 min averaged 
data. Along with this, the velocity shear was calculated from ADCP data to obtain K, and 
the Richardson number. The Richardson number is defined by 

Ri 
N2 N2 

2=s2. 
0 
g 

(13) 
a2 

Previous investigations (e.g. Turner, 1973) indicate that sheared stratified flow becomes 
unstable when Ri becomes lower than critical number 0.25. It might be expected that the 
fluid layer becomes more turbulent and mixing enhanced at lower Richardson number. 

To calculate Kp and Riy the buoyancy frequency for the hourly averaged data was 
calculated from the CTD profile closest in time to the EPSONDE station since EPSONDE 
did not have a functional CTD during the Georges Bank (1988) study. Large changes in the 
density field over an hour make this rather inappropriate, in particular for the IO-mm 
averaged data. Since EPSONDE measured the temperature it seemed feasible to estimate 
the density gradient by using typical temperaturedensity relationships obtained from CTD 
observation. We plot the relationship between potential density (zg and temperature in Fig. 2 
as calculated from CTD temperature and salinity data. We have a relatively good linear 
correlation between them, and get 

a@ = -0.203T + 27.024, (14) 
where the correlation coefficient r = - 0.997. This relationship is used to estimate density 
and buoyancy frequency for the lo-min averaged EPSONDE temperature data. The noise 
floor for N2 is estimated to be lo-’ se2 using this relationship. These values of N2 are then 
used to calculate Kp and Ri in the following sections. The shear estimated from the ADCP 
and the N2 estimated from EPSONDE temperature and the relationship between density 
and temperature from the CTD are matched in vertical scale. 

DESCRIPTION OF CTD AND ADCP DATA AT SITE 2B AND SITE 2C 

As water flows onto Georges Bank with the tide, colder stratified water from the Gulf of 
Maine is advected onto the bank (Fig. 1). The time variation of temperature and north- 
south component of current velocity at Site 213 are shown in Figs 3 and 3b, respectively. We 
show the on-off bank flow only because it is the dominant one, but in calculating shear the 
full current is considered. Both temperature and velocity fields are clearly dominated by the 
semi-diurnal tide. Contoured plots are shown in preference to profiles to illustrate better the 
temporal progression of the temperature and velocity field. It should be noted that CTD 
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Fig. 2. The temperature-as relationship for CTD data at Sites 2B and 2C is shown. The linear fit 

which yields Q = -0.203 T+ 27.024 is shown. 

profiles were rarely closer than 5 m from the bottom, so the detailed structure of the bottom 
boundary layer and its evolution were difficult to deduce. At the start of the figure (Julian 
day 187.55) the flow is just past maximum on bank, the strongly stratified thermocline exists 
from about 10 to 20 m depth, and below the thermocline layer, relatively cold homogeneous 
water less than 6.5”C occupies the site near the bottom. By day 187.65 the current is near ebb 
and as the current direction changes from southward (on-bank) to northward (off-bank), 
the front is advected off bank leaving much less stratified water at Site 2, the bottom 
temperature now approaching 9°C. At the end of northward flow, the stratification is the 
weakest. The process reverses as the flow turns around and reaches maximum on-bank flow 
near day 188.05; the deeper water again becomes cold homogeneous water, and the 
stratification in the shallower layer becomes strengthened. In the thermocline layer at about 
15 m depth, internal-wave-like structures appear. Namely, high and low vertical 
temperature gradient layers alternatively appear at about 15 m depth as time progresses. 
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A second realization at Site 2, called Site 2C (Fig. 4) starts a few days later on day 193.0. 
Both temperature and velocity fields are dominated by the semi-diurnal tide in the same 
manner as at Site 2B. Again as the tide flows off-bank, stratified water is pushed off, then 
returned as the flow changes on-bank providing maximum stratification near the end of the 
southward flow. What is remarkable in this section is the occurrence of a very short lived 
large wave like structure on day 193.13, a large depression of isotherms at the beginning of 
southward (on-bank) flow. The T-S curve for the anomalous CTD profile is consistent with 
those for profiles before and after. The signal is strong in conductivity (a reflection of the 
temperature) and weak in salinity with the density contoured plot (analogous to Fig. 4a, but 
not shown here) very similar to the temperature contoured plot. This depression suddenly 
appears on the bank and extends almost the entire depth of the bank, but could not be seen 
at neighbouring CTD stations an hour before or after, nor was it seen in the temperature 
records from EPSONDE 20 min before or after. Neither can we see any characteristic 
features in the velocity field associated with this depression. Although only the cross-bank 
velocity contours are shown (because they are the strongest signal), neither the along-bank 
contoured plot or the total rate plot (neither of which are shown here) suggest a velocity 
structure corresponding to the temperature plot. There is no reason to suspect that these are 
bogus data: it may be simply a tantalizing occurrence in the CTD record of an internal 
undular bore. Previous investigations (Loder et al., 1992; Brickman and Loder, 1992) 
showed that an internal hydraulic jump is sometimes created at the bank edge when the 
current direction is off-bank, and is accumulated on the bank edge because tidal advection is 
so large that it prevents the internal wave from propagating on-bank. But, when the tidal 
current changes its direction southward, the internal wave can propagate on-bank. The 
observed feature occurs after slack tide as the flow changes from off-bank to on-bank flow. 
Therefore, this depression may be the passage of such an internal solitary wave. Such 
features are seen much more readily closer to the bank edge at Site 1. The phase speed of a 
solitary wave packet (Brickman and Loder, 1992) may be of order 0.35 m s-i, which is 
about half of the flow speed. For a wavelength of 1 x 300 m the wave would pass in less than 
10 min. Considering the tidal speed and sampling intervals, a feature such as this would be 
sampled only once with the CTD. In other respects, the stratification on the bank changes as 
the current direction changes almost as the same manner as that at Site 2B. 

