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ABSTRACT 

Our study addressed a fundamental problem in turbulent diffusion, 

namely the comparability of various existing Lagrangian and Eulerian 

techniques for quantitating dispersion. The techniques range from 

purely Lagrangian methods, i.e., drogues and dye tracers, to an 

Eulerian method, i.e., moored current meters. For this purpose, 

two field experiments were carried out in the coastal waters off 

the south shore of Long Island. The experiments, one in July, 1980 

(summer) and one in March, 1981 (winter), consisted of simultaneous 

measurements of dye and drogue dispersion within a current meter 

array. This report provides details of the field studies, experimental 

results, and an analysis and discussion of the results. Both dye 

patch and plume experiments were carried out. The time rate of 

change of variance relative to the centroid for the dye patches 

and the time rate of change of variance, both relative and absolute, 

for the dye plumes are presented. For each drogue experiment, results 

are provided in terms of the time rate of change of the drogue 

cluster centroid, of the cluster variance and covariance and variance 

relative to the cluster principal axis, of the cluster rotation and 

elongation, of diffusivities, of velocity gradients and velocity 

gradient parameters, i.e., divergence, shear, vorticity, etc., and 

of the cluster areas both measured and predicted. Rotational 

invariants (rotary auto spectra and cross spectra) of the current 

meter records are presented as are mean values of the alongshore and 

i 



on/offshore components of the current and horizontal and vertical 

velocity gradients. 

Analysis of these results showed that the time history of 

variance of drogues and dye patches compared favorably if one accounts 

for the additional dispersive effect of vertical shear and vertical 

mixing on the dye patches. After about 5 hours, the ratio of the 

dye patch variance to the drogue cluster variance was constant and 

about 5 times the variance of the drogue cluster; at this time both 

were observed to be following a t 2 relation. 

For short times, i. e., t < 106 - 10 7 s, drogue cluster areas 

could be predicted reasonably well from the integrated divergence 

from the current meter array when scale differences were taken into 

account. However, for larger times, an effect due to turbulence at 

scales smaller than the drogue separations must also be taken into 

account. 

Comparative studies of velocity gradients using an array of 

current, meters and a cluster of drogues revealed, aside from the 

scale dependence of these quantities, that i) the velocity gradient 

field was predominantly divergent, with convergences apparently 

localized in time and space, ii) the velocity gradients observed in 

summer were generally one order of magnitude larger than those in 

winter, and iii) the overall behavior of velocity gradients shown 

in the stability diagrams was very similar for both the Eulerian 

and the Lagrangian measurements. 
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Taylor's formula was applied to estimate relative diffusion 

from a continuous source. In this context Hay-Pasquill's hypothesis 

was used to relate the Lagrangian autocorrelation to its Eulerian 

counterpart computed from filtered current meter records. Band 

pass filtering produced a relatively good agreement between the 

observed variance of dye plume and the calculated variance, however, 

low frequency fluctuations in the filtered record caused unsatisfactory 

wavy behaviors of the variance with respect to diffusion time. By 

properly removing the oscillatory component from the autocorrelation 

calculation, the agreement between data and theory is shown to be 

much improved. These low frequency velocity fluctuations contribute 

little to the lateral diffusion of dye plume relative to its centerline. 
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INTRODUCTION 

The disposal of anthropogenic wastes, e.g., radioactivity, sewage, 

toxic chemicals, heat, etc. in coastal waters, estuaries, rivers, 

lakes and oceans gives rise to many questions of a scientific nature. 

Of fundamental importance for dispersion are the physical processes 

of transport and mixing, i.e., advection and diffusion. Knowledge 

of the processes by which contaminated water is mixed and dispersed 

in the receiving waters is essential for even a first order evaluation 

of contaminant concentration levels. Thus a study of these dispersion 

processes should provide information required by those charged with 

managing our aquatic resources. 

Because of the complex nature of the process of turbulent 

diffusion in the sea, no single theory can adequately interpret or 

predict the entire pattern of contamination. Our present understanding 

of oceanic diffusion still comes largely from experimental studies 

in the field. 

Various methods and techniques have been developed and used 

in experimental studies of turbulent diffusion in the environment. 

They range from a purely Lagrangian method, i.e., the use of identi

fiable particles, to an Eulerian method, i.e., the use of moored 

current meters. 

Since dispersion is a Lagrangian process, dye tracer studies are 

the most appropriate for the determination of contamination levels, 

although Lagrangian measurements are usually more difficult than 
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Eulerian to conduct in the field. For example, fixed-point velocity 

measurements are much easier to obtain in coastal waters than fluor

escent dye measurements especially if information is required at 

depth. Therefore, if it could be shown that an Eulerian data set, 

i.e., data from a current meter array, could be substituted for the 

more difficult Lagrangian experiments, a considerable reduction in 

field work could be achieved. Only a very few field studies have 

attempted to make a comparison of results obtained by both Lagrangian 

and Eulerian methods in the sea (Ahn (1974)). A more serious com

parison is urgently needed. 

Our objective, therefore, is three-fold. First of all we will 

compare cer"tain Lagrangian statistics, i. e., variance of particle 

displacement from the centroid, derived from direct measurements of 

dye and drogues. Secondly, we will compare, by means of the current 

meter and drogue measurements, velocity gradient parameters and 

drogue areas versus integrated divergence from current meters, and 

finally variances derived from both Eulerian measurements (current 

meters) and Lagrangian measurements (dye plume observations). \-ve 

will also analyze any differences. 
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HISTORICAL BACKGROUND 

Lagrangian Methods 

Tracers for diffusion studies can be classified into two 

categories, "soluble" or "particulate", according to their state 

in water. A soluble tracer such as dye is ideal for simulating the 

dispersion of (neutrally buoyant) waste solutes in the sea. On the 

other hand, a particulate tracer, when its size is properly chosen, 

is also useful in simulating the dispersion of particulate waste 

materials in the sea. Both tracers have advantages and disadvantages. 

The characteristics of dye and drogue tracers are summarized in 

Table 1; those of current meters (an Eulerian method) are also 

included for comparison. 

Dye Studies 

Of the various types of soluble tracers, fluorescent dyes have 

proved the most useful; in particular rhodamine B (or WT) is con

sidered most accessible, stable, and convenient for use in the sea 

(Carpenter (1960». A comprehensive review of dye studies in the 

sea was presented by Carter and Okubo (1978). 

Since Pritchard and Carpenter (1960) developed the field 

technique for direct continuous observation of tracer concentrations 

by fluorescent assay, numerous experimental studies have been carried 

out on natural water bodies, i.e., lakes, rivers, estuaries, 

etc. (Joseph, Sendner and Weidmann (1964); Pritchard, Okubo and 

Carter (1966); Carter and Okubo (1965); Foxworthy, Tibby and Barson 
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TABLE 1 

Characteristics of Lagrangian and Eulerian Experimental Methods 

Advantages Disadvantages 

Dye Study 

1. Three-dimensional response 1 . Can't follow individual particles 

2. Ideally simulates the dispersion 2. 
of a dynamically passive 
contaminant 

(dye molecules); quasi-Lagrangian 
Lengthy experiments are labor intensive 

3. Low levels of detection are 3. Relatively expensive to tag large 
volumes of water easily attainable (1 part in lOll) 

Dye Photography 

1. Instantaneous patterns of 
dispersion can be obtained 

2. Provides completely synoptic 
picture; i.e., no distortion 
due to sampling 

Drogue Study 

1. Individual drogues can be 
followed (purely Lagrangian) 

2. Drogues are retrievable and 
reusable 

3. Provides vorticity, divergence, 
deformation rates and eddy 
diffusivities as function of 
time 

Current Meter Measurements 

1. Long continuous records can be 
obtained and internally stored 
for subsequent retrieval 

2. Provides information on flow 
field at distinct spatial 
positions 

3. Provides vorticity, divergence, 
deformation rates 

4. Depending on the dye, it may be subject 
to photochemical decay and adsorption 
on suspended sediments 

1. Difficult to relate photos to the con
centration field without ground truth 

2. Studied only for an initial period 
of diffusion 

3. Experiments are almost impossible at 
night 

1. Two-dimensional response 

2. Size effect ("filtering out") 

3. Experiments must be confined to 
times < 1 day in confined waters 

1. Essentially Eulerian information: 
difficult to relate to Lagrangian 
dispersion 

2. Two-dimensional response 

3. Current meters are expensive and 
subject to loss 
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(1966); Ichiye (1967); Csanady (1963,1964,1970); Murthy and 

Csanady (1971); Murthy (1972); Huang (1971); Bendiner and Ewart 

(1972); Ewart and Bendiner (1981); Kullenberg (1969,1971, 1972); 

Schuert (1970); Schott and Quadfasel (1979». 

In simplest terms, the dye technique consists of releasing, 

either instantaneously or continuously, a known quantity of the 

tracer and measuring its subsequent distribution as a function of 

space and time. The concentration distribution is used to calculate 

the variances in the horizontal and vertical directions, on the 

basis of which an effective diffusivity may be computed. Diffusion 

diagrams, which show the relationship between the variance and 

diffusion time, and that of the diffusivity and the scale of 

diffusion provide basic information on turbulent diffusion in the 

sea (Okubo (1971, 1974) . Often the time behavior of the peak 

concentration in a dye patch gives another useful evaluation of 

oceanic diffusion (Carter and Okubo (1965); Ling (1981». 

The early stages of dispersion of dye are difficult to measure 

by sampling because the patch of dye has a small areal extent and 

disturbance of the patch by the sampling vessel can distort the real 

pattern of diffusion. At this stage, therefore, aerial photography 

is useful for obtaining information regarding the movement and 

dispersion of a dye patch or plume (Linfield (1965); Katz, Gerard 

and Costin (1965); Ichiye and Plutchak (1966); Ichiye and Carnes 

(1980 /1981); Kenny (1967)). Aerial photography may also be used 
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in the later stages of diffusion (up to one day after release of 

dye (Carter and Okubo (1965)). 

Aerial photographs also provide information on detailed concen

tration fluctuations in patches and plumes of dye. In order to assess the 

suitability of a water mass as a medium for living organisms, 

information concerning the mean concentration field alone is not 

sufficient. The variance of the concentration field, the magnitude 

and duration of concentration peaks, and the frequency of occurrence 

of concentration levels are all important parameters for assessing 

the possible effects of contaminants on living organisms. A complete 

knowledge of the probability distribution of concentrations is 

required to predict these statistical characteristics (El-Shaarawi 

and l-lurthy (1976); venkatram (1979)). 

Although aerial photography is useful, some difficulty is 

encountered in determining uniquely the concentration distribution 

from photographs (Ichiye and Plutchak (1966)). An obvious question 

is what the visible dye boundary in the photography represents. We 

may imagine that the boundary represents a certain threshold con

centration of dye, presumably integrated vertically. If so, a dye 

patch observed from the air appears to grow in the beginning, reach 

a maximum size, and then gradually decrease in size as diffusion 

progresses. On the other hand, the variance of dye concentration 

should keep increasing with time. Hence the convenience of using 

a visible boundary as a measure of dispersion is short lived. Recently 

airborne fluorescence systems (LIDAR) were developed (Franz et al., 1982) 

to survey dye patches, although the method is still limited to an 
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initial stage of dispersion. 

To resolve this problem, we included aerial photography in this 

project so as to make a simple comparison of dye photographs with 

underway concentration measurements for dye plumes. Thus the sampling 

vessel entered a dye plume at a distance from the source along a 

track perpendicular to the plume centerline and measured the lateral 

and vertical distributions of dye. At the same time an aircraft 

equipped with a camera passed over the sampling vessel and photo

graphs were taken. 

Drogue Studies 

Among particulate tracers for simulating subsurface dispersion, 

drogues are both inexpensive and convenient. They have been used 

extensively to study dispersion as well as mean currents (Stevenson, 

Garvine and Wyatt (1974); Stommel (1949); Chew and Berberian (1970, 

1971, 1972); Denner, Green and Synder (1968); Csanady (1963); 

Okubo and Farlow (1967); Ahn (1974); Ichiye, Inoue and Carnes (1981); 

Yanagi, Murashita and Higuchi (1982); - Sanderson (1982». 

A drogue has obvious drawbacks, partly because of its finite 

size and partly because its response is limited primarily to hori

zontal motions of the water. On the other hand, drogues can be 

tracked individuallY and dispersion can be studied purely in a 

Lagrangian framework. In addition, by simultaneously following a 

cluster of drogues, we may be able to estimate not only the mean 

flow and dispersion but also a field of Lagrangian deformations and 

velocity gradients such as vorticity, shear, divergence, etc. 
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The potential of drogues for obtaining these latter fields of 

deformations and velocity gradients seems to have been mostly over

looked. Attempts have been made to determine the horizontal divergence 

and shear by means of drogues (Chew and Berberian (1971, 1972); 

Reed (1971)) but only recently have l-1olinari and Kirwan (1975), 

Okubo and Ebbesmeyer (1976) and Yanagi et ai. (1982) developed methods 

for determining mean velocity-gradient parameters and turbulent 

velocity characteristics from drogues. In addition, Okubo, Ebbesmeyer 

and Helseth (1976) have presented methods for determining Lagrangian 

deformations and turbulent statistics and have shown that such 

determinations allow generalized Lagrangian diffusion equations 

such as in Okubo (1966) and Okubo, Ebbesmeyer and Sanderson (1983) 

to be directly evaluated. 

There is a serious problem, however, due to the effect of the 

finite size of the drogue on the diffusion of a particulate tracer. 

That is, due to a "fil terir.g effect", the particle responds only 

to motions whose characteristic scales are larger than the particle. 

Ogura (1952) developed a kinematic model of the response to ev~luate 

the filtering effect and showed that the dispersion effect of 

particles on the particle size depends on the ratio of the particle 

size to the size of the "energy-containing eddies" in the turbulent 

field. For a ratio of 1:10, Ogura showed that the relative diffusivity 

was about 90%. Cederwall's experimental results in a laboratory 

flume supported Ogura's theory (Cederwall (1971)). All of this 

suggests that the drogue size should be smaller by at least one order 
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of magnitude than the characteristic size of energy-containing eddies. 

In the coastal waters south of Long Island, the size of energy 

containing eddies is estimated to be of the order of 1000 m. 

Therefore the use of drogues whose effective area is about 2 ~2 

minimizes the size-effect problem. 

Another limitation to the use of drogues for studying turbulent 

diffusion is that they provide no information on vertical mixing. 

The effect of vertical diffusion, in particular when combined with 

vertical shear in the mean flow, on the mixing of a solute in the 

sea plays an important role in the dispersion of solute (Bowden 

(1965); Csanady (1966». This so-called "shear effect" is due to 

the combined effect of shear and diffusion acting in the same 

direction. Apparently a dye tracer is subject to this effect in 

both the vertical and horizontal directions while drogues are 

subject to the shear effect only in a horizontal plane. Nevertheless, 

some experimental evidence (Okubo and Farlow (1967» shows that 

values of diffusivity obtained from drogue studies are comparable to 

those found in dye studies, although the two studies were not made 

simultaneously at the same locality. In our project (LEDS), we 

attempted to carry out these two types of diffusion experiments at 

the same time and locality in order to resolve the problem. 