EPSONDE DATA AT SITE 2B AND SITE 2C 

Hourly averaged data 

To compare with the CTD and ADCP observations, the 6-8 EPSONDE microstructure 
profiles in an hourly BURST were averaged to produce hourly values that were then 
contoured (Fig. 5). The two basic microstructure measurements of dissipation E and 
dissipation of temperature fluctuations Xrcan be understood in the context of the CTD and 
ADCP data (Fig. 3). E is highest near the bottom in the two broad time periods, which 
correspond to maximum off-bank flow at day 187.75 and maximum on-bank flow at 187.95. 
There are energetic patches (E > 10F6) well up in the water column when the flow is off-bank. 
Although the maximum and minimum ADCP velocities are evident in Fig. 3b, the period of 
maximum flow is also the period of maximum shear in the bottom boundary layer, which is 
consistent with Fig. 5a. The weakest stratification occurs between off- and on-bank flow. 
The period of maximum on- or off-bank flow coincides, nevertheless, with weakening 
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stratification that enhances mixing in the bottom boundary layer. XT (Fig. Sb) is less 
obviously correlated to the mean flow because XT depends on both the level of turbulence 
and the temperature gradient. It is larger for more intense turbulence but smaller if the 
tetriperature gradient is low. Nevertheless when E and XT are interpreted in the context of 
vertical diffusivities in Equations (5) and (12) respectively, the contours of Kp (Fig. 5c) and 
Kr (Fig. 5d) again show strong correlations between one another and are highest during 
periods of strongest flow and highest in the bottom boundary layer. 

Highest values of E, Kp and Kr are found near the bottom (below 40 m) when the flow is 
strongest. At the same time, the lower values found at shallower depths (above the 
thermocline) also suggest tidal modulation. As the current changes its direction from south 
to north and gradually increases its speed, high value regions appear near the bottom and 
develop upward as the current speed is increased. There is no suggestion of a phase lag in 
development of turbulence, suggesting that at least on time scales of an hour the turbulence 
is locally generated and dissipated. 

In the second times series of turbulence (Fig. 6) at Site 2C, E, Kp and Kr are again highest 
at the maximum flow (or shear), and in this case it occurs during maximum on-bank flow. 
Again they are highest near the bottom; Kp and Kr are visually correlated. The distribution 
of XT is less strongly correlated to the tide than E, Kr and Kp as at Site 2b. There are, 
nevertheless, intense patches of XT well up in the water column corresponding to the 
strongest flows. There is little evidence of enhanced mixing associated with the strong 
temperature anomaly (at day 193.13) shown by the CTD in Fig. 4. In fact there is weaker 
than normal E, XT, K,, and KT at mid-depth before this, corresponding to minimum tidal 
velocity as the current goes through a minimum in its switch from off- to on-bank flow. It 
should be emphasized that no microstructure profiles were made at the same time as the 
CTD profile where the anomaly was observed. Shortly after the internal wave was observed, 
high turbulence regions began to develop and progress in the same manner as at Site 2B. 