Eulerian Methods 

Current Meter Studies 

Although the diffusion process is Lagrangian by its nature, 

we can study diffusion by means of an Eulerian device if proper 
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care is taken. A current meter serves as such a device. It should, 

however, be remembered that the problem of relating Eulerian statistics 

to Lagrangian statistics of turbulence has not been basically solved 

(Corrsin (1962); Lumley (1962)). Thus only with a seeminglY reason

able approximation can the eddy diffusivity of Lagrangian particles 

be expressed in terms of the more accessible Eulerian statistics 

(Palmer and Izatt (1970); Ahn (1974); Callaway (1974) i Schott and 

Quadfasel (1979)). 

Taylor's formula (Taylor (1921)) for expressing the variance 

of Lagrangian particle displacements in terms of the Lagrangian 

velocity autocorrelation or simply "Lagrangian correlation" is 

used as the basis of this study. The eddy diffusivity can then be cal

culated from the rate of change of the variance with time. The 

main problem is that direct determination of the Lagrangian correlation 

is usually extremely difficult in the field. Alternatively, the 

Lagrangian correlation may be computed indirectly by double dif

ferentiation of measured values of the variance with respect to 

time, although great difficulty and errors are involved in the 

procedure. In this context, Shlien and Corrsin's method (Shlien 

and Corrsin (1974)) is appealing. 

On the other hand, current meter records easily provide the 

Eulerian velocity correlation. The problem is then reduced to 

finding the relationship between the Eulerian and Lagrangian cor

relations. There is little theoretical basis for assuming that 

the shapes of the Eulerian and Lagrangian correlations are similar 
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(Shlien and Corrsin (1974); Davis (1982)). Nevertheless, Hay and 

Pasquill (1959) suggested that under an assumption of similarity 
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of the Eulerian and Lagrangian correlations, the ratio of the Eulerian 

and Lagrangian time scales can be used as a parameter to replace the 

Lagrangian statistics of the variance by the Eulerian counterpart. 

The ratio is customarily called the B-factor. In short, use of the 

B-factor enables us to evaluate diffusion characteristics from a 

current-meter record. 

Callaway (1974) and Ahn (1974) used the Hay-Pasquill hypothesis 

to compute the horizontal dispersion of pollutants in coastal waters. 

Calloway took B = 1 and Ahn took B = 1.25 as tentative values for 

oceanic flow with high Reynolds numbers. Although Callaway's 

computations for eddy diffusivity appear to be reasonable and 

encouraging, he considered it urgent to conduct the rather difficult 

Lagrangian-Eulerian field experiments to compare the results. Should 

the Hay-Pasquill hypothesis be shown to be valid as a reasonable 

approximation, our prediction of oceanic dispersion of contaminants 

would become much easier by utilizing current-meter records. In 

LEDS we have attempted to make careful comparisons of diffusion 

characteristics obtained from Lagrangian methods and those obtained 

from Eulerian methods. 



THE EXPERIMENTAL PROGRAM 

Three field studies were carried out in the coastal waters off 

the south shore of Long Island. See Figure 1. The first, during 

March, 1980, was a preliminary study to obtain information on the 

velocity gradients, the Lagrangian and Eulerian length scales of 

the energy-containing eddies, and to test our drogue design. Details 

of that study are contained in Carter et al. (1980). Table 2 gives 

the chronology of the various components of the other two studies; 

a summer study (July, 1980) during stratified conditions and a 

winter study (t-1arch, 1981) during unstratified condi tions. Figures 

2 through 6 show typical vertical profiles of temperature (T), 

salinity (S), and at for these two studies. 

As shown in Table 2 our experimental program consisted of 

simultaneous measurements of the spread of dye either as patches 

or as continuous plumes, a large number of drogue trajectories 

either simultaneously or sequentially released, and current meter 

speeds and directions from an array of current meters. For the 

diffusion characterisics calculated by these three different sets 

of measurements to be comparable, the following criteria must be 

satisfied by the current meter array: 

(a) The calculation of velocity gradients from current meters 

requires simultaneous records from at least 3 meters 

arranged in a triangle. The array should provide several 

such triads of varying size. 

12 
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(b) The minimum meter separation or spacing of the meters of 

the smallest triad may be limited by the speed resolution 

of the current meter to be used. For example, the ENDECO 

Model 174 current meter used in our study cannot resolve 

speeds less than 1 cms- 1 assuming perfect calibration. If 

the smallest velocity gradient, ~~, we wish to resolve is 

of order 5 x 10- 5 s -1, then the meters should not be closer 

than 200 m. However, the minimum separation can be as 

large as the length scale of the energy-containing eddies 

and still insure that the meter records will be coherent 

for all larger scales (~1000 m) . 

(c) The maximum meter separation or the dimensions of the 

largest triad are determined by the expected drogue separa

tions and/or dye patch dimensions at the end of the obser-

vation period. 

(d) The array should be large enough so that the dye (patches 

and/or plumes) and drogues will remain within its boundaries 

for at least a substantial part of the period of observation 

since the velocity gradients have horizontal structure. 

Criteria (c) and (d) may be incompatible in a region with a 

large mean flow due to a lack of current meters. In our case, the 

period of observation was ~ day. Assuming a mean flow of 10 cms- 1 

in the alongshore direction, a maximum alongshore separation of 

4320 m was indicated. It was necessary to shorten the maximum 

alongshore separation to 1750 m, however, because of a limited 

13 
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Table 2 

LEDS Chronology 

Sequence of Events 

July 1980 Date February/March 1981 Date 

Activity 14 22 23# 24 25 26 28 * 27 9 10 11 12 23 

Current Meters in: X X 

Current t-1eters out: X X 

Continuous Dye: X X X X X 

Instantaneous Dye: X X X 

Drogue Measurements: X X X X X X X 

Aerial Photography: X X X X 

# 
No sampling due to adverse weather conditions. 

* No drogue tracking due to adverse weather conditions. 
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and density (Ot) at dye raft at 0920 on 24 July, 1980. 
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and density (at) at mooring "c" at 0845 on 10 Harch, 1981. 
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number of current meters (14). This also required that the drogues 

be picked up and returned to the array when they drifted outside its 

boundaries and the dye to be released at an upstream location so as 

to account for the anticipated drift of the patch. 

How well our current meter arrays satisfied these criteria will 

be discussed in subsequent sections. 

The Current !1eter Studies 

Except for two sampling points (see Table 3a) where Braincon 

r'bdel 1381 meters were employed, Endeco ~10del 174 and Hodel 105 

current meters were used to measure speed and direction of the 

currents. Both instruments can be trimmed to maintain a horizontal 

attitude and ballasted to be neutrally buoyant; both employ ducted 

impellers to minimize wave contamination. In addition, they are 

attached to the mooring by means of nylon tethers, 5 feet or more 

in length, which serve to decouple the instruments from mooring 

motions. The Model lOS's record geared down (5750 to 1) rotor 

revolutions on 16 mm film in the form of an exposed bar whose length 

is proportional to the average speed for the eh~osure interval 

(30 minutes). Orientation of the instrument relative to magnetic 

north is similarly recorded on film also in the form of an exposed 

bar whose length is a measure of the direction variability during 

the 30 minute exposure interval and whose maximum intensity represents 

the average direction over the exposure interval. Speed and direction 

resolutions of 2.6 cm s-l and ± 1°, respectively, are claimed by 
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the manufacturer. The ~bdel 174's as configured for our studies 

recorded speed, direction, temperature, and conductivity on magnetic 

tape at 2 minute intervals. Speed and direction resolutions are 

1 em s-l and 1.4°, respectively. Speed sensitivity of both instruments 

is approximately 1 rpm/l em s-l; accuracy, or course, depends on 

calibration and in the case of the 105's, film reading errors. 

The Braincon Model 1381 current meter records speed and direction 

on 16 mm film in a manner similar to the Endeco Model 105. It's 

suspension is part of the mooring, however, and it utilizes a 

Savonius rotor to sense speed. The rotor was stuck on B198 and data 

from B197 was not used for this study but was archived. 