High dissipation layers near the bottom were observed by Dewey et al. (1988) near the 
continental shelf off Vancouver Island. They considered this layer as a turbulent bottom 
boundary layer, because high dissipation means a high level of turbulent kinetic energy in 
the layer. Our observations also indicate the existence of a turbulent bottom boundary layer, 
although for the purpose of the present paper we have not explored it in detail. The 
EPSONDE microstructure profiler went to the bottom, but the CTD and ADCP did not. 
Since the focus of the current paper is on the relationship between various indicators of 
mixing using these three concomitant data sets we simply state that there is an indication of 
intensive mixing (a bottom boundary layer) strongly correlated with the tide that is stronger 
near the bottom and reaches well up into the water column. 

From Figs 5 and 6 one sees a tendency for microstructure quantities to be relatively higher 
near the bottom. Nevertheless there are significant levels of turbulence well up in the water 
column. Integrating E over the water column at each hourly interval shows (Fig. 7 for Site 2B 
and Fig. 8 for Site 2C) a good correlation of s with current, and on average there is at least a 
five fold increase in integrated E at times of maximum flow compared to times of minimum 
flow (Oakey and Pettipas, 1992). Therefore the total turbulent energy changes in response to 
tidal forcing in the way expected from other studies (such as Dewey and Crawford, 1988). 
Since it is not the subject of the present paper to explore the bottom boundary layer in detail 
but rather to explore small time and depth scale correlations of microstructure quantities, 
we discuss only in passing the relationship between turbulence and mean currents. 
Preliminary results in Oakey and Pettipas (1992) suggest that integrated dissipation is well 
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correlated with U3, and these results are in preparation separately. While it is evident that 
depth averaged quantities like E are be well correlated with the tidal forcing, it will be the 
challenge of the next sections to explore the characteristics of the mixing. 

Ten-minutes averaged data 

From the contoured hourly averaged microstructure data it seems apparent that a major 
component in the parameterization of the turbulent intensity is associated with the tidal 
velocity or, more realistically, the vertical shear. Regions of high density gradient (high N2) 
also represent regions of lower dissipation. Although the forcing is clearly tidal, the time 
scales associated with turbulent generation and decay suggest that hourly averages are too 
long a time scale on which to explore the relationships between microstructure quantities. 
Since the ADCP was recorded at 10 min intervals, the microstructure profiles were averaged 
into 10 min intervals by combining profiles of dissipation and XT to correspond to the mean 
time of the ADCP data and then contoured. These plots shown in Figs 9 and 10 demonstrate 
that, as well as reproducing the major features of the hourly contoured data, there are visual 
correlations to be explored further. 

Other than finer temporal resolution and many small scale patches (which results in some 
blank times and depths indicated as empty boxes) Fig. 9a-9d preserves the essential features 
of Fig. 5a- 5d for E, xr, Kp and KT, respectively. KY (Fig. 9e) also shows similar variation to 
that of Kp and KT. In Fig. 9, N2 is calculated from EPSONDE temperature and the relation 
of temperature vs erg [Equation (14)]. Maximum values are in the surface region, a reflection 
of the higher density gradients, consistent with the temperature contours of Fig. 3a. There is 
a tendency for E, Kp, KT and K, to become large as N2 becomes small (stratification becomes 
weak). The velocity shear (Fig. 9h), is rather unexpected, with no clear correlation to the 
tidal flow and rather uniform through the water column. This is almost certainly a result of 
the noise associated with the ADCP, suggesting that values of ,S* < 10q5 may be affected by 
instrument noise. This, of course, will affect the calculation of Ri as well, and should give 
numbers which are too small and rather uniformly distributed. The contoured plot of Ri 
(Fig. 9f), displays a somewhat complex patterns. Low Rj regions (Ri< 0.25) are 
(surprisingly) distributed over the whole water column and tidal period, but these regions 
do not necessarily correspond to higher dissipative or higher diffusivities regions. Higher Ri 
regions, nevertheless, generally correspond to low dissipative or diffusivities regions. For 
example, after 188.0 Julian day, stratification becomes strong (see Fig. 9g), Ri becomes 
higher above 35 m depth, and the dissipation and vertical diffusivities decrease. 