During both studies taut wire moorings were employed with 

approximately 49 pounds of buoyancy/meter. The moorings were 

anchored with railroad wheels. Figures 7 and 8 show the locations 

of the current meter moorings for the July 80 study and the Narch 81 

study, respectively. Tables 3a and 3b list the meter locations by 

depth and station. 

During July 1980 there was 100% data recovery from all meters 

except B198; on B198 the masking tape retainer on the rotor was 

apparently not removed on deployment. We were not so lucky during 

the March 1981 deployment. Within a few hours after deployment, 

the mooring at "F" was struck by a large vessel or towed barge. 

The mooring wire was severed near the surface meter separating the 

two Viny buoys that provided the buoyancy from the rest of the 

mooring causing the two meters to sink to the bottom. Meter 174109 
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Table 3a 

Current Meter Locations by Station and by Depth for the July 1980 Study 

if 
Depth, m 

4.6 

12.2 

18.3 

24.4 

A 

105314 

Station 

B C D E F 

174181 174107 105417 174183 105582 

174109 174122 174112 

B197 

B198 

Table 3b 

Current Meter Locations by Station and by Depth for the ~~rch 1981 Study 

# Depth, m 

4.6 

12.2 

18.3 

24.4 

A B 

174032 174107 

105314 105437 

# . 1 l' nom1na ; re at1ve to MLW 

Station 

C D E F 

174183 174181 174122 174109 

174110 105587 105575 105421 

105571 

105312 
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was damaged beyond repair; 105421 was undamaged but provided only 

a record of 5 hours in length. In addition, 174110 was apparently 

torn from its mooring at Station "c" by a fishing boat recovering 

a gill net. Portions of the net were still on the mooring when it 

was recovered on 23 March, 1981. The meter was not recovered. 

The Dye Studies 

In the study of turbulent diffusion in natural systems, water 

soluble and dynamically passive fluorescent dyes have long been the 

standard method for quantifying the dispersive processes (Carter 

and Okubo (1978)). The technique consists of releasing a known 

quantity of dye solution either instantaneously (patch diffusion) 

or over time (plume diffusion) and measuring its subsequent distri

bution as a function of space and time. Thus, the required quan

tities to be measured are the concentration of the fluorescent dye 

and the position of the sampling vessel as a function of time. 

For our experiments, position information was obtained with 

a Motorola Mini-Ranger III electronic positioning system. It is 

a range-range system, i.e., it measures the ranges from the sampling 

vessel to several (4 or less) reference stations. In .our case, 

2 reference stations were used, one mounted on the Shinnecock Inlet 

Light tower and the other on the Tiana Beach meteorological tower 

(Tt.ffiT) operated by Brookhaven National Laboratory. See Figure 7. 

Typically this system exhibits a range repeatability of ± 5 m. 

When calibrated its probable error is ±3.5 m. 
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Table 4a shows the concentration and amount of Rhodamine WT 

solution used, discharge start and end times, solution pumping rate, 

and discharge location for the July, 1980 study. Table 4b provides 

comparable information for the Ha:r;ch, 1981 study. As noted earlier 

in Table 2, the dye solution was released continuously during the 

July 80 study at a depth of 0.5 m and as 3 separate instantaneous 

surface releases during March, 1981. 

Date 

7/21/80 

7/21/80 

7/22/80 

7/22/80 

7/22/80 

7/23/80 

7/24/80 

7/26/80 

Table 4a 

Details of the July, 1980 Dye study 

Solution 
Start of End of Solution Pumping 
Discharge Discharge Concentration Rate, g/s 

1249 1359 20% 0.524 

1811) -

- c.... 0 740 20% 0.965 

074D 1735 20% 0.571 

1932~ -

- 40900 20% 0.362 

1630 20% 0.362 

Location of 
Discharge 

Identified 
as S on 
Figure 7 

NOTE: Rhodamine WT Lot 91 solution was discharged until 1735 on 
22 July. Difficulty was encountered pumping this solution 
as it tended to coagulate and foul the metering pump. 
Pumping was halted at 1359 on 21 July and the solution 
filtered through a plankton net (100 ~m mesh). After 
filtering, it pumped satisfactorily until 1735 on 22 July 
at which time the amount of Lot 91 on hand had been expended. 
Lot 96 was used thereafter with no further pump difficulties. 
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Table 4b 

Details of the March 1981 Dye Study 

Mass of 
Time of Solution Dry Dye Type of Location of 

Date Release Concentration Released, g Release Release 

3/10/81 0739 13.03% 7101.5 Surface Near Mooring 

3/11/81 0739 13 .03% 2434.9 Surface Near Mooring 

3/12/81 0746 13.10% 2403.2 Surface Near Mooring 

NOTE: All solutions were originally 20% RhWT (Lot 98) whose density 
was adjusted to 1.024 prior to deployment (our estimate of 
the density of the surface waters in the release area) by the 
addition of methanol. 

During July, 1980 the concentrations of the dye tracer were 

determined by continuous underway sampling from the R/V ONRUST
I 

at 

3 depths with Turner Design Model 10 fluorometers. After filtering 

the fluorescence to remove the noise, the fluorometer outputs 

(fluorescence and scale) were fed to a specially constructed data 

uB" 

"D" 

"c" 

logger with 4 channels for temperature and 4 channels for fluorescence/ 

scale. It digitized these analog inputs (up to 4 channels of fluor-

escence, scale and temperature) and recorded them with ranges to the 

two Mini-Ranger reference stations every 2 seconds on magnetic tape 

and a printer (Anadex Model DP650). The thermistors for the temperature 

channels were located in poly-flo tubing just downstream from each 

fluorometer. All fluorometers were optically filtered on the input 

side so as to maximize the excitation energy appropriate for rhodamine 

(546 nm) and the emission energy on the output side (580 nm) while 

at the same time minimizing scattering of excitation light into the 

output side (minimal filter overlap between 546 and 580 nm) . 

lThe R/V ONRUST is a 55' steel hull vessel of 50 tons. 
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The continuous underway samples were drawn by pumping through 

three one-half inch polyethylene hoses (poly-flo). The hoses were cut 

to the same length (approximately 25 m), married together to minimize 

drag, and then loosely coupled to the hydro wire with snap hooks. 

The hoses terminated at a heavy lead depressor (-66 kg). Hose 

separations varied between 1 and 4 m. 

The set-up for the March 1981 study was identical except for 

the substitution of a Turner Associates Model 111 for one of the 

TD Model 10 fluorometers. 

The fluorometers, data logger, etc. were calibrated as a system 

using a stainless steel tank as a reservoir and circulating sea water 

continuously through the flow cells of the fluorometers with an 

irrunersion pump. The tank was filled with 7 liters of sea water 

from the operating area and circulated through the fluorometers 

continuously. The fluorescence (in arbitrary units) and temperatures 

were then re,corded on tape and p.rinter as small additions of diluted 

rhodamine WT 20% solution (~ 1 to 211,117 for July and 1 to 222,136 

for March) were made. For the July experiment our fluorometers 

were calibrated in terms of e/qd where e is the dye concentration 

in gg-l and qd is the pumping rate of dry dye in g s -1. In Harch 

we calibrated in terms of elf where f is the concentration of the 

rhodamine solution released in gg-1. As purchased,f is -0.20; as 

released it was 0.1303 after addition of the methanol. By calibrating 
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in terms of these ratios, precise knowledge of r is not necessary. 

See Carter (1974). 

The output of our fluorometers when filtered with a filter with 

a 4s time constant are stable and reliable to ±0.3% of full scale. 

(Pritchard et ai. (1982)). For our instruments, this translates 

into ±0.3 dial units on the most sensitive scale (31.6xlOO scale) 

or ±0.004 ppb during July and ±0.009 during March. Background 

variations of the coastal waters were found to be on the same order. 