Similar figures drawn for Site 2C are shown in the same format in Fig. 10. Although the 
details are different, a consistent pattern to that seen for Site 2B in Fig. 9 is seen. The large 
temperature anomaly (soliton) is seen in N2 (Fig. log), with a deep high N2 patch that cuts 
off mixing as shown by low Kp (Fig. 10~) at the time of soliton. 

Figures 9 and 10 suggest clear relationships between various microstructure quantities. 
Although the hourly data also show similar large scale similarities, the time scales for 

Fig. 7. The half-hourly depth averaged current at Site 2B along with the half-hourly averaged northward current 
is shown, (a). Below, (b), is the depth-averaged current interpolated to the time of each hourly averaged burst of 
microstructure measurements along with the corresponding integrated dissipation from the surface to bottom with 

standard errors indicated by dashed lines. 
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turbulence generation and dissipation are much shorter than an hour and in fact shorter 
than the shortest time scale of 10 min available to us. We nevertheless will use the lo-min 
data to explore different correlations that may exist. This problem of merging data sets on 
different length and time scales (not unlike the often proposed “nested box” experiments), 
however, is difficult at best. 

STATISTICS OF MICROSTRUCTURE DATA 

Matching spatial and temporal scales from a microstructure profiler and an ADCP are 
compounded by the intermittency of turbulence and the reality that the statistical 
distributions of turbulent quantities are not normal but strongly skewed. For the 
discussion to follow, we have grouped all of the data from both Site 2B and Site 2C into 
one data set for analysis. This data set consists of values of E, XT, KT, Kp and others 
calculated for each lo-min period and 3.1 m vertical depth interval for which data were 
available. It also should be noted that each of Site 2B and Site 2C represent a full tidal cycle. 
The dissipation values at any depth (over a tidal cycle) display a range of at least three orders 
of magnitude (Fig. 1 lb). One suitable estimator of the mean at any depth is the arithmetic 
mean but it is difficult to assign confidence intervals because of the intermittency and 
skewness of the data. A more appropriate estimator is the maximum likelihood estimator 
for a log-normal distribution discussed at length by Baker and Gibson (1987). Dissipation 
rates have been shown to be close to log-normal in surface and benthic mixing layers 
(Osborn and Lueck, 1985; Shay and Gregg, 1986; Crawford and Dewey, 1990). This would 
apply to XTas well. For other quantities such as KTand Kp our examination of histograms of 
our data leads us to believe that the log-normal estimator is also appropriate. Briefly, the 
maximum likelihood estimator (mle) of a log-normal distribution of a random variable Xis 
Xd, = exp(m + s2/2), where m and s2 are the arithmetic mean and variance, respectively, of 
Y= In X. Confidence intervals including the number of data points, n, in the sample and the 
degree of confidence, Z+ (here Zor/:!= 0.98 corresponding to 68% or one cr confidence -- 
level), are then obtained from Gexp(-qZ,,z) < X4, < Xd,exp(nZ,,z) where q = [s2/ 
n + s4/(2n - 1)]“2, estimating the variance cr by s. In Fig. 1 la this estimator used to calculate 
the tidally averaged dissipation. For comparison mean (In E) (0) is also shown to illustrate 
that it underestimates the dissipation which is dominated by intermittent large values. While 
this is not an appropriate statistical estimate it is the value often extracted visually as a 
typical value from a semi-log plot. That Emle is also larger that the arithmetic mean in Fig. 
1 lb is a reflection of the large intermittency in the exponent in G. Values of s2 for these 
data are of order 4. 