Aerial Photography 

As noted previously, the fluorescent spectrum of Rhodamine WT 

has a maximum at 580 rum. The Wratten No. 21 sharp cut filter cuts 

off all light below 540 rum and its percent transmittance at wave

lengths ~ 580 nm is ~ 85.4%. The use of this filter with any good 

panchromatic film yields excellent photographic results. The prints 

will show a white dye cloud on a black sea. 

Funds were available for aerial dye photography for only one 

field study. Accordingly, the July, 1980 study period was selected 

since it included a continuous dye discharge thereby ensuring that 

at least a portion of the dye plume would always be discernable in 

the photographs. The Aerographics Corporation of Bohemia, NY was 

selected to carry out the photography. For this purpose, they 

provided a Wild RC8 aerial mapping camera mounted in a Cessna 180 

aircraft. This camera has a focal length of 152 mm ('V 6") and 

vides a 9"x9" negative. It is in a fixed mount but it can be leveled 
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in flight within limits by means of a bubble to maintain a level alti

tude. On 22, 24, 25 and 26 July, 1980 (See Table 2 ) three flights 

were made in the AM and three in the PM with 2 runs per flight and 

5-8 exposures per run. The runs were flown at different altitudes, 

i.e., negative scales; 1000' and 2000' (negative scales of I" = 166.67' 

and I" = 333.33', respectively) were used for the most part. In 

addition, an occasional run was made at altitudes of 1500' and 

5000' . 

Kodak Double-X Aerographic film No. 2405 (Spec. 981) was used 

throughout at an exposure time of 1/ 425 seconds and a lens aperture 

of f5.6. The film was developed ln D76 and 9" x 9" prints provided 

on Ilsord paper. The resolution of this film is -25~m (Kodak 

Publication No . M-75). 

The Drogue Studies 

Drogue Design 

Twenty drifters were constructed. They consisted of polystyrene 

floats mounted on shafts made of galvanized iron pipe (electrical 

conduit). One end of the shaft was tethered to a cross vane drogue 

and the other end supported a freely swivelling aluminum flag. A 

diagram of the complete drifter and design details are given in 

Figure 9. 
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The drifters generally performed adequately and none were lost 

or failed in any of the experiments. Drogues occasionally suffered 

small rips, mainly in the course of being retrieved or transported. 

Methodology of Drogue Experiments 

Drifters were deployed and tracked from two ~ 20 foot power boats 

which were manned by two people; one to steer and the other to measure 

drifter positions and deploy and retrieve drifters. Stacking one 
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drogue on top of the other allowed each boat to handle up to 10 drogues. 

On arrival at the experimental site, which was generally upstream 

of the current meter array, all drogues were deployed as simultaneously 

as possible. Drifters were deployed at least 10 m from their nearest 

neighbor in order to minimize interaction between drogues. It usually 

took about ~ hour to deploy all the drifters. Both boats would then 

monitor the positions of all the drogues using a Motorola Mini-Ranger 

III system. Each boat chose its own route to circulate around the 

drogues. In general the position of each drifter was determined at 

intervals ranging from 5 to 15 minutes. Standard procedure consisted 

of positioning the boat so that the buoy brushed past the side of 

the boat that the Mini-Ranger antenna was fixed to. See Figure 10. 

Ranges to the shore stations were automatically printed out on strip 

paper (Anadex DP650 printer) along with the time at w.hich the range 

was measured. The operator only had to add the drogues identifying 

number onto the printout. Several ranges were taken as the buoy 

was approached and a final range when the buoy and antenna were 
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Figure 10. Schematic of drogue tracking. 
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Flags had identification numbers painted on them and were con

structed of aluminum rather than cloth so that the flag would always 

be visible. Two large plastic washers ensured that the flag rotated 

freely with a minimum of wind drag. Bands of colored tape were used 

to encode the drifter number onto the shaft in case the flags were 

lost. The shaft and float top were both painted fluorescent orange. 

Floatation consisted of several 1" thick slabs of polystyrene 

sandwiched between two pieces of plywood. The float was bolted to 
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the shaft using a length of threaded steel rod. The drogue was 

attached to the shaft/float assembly with ~" polypropylene rope clipped 

to a shackle bolted to the bottom of the shaft and an eye bolt on the 

top of the drogue. 

The drogue was a cross vane type made of lightweight rip stop 

material. Its shape was formed using cross braces at the top and 

bottom that were held in a cross position by means of 4-pieces of 1/8 

inch polypropylene rope tied around the ends of the braces. Plastic 

pipe was used for the top braces and the braces were bolted together, 

where they crossed,using-an eye bolt. As noted above the eye bolt 

served as the fastening point for the drogue tether. Bottom cross 

braces were constructed of galvanized iron pipe and were bolted to 

a 5 Ib lead weight where they crossed. The bottom braces were also 

tied in a rigid position using 1/8 inch polypropylene rope. Originally 

it had been planned to make the drogues collapsible and use clip on 

shock cord to hold their shape, however, this proved unworkable. 
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coincident (within the limits of maneuverability). By taking several 

approach ranges it was easy to identify gliches when the ranges were 

later typed into a computer. About 5-10% of the ranges were found to 

have spurious values. Often the approach ranges could be used to 

extrapolate a position when the fix was bad. Using a range averaging 

option resulted in a machine accuracy of ± 1 m according to the 

manufacturers. Of course the accuracy with which the boat could be 

positioned also contributed to errors which increased as the weather 

worsened. Relative motion between drogues due to systematic position 

measuring errors (such as the antenna always being on the boat side 

of the drifter) was minimized by always approaching a drogue from the 

same direction when fixing its position. 

Drogue Experimental Program 

The field work was performed about 3 miles off the south shore 

of Long Island in the vicinity of Shinnecock Inlet (Figures 1 and 10) . 

The area was chosen in part for its linear shoreline and simple 

bottom topography. As shown in Table 2 experiments were carried 

out in July 1980 and March 1981, representative of summer and winter 

conditions respectively. 

Throughout the summer experiment there was a relatively strong 

alongshore flow towards the west of about 15 cm s-l. The summer 

thermocline was generally at 6-12 meters. The mean drift during the 

winter experiment was comparatively weak and the water column was 

well mixed. The sinking of a dye patch on 11 r~rch, 1981 indicated 

that there were local regions of convergence. 
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Table 5 lists the essential details and purposes of all LEDS 

drifter experiments listed in the order in which they were performed. 

Additional information, comments, etc., are provided below. 

Summer Experiments. Experiment #1 (21 July, 1980): This 

experiment was a shakedown experiment. Ten drifters were deployed 

with drogues at a depth of 15 feet. Each boat tracked five of the 

drifters. The method of tracking coupled with poor weather (5 foot 

swells) resulted in uneven coverage of the cluster. Regardless, 

useful"data were obtained. A large initial elongation resulted from 

the drogues being poorly deployed in two almost distinct subclusters. 

Experiment #2 (22 July, 1980): The crew of one of the small 

boats was needed to install new batteries for the Mini-Ranger shore 

stations. As a result, only 5 drifters were tracked by one boat 

from 1107 to 1433. Five additional drifters were deployed by 1433 

and all ten drifters were tracked until 1547 when the experiment 

was called off because of bad weather. Winds were initially ~ 10 

knots from 240-270° and increased to 20 knots from 240-270° by 1500 

hours. This data has not been processed yet because of the small 

number of drifters used for most of the experiment. 

Experiment #3 (24 July, 1980): No experiments were carried 

out on 23 July due to rough weather. By 24 July, however, the seas 

were calm. Upon arriving at the current meter array, both boats 

measured the positions of the moorings. Each boat then deployed 7 
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Table 5. Details of LEDS Drifter Experiments 

Experiment 
Designation 

Number 

1 

2 

3 

4S(small) 
4L (large) 

5S{sma11) 
5L (large) 

6S(sma11) 
6L(large) 

7 

8S(sha11ow) 
8D(deep) 

9 

10 

11 

12 

Date/Time of # 
First Position in 

Seconds after 
Midnight 

21 July 1980 
43091 

22 July 1980 
40020* 

24 July 1980 
30585 

25 July 1980 
34599 

25 July 1980 
47539 

25 July 1980 
60616 

26 July 1980 
30960 

26 July 1980 
49420 

26 July 1980 
55617 

9 March 1981 
31685 

10 March 1981 
29227 

11 March 1981 
31840 

. . ## 
'Duratlon ln 

Seconds after 
Midnight 

7,560 

12360/4440* 

35,280 

6,120 
5,400 

6,120 
6,120 

2,880 
2,520 

12,5.40* 

4,320 
4,680 

4,500 

18,600 

21,600 

10,200 

Number 
of 

Drogues 

10 

5/10 

14 

8 
8 

8 
8 

8 
8 

16 

7 
9 

1 

20 

20 

20 

Depth 
of 

Drogues 
feet 

15 

15 

10 

10 
10 

10 
10 

10 
10 

10 

10 
15 

10 

15 

15 

15 

* 

Corrunents 

Single cluster 

Single cluster initially 5 drogues 
with 5 more added after 12360 sec 
Not entered into computer 

Single cluster 

Small cluster (4S) surrounded 
by larger cluster (4L) 

Small cluster (5S) surrounded 
by larger cluster (5L) 

Small cluster (6S) surrounded 
by larger cluster (6L) 

Consecutive releases from a 
current meter mooring 

Single cluster with drogues 
at two depths 

"Rapid" positioning on one 
drogue 

Single cluster 

Single cluster 

Single cluster 

Based on times of deployment #:Interpolated start time of experiment 
Duration based on interpolated end time o"f experiment and retrieval. - - - - '- - - - - - -- - - - -

UJ 
Q) 

-
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drifters with drogues set at 10 feet. A 10 foot depth was selected 

so as to keep the drogues above the depth of the thermocline as 

measured by the R/V ONRUST. In doing so some comparability with 

current meter measurements was lost but comparability was gained 

with the dye experiments. 

Initially each boat tracked the seven drogues that it released. 

After several hours, the method of tracking was changed so that 

each boat tracked all drifters. This method of tracking was used 

in all subsequent experiments. 

The drifter cluster was tracked for ~ 10 hours in which time 

it was swept far from the current meter array by the comparatively 

strong mean westerly drift. Rather than reposition the drogues 

within the array it was deemed desirable to obtain a long record 

for comparison with the dye plume and with the longer time scale 

information of the current meters. 

Experiments #4S, 4L, 5S, 5L, 6S and 6L (25 July , 1980): Si!1ce 

the current meter array measured currents at several scales it was 

desirable to simultaneously measure the dispersion of drogues at 

different scales. In particular, it is important to measure the 

relationship between small and large scale velocity gradients, since 

for small time scales the divergence term dominates the diffusivity 

in describing the dispersion of drifters (Okubo et al. (1983) (in 

preparation». It should be noted that generally the dye is released, 

or discharged at a "point" and so dye patch (or plume) scales cor

responded generally to the scales of the small drifter clusters. 
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On the other hand, the size of the largest triad in the current 

meter array was as large or larger than the larger drifter clusters. 

All drogues were set at a depth of 10 feet. First, a small 

scale cluster of 8 drifters were released and tracked by one boat 

at the upstream end of the current meter array. Then, the other 

boat released a much larger array of 8 drifters about the small 

array. Each boat then tracked the drifters that it released until 

the cluster has passed through the current meter array, at which 

point the experiment was repeated. The experiment was repeated 

three times hence the 6 different experim~nt numbers in Table 5 . 

The larger scale cluster generally had linear dimensions ~ 10 times 

as great as the smaller scale cluster. 

Experiments #7, 8S, 80 and 9 (26 July, 1980): The first 

experiment (#7) to be carried out on this day consisted of consecutive 

releases of 16 drogues at a point 4-5 meters downstream from current 

meter mooring "0". Drifters had drogues set at 10 feet. The first 

drifter was released at 0836. Drifters were released from the same 

point at 10 minute intervals with the exception of two occasions 

when the timing of the release went awry. First one boat released 

its drifters and then the other. As each boat released its drifters 

the other tracked full time. When all drifters had been released 

both boats tracked all drifters for over an hour. This experiment 

had three objectives: (1) to relate the envelope of the drogue 

trajectories to the standard deviation in the lateral direction 

(0 ) of the dye plume, (2) to estimate a cross-correlation function, 
y 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

41 

and (3) to provide a series of drifter velocities at a current meter 

site for comparison with the current meter record. This last objective 

is an important one, expecially since most drifter measurements 

for the LEDS summer experiments were at depths of 10 feet whereas . 

the current meters were at a depth of 15 feet. 

After the sequential release experiment, a two-depth experiment 

was performed. Nine drifters with drogues set at 15 feet and 7 

drifters with drogues set at 10 feet were deployed in a single 

cluster at the eastern end of the current meter array. All drifters 

. were deployed by 1315 and both boats tracked all drifters as they 

drifted through the current meter array. The deep cluster is re

ferred to as experiment #8S. This experiment enabled us to measure 

the variability in both velocity gradients and diffusivities with 

depth and provided an estimate of the vertical shear. This latter 

quantity is important for comparing the dye and drifter results. 

For the final experiment (#9), one drogue was tracked by one 

boat for a little more than an hour. Positions were obtained at 

better than 1 minute intervals. This experiment was performed in 

order to examine how much aliasing the normally less frequent 

position measurements caused. 

winter Experiments. Experiments #10, 11, and 12 (9, 10, 11 

March, 1980): For these experiments the drogues were set at 15 feet 

since this was the depth of the uppermost current meters and also 

because there was no stratification that would confine the dye to 
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a shallow layer. Each winter experiment consisted of a single 

cluster of 20 drifters. The drifters were tracked by two small 

boats as during the summer experiments. The objective was to get 

as long a time series as possible for comparison with current meter 

records and dye patch measurements. The winter experiments were 

all essentially similar and so are not discussed individually. 

Data Reduction. As noted above, raw drogue positions were 

obtained using two small powerboats equipped with Mini-Rangers. 

The boats would come alongside each drifter in turn and fix its 

position. The position was obtained from the two ranges to two 

reference stations, one at the Tiana Beach Meteorological Tower 

(TBMT) and the second at the Shinnecock Inlet Light Tower (Figures 1 

and 10) . 

For the summer experiments the data were reduced to simultaneous 

positions of all drogues at 360 second intervals using linear 

interpolation of the time series of each drogues positions. 

The raw data of the winter experiments, however, was found to 

have some systematic errors. In the course of the winter experiments 

three different Mini-Rangers were used; for experiments 10 and 11 

Mini-Rangers 1 and 2 were used and for experiment 12 Mini-Rangers 1 

and 3 were used. 

Mini-Ranger 3 (a rental unit) was not calibrated correctly and 

its ranges differed from those measured by Mini-Ranger 1 by several 
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hundred meters. Fortunately, in the course of drogue tracking, there 

were 14 occasions when Mini-Rangers 1 and 3 measured the ranges to 

the same drogue at almost the same time (to within ± 20 seconds). 

A linear regression of ranges measured by Mini-Ranger 3 as a function 

of ranges measured by Mini-Ranger 1 (at almost the same time) enabled 

functions to be defined to correct the ranges of Mini-Ranger 3. 

A further error that was more difficult to correct was also 

found. Mini-Ranger 2 drifted relative to Mini-Ranger 1 by about 20 

meters in the course of the experiments. Mini-Ranger 3 was also 

found to drift but only by about 4 meters. The drift of one Mini

Ranger relative to another was found as a function of time in the 

following way. Simultaneous ranges for all the drogues were cal

culated using a cubic spline interpolation of ranges measured with 

Mini-Ranger 1 and then with ranges measured with Mini-Ranger 2 or 3. 