Averaged data from the experiment in Fig. 12 show some clear depth dependencies. 
Dissipation (Fig. 12a) increases with depth by more than an order of magnitude over a tidal 
cycle with average values of about 2 x 10e6 W kg-’ near the bottom. XT, as noted 
previously shows little trend with depth, and with a value of order 8 x 10e5 C sv2. The 
increase of Kp (Fig. 12~) with depth reflects not only the increase of 8 with depth but also the 
decrease of N2 (Fig. 12g) with depth. KT(Fig. 12d) generally decreases with depth reflecting 
the constancy of XT with depth and the decrease of N2 with depth, remembering that N2 is 

Fig. 8. A similar presentation to Fig. 7 is shown for the second time series at Site 2C. 
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determined largely by the temperature gradient. K, (Fig. 12e) also decreases with depth 
reflecting the increase of E with depth and the decrease of shear, S2, with depth (Fig. 12h). 
The Richardson number, Rip (Fig. 12f) is generally constant with depth, consistent with the 
decrease of both N2 and $ with depth. Although there are many individual IO-min, 3.1 m 
bins with Ric0.25, the mean value over the tidal period is of order 1, still quite small 
considering the averaging involved. It is clear that the bottom half of the water column is 
generally very turbulent and actively mixing. The decrease of dissipation in the upper water 
column is consistent with the observed increased Ri in the upper water column. 

Although the general impression of the mixing regime may be inferred from the depth- 
time averaged data, little can be inferred about the mixing processes. The time and length 
scales associated with mixing are short compared to this average, and only by examining the 
statistics of the shorter scales can one explore correctly the interrelationships referred to 
above. Although the upper water column may be much more complicated as a result of 
internal waves (and solitons) (Loder et al., 1992), we will explore the statistical relationships 
between mixing parameters in the data set from the whole water column. Nevertheless, the 
bottom half of the water column is where we expect the influence of shear and density 
gradient to be the greatest. 

Consider first the dependence on shear, 9. Microstructure quantities were sorted into l/3 
octave bins of S2, and the maximum likelihood estimator of the mean and variance (1 6) 
were calculated for each bin and are plotted in Fig. 13. Both E and xT appear to increase as 
the shear increases except at low shear of order 10T5 where shear values are suspect because 
of instrument resolution. Except at low shear values, all of the vertical diffusivities, Kp, KT, 
and K, suggest little dependence on shear. 

A similar analysis to explore the dependence on N2 is presented in Fig. 14. From the depth 
dependence of Fig. 12 one might, for example, assume that because both E and N2 showed a 
depth dependence that E depends on N2. This is not the case as is shown in Fig. 14a where E 
appears to be nearly independent of N2. The increase in XT at higher N2 (Fig. 14b) is 
probably because N2 is determined mostly by temperature gradient. While Kp decreases with 
increasing N2 (Fig. 14c) neither KT or K, (Figs 14d and e) show any dependence on N2. The 
dependence on Richardson number is shown in Fig. 15. As noted earlier, noise in the 
measurement of shear may result in the calculation of Ri values which are too low. Ignoring 
the Ri < 0.1 data suggests that neither E or xr exhibit a strong dependence on Rim The 
diffusivities KT, and K, exhibit little dependence on Ri. There is a suggestion that Kp may 
decrease as Ri increases although this is at very low Ri. 

&N2 is a ratio frequemly used in the discussion of stratified turbulence (Gibson, 1980; 
Stillinger et al., 1983; Gargett, 1988). Often referred to as a turbulent, activity parameter, 
this ratio may not have universal interpretation depending on the Reynolds number and 
Froude number associated with the flow (Gargett, 1988). For the flow characteristics of our 
study site, s/oN2 may be considered to scale as the Reynolds number. The activity parameter 
except for the constant u is equivalent to the vertical diffusivity Kp. As in the previous 
comparisons against N2, S2 and Ri, the various microstructure parameters have been sorted 
into bins of s/uN2 (Fig. 16). Not surprisingly, dissipation (Fig. 16a) depends strongly on 
s/uN2, increasing as the activity parameter increases. XT on the other hand (Fig. 16b) 
increases only slightly with activity parameter. Both measures of the vertical diffusivity K, 
and KT (Fig. 16c and 16d) show a marked increase with this parameter while the ratio of KyI 
Kp, decreases somewhat (Fig. 16e). 