Since there were 20 drogues it was possible to calculate the mean 

and standard deviation of the difference between the range as 

measured by each Mini-Ranger as a function of time. These values 

are plotted in Figure 11 for experiments 10, 11, and 12. The mean 

differences were then used to correct ranges measured by Mini-Rangers 

2 and 3. 

After all processing the winter data consisted of simultaneous 

observations of positions on 20 drogues at intervals of 600 seconds. 
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RESULTS 

The Current Meter Studies 

Eulerian data from both the July 1980 and March 1981 deployments 

were processed initially with the objective of examining some of the 

basic characteristics of the temporal and spatial structure of the 

velocity field. Special attention was paid to those characteristics 

which should be relevant to dispersion processes. These include the 

spectra of the velocity fluctuations, the principal axis orientation 

for velocity fluctuations of different periods, the coherency of the 

velocity fluctuations measured by instruments of different horizontal 

positions and the vertical shear measured by instruments at different 

depths on the same mooring. In general, records from both individual 

instruments and from pairs of instruments were analyzed in terms of 

rotational invariants (Mooers (1973)). One distinct advantage of this 

type of analysis is that the spectral quantities which are defined 

are independent of coordinate system; another is that the interpretation 

of cross spectra computed for pairs of horizontal velocity series is 

greatly simplified. 

The basic methods used in the calculation of rotational invariants 

depend on the fact that a velocity vector can be decomposed, for each 

frequency, into a counterclockwise rotating (positive frequencies) 

vector and a clockwise rotating (negative frequencies) . For these 

rotating vectors it is convenient to compute the auto spectrum for 

both positive and negative frequencies and the normalized difference, 

45 



46 

that is, the spectral density for positive frequencies minus the 

spectral density for negative frequencies divided by the sum. This 

quantity is called the rotary coefficient; it will be zero for pure 

rectilinear oscillations, and plus or minus one for circular counter

clockwise or clockwise oscillations, respectively. Elliptical 

oscillations are represented by values between zero and one. The 

two auto spectra and the rotary coefficient are, therefore, useful 

for describing the distribution of variance and the rotational 

characteristics of the velocity vector as a function of frequency. 

For elliptical and rectilinear oscillations the stability of 

the orientation of the axes of the oscillation can be defined in 

terms of the magnitude of the coherency between the clockwise and 

counterclockwise rotating vectors; similarily, the orientation of 

the principal axes can be defined in terms of the phase of the 

coherency (Mooers (19731). 

It should be mentioned that for several reasons related to 

data quality the ENDECO 105 records were not processed to the same 

extent as the ENDECO 174 records. One obvious problem with the 

ENDECO 105 records is the 1 hour Nyquist period; another very serious 

problem is associated with "wrap around", a film reading and speed 

calibration problem which can introduce artificial variance into 

the records with periods of a few hours. 

July 1980 Deployment 

Rotational invariants were computed for each of the current 

velocity records from the July 1980 deployment; only the invariants 
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computed for the ENDECO 174's are presented. A common 11.4 day 

record segment beginning on 14 July was extracted from each current 

vector file. The actual files were somewhat longer but the extracted 

files contained 8192 points which was convenient for FFT processing. 

Mean values for the components of the current vectors resolved 

along 345°T and 45°T are presented in Table 6. Mean vectors at both 

4.6 m and 12.2 m indicate some cross-isobath onshore flow. The 

mean direction of isobaths in the area is approximately along 69°T. 

Figures 12 through 17 show for each of the instruments on 

moorings B, C and E the positive and negative auto spectra, the 

rotary coefficient, the magnitude of the coherency between positively 
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and negatively rotating vectors and the phase of the coherency. The phase 

represents the orientation of the principal axis of the elliptical oscil-

lation relative to the pos.itiye x axis. Note that all figures have a common 

logarithmic frequency axis, and that the frequencies are normalized 

by the Nyquist frequency which is .25 minutes -1. The ordinate for 

both the negative auto spectrum (Figure A) and the positive auto 

spectrum (Figure B) is plotted on a logarithmic scale as relative 

spectral density in units of cm2s-2 per unit frequency. The ordinate 

for the rotary coefficient (Figure C) is plotted on a linear scale 

and it is nondimensional. The coherency (Figure D) is, of course, 

nondimensional, and as mentioned above it provides an estimate of 

the stability of the principal axes defined in Figure E. The 

principal axes can be considered stable when the coherency is above 

the 95% significance level which is defined by the dashed line. 
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Table 6 

Components of mean currents (em s-l) for an 11.4 day record 
beginning on 14 July, 1980. x component is positive 

along 045°T; Y component is positive along 34S"T. 

STATIONS 

Depth (m) B C E 

Meter #174181 Meter #174107 Meter #174183 

(-16.7 -x' (-12.9 -x \ 
5.8 -y ) 8.1 -y) 

4.6 
(

-15.2 -x) 
6.6 -y . 

Meter #174109 Meter #174122 Meter #174112 

(-13.5 -x' (-'1.9 -x 
5.8 -y 6.2 

I 
-y 

/ 
(
-ll.8 -X)\ 

7.4 -y 
12.2 

Table 7 

Components of mean currents (cm s-l) for an 11.4 day record 
beginning on 27 February, 1981. x component is positive 

along 045°T; y component is positive along 34SoT. 

STATIONS 

Depth (m) B C D E 

Meter #174107 Meter #174183 Meter #174181 Meter #174122 

(-4.6 -x) (-4.4 -x) ( -3.9 -x \ (-4.2 \ -x 
0.9 -y 1.6 -y 1.4 -y I 0.7 -y 

/ 

4.6 

Table 8 

Components of mean current shear (s-l) for an 11.4 day record 
beginning on 14 July, 1980. x component is positive along 

along 04s o T; y component is positive along 345°T. 

STATIONS 

Depth (m) B C 

4.6 ( -3) -2.1 xl0 -x 
4.0 xl0-3 -y 

I 
I 
I 
I 
I· 
I 

/ 
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Figure 12. 

Rotational invariants for an 
11.4 day record beginning on 
14 July, 1980 from Meter 
#174181 deployed at 4.6 m: 
auto spectrum for negative 
frequencies (Figure A) i 

auto spectrum for positive 
frequencies (Figure B); 
rotary coefficient (Figure C) i 

ellipse stability (Figure D) ; 
ellipse orientation (degrees) 
(Figure E). Degrees of freedom 
are 8.2 and 12.6 for periods 
less than and greater than 
6 hours, respectively. 
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Figure 13. 

Rotational invariants for an 
11.4 day record beginning on 
14 July, 1980 from Meter 
#174107 deployed at 4.6 m: 

-3 --2 

auto spectrum for negative ~I ----------------------------------c--~ 
frequencies (Figure A); [ 
auto spectrum for positive 
frequencies (Figure B) i ~ I 
rotary coefficient (Figure C) i v ~ 

ellipse stability (Figure D) i ~I 
ellipse orientation (degrees) 
(Figure E). Degrees of .. ! '---_____________________________ ~ 

freedom are 8.2 and 12.6 for 
periods less than and greater 
than 6 hours, respectively. 
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Figure 14. 

Rotational invariants for an 
11.4 day record beginning on 
14 July, 1980 from Meter 
#174183 deployed at 4.6 m: 
auto spectrum for negative 
frequencies (Figure A) ; 
auto spectrum for positive 
frequencies (Figure B); 
rotary coefficient (Figure C); 
ellipse stability (Figure D); 
ellipse orientation (degrees) 
(Figure E). Degrees of freedom 
are 8.2 and 12.6 for periods 
less than and greater than 
6 hours, respectively. 
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Pigure 15. 