Finally, it is interesting to ask whether the measurements of vertical diffusivity Kp and KT 
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yield similar estimates of mixing. This is done by looking at the distribution of the ratio of 
KT to KP versus S*, N*, Rj and E/ON*. A scatter plot of this ratio against ,!? (Fig. 13f) shows 
little evidence of any dependence. A similar plot of the ratio against N2 (Fig. 14f) suggests a 
positive correlation. The ratio appears to decrease at Ri < 0.1 (Fig. 150 although the scatter 
makes any dependence speculative. KT/Kp shows little dependence on &/vN2. 

DISCUSSION AND SUMMARY 

From the data presented in the previous sections, the tidal mixing front at the northern 
flank of Georges Bank is a complex turbulent regime. It is strongly forced, particularly in the 
bottom boundary layer, yielding high levels of turbulent energy dissipation. Values of 
& > 1o-6 averaged over a tidal cycle are three orders of magnitude larger than found in the 
main pycnocline of the ocean (Gregg and Sanford, 1988; Burke, 1994) and significantly 
larger than values found in regions such as the equatorial undercurrent (Peters et al., 1988; 
Hebert et al., 1991). The dissipation increases strongly towards the bottom and the 
integrated dissipation is well correlated to the mean current. The depth dependence 
observed agrees in general with the Horne et al. (1995) results although they observe more 
energy near the surface, presumably as a result of surface forcing. Horne et al. show more 
turbulent energy dissipation at the mixed site and somewhat less at the frontal site than we 
observe at Site 2B and 2C. We believe the results to be consistent, however, reflecting a 
different stratification between the two times of the season for the two studies and the fact 
that the tidal strength is somewhat higher in our study than in theirs. 

Some attempt was made to explore the way various microstructure and turbulence 
measurables on Georges Bank may be related to other, generally larger scale quantities that 
are more usually thought to be related to the generation of turbulence. The IO-min averaged 
data set that was used can only be described as “noisy” because of the difficulty of matching 
in time and space the measurements from three different instruments. It might seem to be 
more appropriate to use data averaged over longer times, for example hourly averaged data. 
This was rejected because the temporal and spatial scales associated with turbulence 
generation and dissipation are much shorter than this. Turbulent time scales (v/E)“~ are 
much less than a minute and the time scales associated with the largest eddies of order N- ‘. 
Although on scales of an hour the tidal forcing changes significantly, on the time scales of 
the microstructure and dissipation measurements the processes are assumed to be locally in 
balance. 

The lo-min data set includes parameter values from within 5-8 m of the bottom to within 
at least 10 m from the surface. Unfortunately this does not include much of the bottom 
boundary layer, which contains the regions of strongest shear and smallest density 
gradients. It is perhaps for this reason that dependence of E on shear is shown to be weak 
(Fig. 13a). Considering the intense mixing events at the bottom at maximum tidal flow (Figs 
5 and 6) the dependence on shear may be stronger. Mean dissipation shows no significant 
dependence on N* or Ri, although the standard errors are large. The dependence of E on N* 
has been discussed widely in relation to a number of oceanographic situations. For internal 
wave field dynamics, McComas and Muller (1981) predicted E cc N2 based on the weak- 
wave interaction theory. Gregg and Sanford (1988) tested this relation in the California 
coastal region. On the other hand, other observations suggested that E a N. Gargett (1989) 
discussed the importance of this dependence in mixing processes in the interior of the ocean. 
For shear-generated turbulence generated by the internal wave field E is expected to be 
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dependent on N to a power between 1 and 2. Internal waves might be important in the 
generation of mixing higher in the water column, but certainly they are unlikely to be 
important near the bottom where tidally generated shear is more appropriate. For the 
present study there is no evident E dependence on N, but there is a strong dependence of 
dissipation on E/UN* (Fig. 16a). Since we showed that there was little of s dependence on N* 
(Fig. 14a), the dependence may be little more than a plot of e versus E. 

Of greater interest than the dissipation are perhaps the vertical diffusivities. The 
magnitude is important to other processes on the Bank such as nutrient regeneration and 
biological productivity. As well we are interested in the inter-relationship of KT, K, and Kp 
to one another and to forcing related quantities such as 9, N2, Rj and E/ON*. In the relation 
between Kp and KT, if the density stratification is mainly determined by temperature then by 
the definitions of equations (3) and (10) one would expect them to be equal, or at least 
proportional if the “mixing efficiency” I is a constant. We have used the value of I = 0.25 
(Oakey, 1985), but other investigations have shown different values (Peters et al., 1988; 
Yamazaki and Osbom, 1990). Although values of I found in different experiments range 
down to about 0.05, theory would suggest that I = 0.25 should be an upper limit (Osbom, 
1980). For KT = Kp the correct I is given by Ic = I x KT/K~ (Oakey, 1988a). We have 
calculated the ratio KT/K, and plotted it against S*, N2, RI and E/UN* to examine whether the 
mixing efficiency depends on any of these parameters. There is no clear dependence on 
shear; the arithmetic mean of the distribution is approximately unity although the scatter is 
several orders of magnitude. There is a clear tendency for I to be smaller at smaller N* or 
lower stratification. There is no strong relationship between I and E/UN* (Fig. 16f). 

From the definition of Kp and K, [equations (5) and (7)] we have a relationship K, = 9 Kp. 
Previous measurements (Peters et al., 1988) suggest a dependence K,, cc Rim”. Our results 
suggestnodependenceofK,on Riorn= 1 WhichmeansthatK, az Rj-‘uptoRi = 1 (Fig. 15~). 

From the CID, ADCP and EPSONDE microstructure observations, on Georges Bank, 
several interesting features on the mixing processes were found. 

1. Highest dissipation and diffusivity regions appear near the bottom of the Bank. High 
dissipation rate in the layer means a high level of turbulent kinetic energy, which contributes 
to higher mixing rates. Values of dissipation averaged over a tidal cycle were found to be 
well in excess of 10e6 W kg- ’ in the lower 20 m of the water column. 

2. The turbulent region near the bottom changes its thickness as tidal flow on the bank 
changes its phase. Intense mixing extend‘s as high as 30-40 m when the on-bank (southward) 
flow is strongest, and stratification is weak. Although a detailed study of the dependence of 
bottom boundary layer thicknesses related to the strength of the tidal forcing has not been 
done, our results are visually similar to those observed by Dewey et al. (1988) near 
Vancouver Island where strong tidal flow also dominates the behavior of the turbulent 
bottom boundary layer. 

3. The intensity of dissipation and xT curiously showed only a small dependence on S2, 
which may reflect simply the difficulty of matching ADCP data to microstructure data. 

Fig. 11. The dissipation data from Site 2B and Site 2C is displayed as 10 min averages at all depths and times 
corresponding to ADCP measurements in panel (b) with the arithmetic mean of the data shown as a solid line. In 
panel (a) the average profile is shown as the median [circles, obtained from mean (ln E)] and as the log-normal 

maximum likelihood estimator (+) with standard errors. 
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Fig. 13. The relationship of (a) E, (b) XT, (c)K,,, (d) KT. (e) K, (f) KT/Kp to ,!? binned in l/3 octave 
bands is shown for the data from Site 2B and Site 2C. 

Fig. 12. Depth-averaged mean profiles are shown corresponding to the panels of Figs 9 and 10. In each panel the 
vertical axis is depth and the horizontal axis is the microstructure or calculated quantity. In each case the profile ( + ) 
is the maximum likelihood estimator of the quantity and the solid lines define the one d confidence intervals. The 

profiles summarize all of the data from Sites 2B and 2C. 
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Fig. 14. The relationship of (a) E, (b) XT, (c) Kp, (d) KT, (e) K,, (f) KT/K, to Nz binned in l/3 octave 
bands is shown for the data from Site 2B and Site 2C. 

Dissipation appeared to be independent of N2 and decreased somewhat at higher Ri. XT 
increased at higher N2, indicating that as the density (temperature) gradient increased there 
was more mixing. This is also evident in a small increase in XT as E/UN’ increases. 

4. The vertical diffusivities Kr, KP and K, all are highest near the bottom and are in excess 
of lo-’ m2 s-‘. The mixing efficiency (represented by the ratio KT/K,) shows little 
dependence on $, Ri of ~/UN’. There is evidence suggesting that the mixing efficiency 
decreases with increasing IV’. 
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