Rotational invariants for an 
11.4 day record beginning on 
14 July, 1980 from Meter 
#174109 deployed at 12.2 m: 
auto spectrum for negative 
frequencies (Figure A)i 

auto spectrum for positive 
frequencies (Figure B) i 

rotary coefficient (Figure e)i 

ellipse stability (Figure D) i 

ellipse orientation (degrees) 
(Figure E). Degrees of freedom 
are 8.2 and 12.6 for periods 
less than and greater than 
6 hours, respectively. 
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Figure 16. 

Rotational invariants for an 
11.4 day record beginning on 
14 July, 1980 from Meter 
#174122 deployed at 12.2 m: 
auto spectrum for negative 
frequencies (Figure A)i 

auto spectrum for positive 
frequencies (Figure B) i 
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rotary coefficient (Figure C) i 

ellipse stability (Figure D)i 

ellipse orientation (degrees) 
(Figure E). Degrees of freedom .. 1 

are 8.2 and 12.6 for periods 
less than and greater than 
6 hours, respectively. 
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14 July, 1980 from Meter 
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Note that the 95% significance level is not constant because a 

spectral window was used for smoothing the spectral estimates at 

periods longer or shorter than six hours. At periods longer than 
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six hours the degrees of freedom are approximately 8.2, while at 

periods shorter than six hours the degrees of freedom are approximately 

22.6. The principal axis orientation (Figure E) is a rotation 

measured in degrees (positive when counterclockwise) relative to 045°T. 

Current records were resolved along 045°T and 315°T because the~e 

axes were well off the local isobath orientation. 

The spectral and rotational characteristics for the velocity 

vectors at the upper meters are all quite similar (Figures 12 through 

14). For those oscillations at subtidal frequencies which have a 

stable axis the phase associated with the coherency varies between 

approximately -40° and -48°. The principal axis orientations, 

therefore, vary from 85°T to 93°T. Remembering that the heading of 

the isobaths is approximately 069°T, this implies that the principal 

axes of the subtidal current fluctuations are oriented at 16° to 24° 

relative to the isobaths. There is, therefore, appreciable cross 

isobath flow at low frequency; the mean current vectors for the upper 

meters in Table 6 are oriented approximately 0° to 10° relative to 

the isobaths. However, because of low frequency variability in the 

current the uncertainty in the mean estimates is very high. 
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The principal axes for low frequency oscillations at 12.2 m 

depth (Figures 15 through 17) show a counterclockwise veering from 

those at 4.6 m depth. The phase estimates at low frequency in 

Figures 15 through 17 vary from approximately -14° to -17° which 

means that the principal axes orientations vary from 059°T to 062°T. 

This again implies cross isobath flow at low frequency, but the 

component of flow normal to the isobaths would have a sign opposite 

to that at 4.6m. 

Figures 12 through 14 show that at those supertidal frequencies 

where the coherency (Figure D) is above the significance level the 

phase for the coherency is approximately +60°. This means that the 

principal axes for these shorter period oscillations is oriented at 

345°T which is approximately normal to the isobaths. The principal 

axes for super tidal oscillations at 12 . 2 m depth are also oriented 

approximately normal to the isobaths (Figures 15 through 17). 

The ellipse stability diagrams for all six instruments show that 

semidiurnal oscillations have a very stable principal axis; its 

orientation varies from approximately 075°T to 080 0 T. The rotary 

coefficient for these oscillations is approximately -0.4 . . 

Figures 12 through 14 also show that diurnal oscillations have 

marginally stable principal axes whose orientation is very similar 

to that of the very low frequency oscillations discussed earlier. 

These records are not long enough, however, to resolve the character~ 

istics of diurnal and even inertial oscillations properly. The 
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characteristics of these oscillations will be discussed in connection 

with the March 1981 deployment which produced a number of records 

which were roughly twice as long as the July records. 

Before proceeding to a discussion of the March 1981 deployment 

some of the characteristics of the coherency between different pairs 

of instruments will be discussed. This provides some limited 

information on the spatial structure of the velocity field, but as 

will be shown it is critical to the interpretation of velocity 

gradients computed for groups of current meters. 
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Figures 18 through 23 show the coherency and phase between pairs 

of current meters at 4.6 m depth for both corotating vectors (called 

the inner coherency) and counterrotating vectors (the outer coherency). 

Coherencies and phase are plotted on two frequency scales, one of 

which has been expanded to provide increased resolution at low 

frequency. General features which are common to all of the coherency 

plots are an inner coherency which is much higher than the outer 

coherency, very small phase lag for the inner coherency at low 

frequency, and a frequency dependent phase lag for both inner and 

outer coherency at shorter periods. These phase characteristics 

would suggest that the very low frequency velocity fluctuations are 

associated with long wave phenomena and that the shorter period 

fluctuations could be eddies convected through the array by the 

lower frequency motions. 

An estimate for the magnitude of the component of the convection 

velocity for the shorter period fluctuations along the line between 
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Figure 18. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 4.6 m: auto 
spectra for Heters #174181 and #174183 (Figures A and 
outer coherency squared and phase (Figures C and 0) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freemom are 8.2 and 82.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17xIO- 3s- 1 . 
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Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 4.6 m: auto 
spectra for Meters #174181 and #174183 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 82.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39 xlO- 4 s- 1 • 
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Figure 20. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 4.6 m: auto 
spectra for Meters #174181 and #174107 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17~10-3s-1. 
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Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 4.6 m: auto 
spectra for Meters #174181 and #174107 (Figures A and BO, 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39xlO-4s- 1 . 
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Figure 22. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174183 (Figures A and B) , 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17xlO- 3s-1 . 
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Figure 23. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 4.6 m: auto 
spectra for Heters #174107 and #174183 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39xlO-4s- 1 . 
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~wo instruments can be obtained from the rate of change of phase 

angle with frequency. Figures 18 through 23 suggest that velocity 

fluctuations with periods between approximately 6 hours and 13 minutes 

are produced by convected disturbances. The magnitude of the con

vection velocity is approximately 48 cm s-l (approximately equal to 

the rms tidal current velocity) and its direction is similar to that 

of the principal axes of the tidal and lower frequency oscillations 

discussed earlier. 

The inner coherencies tend to fall below the 95% significance 

level rather abruptly at a period of approximately 13 minutes. Using 

the convection velocity determined earlier a wavelength of approximately 

375 m can be estimated for the velocity fluctuations with a period 

of 13 minutes; this is of the order of the array dimensions. 

The coherency and phase relationships between pairs of- instruments 

at 12.2 m (Figures 24 through 29) are quite similar to those for 

corresponding pairs of instruments at 4.6 m in Figures 18 through 23. 

The fluctuations are highly coherent and in phase (phase lag for the 

inner coherency is nearly zero) at very low frequencies, and they 

remain coherent with phase lag increasing with frequency up to a 

period of approximately 13 minutes, suggesting that both the long 

period wave like disturbances and the shorter period convected 

disturbances are not strong functions of depth. 

In general, it should be noted that spectral and cross spectral 

estimates were calculated for 11.4 day records. Spectral character

istics for shorter records could vary significantly. The 
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Figure 24. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 12.2 m; auto 
spectra for Meters #174109 and #174112 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22 . 6 for periods less 
than and greater than 6 hours. Frequency scale is linear; 
values are normalized by the Nyquist frequency which 
is 4.17X10- 3s- 1 . 

65 



'" '" 

66 

-1 o 

Figure 25. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 12.2 m: auto 
spectra for Meters #174109 and #174112 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39X 10-4 s-1 . 
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Figure 26. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 12.2 m: auto 
spectra for Meters #174109 and #174122 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17~10~3s-1. 
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Figure 27. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 12.2 m: auto 
spectra for Meters #174109 and #174122 (Figures A and 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39xlO-4s- 1 . 
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Figure 28. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 12.2 m: auto 
spectra for Meters #174122 and #174112 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17X10- 3s-1 . 
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Figure 29. Rotational invariants for 11.4 day records beginning 
on 14 July, 1980 for meters deployed at 12.2 m: auto 
spectra for Meters #174122 and #174112 (Figures A and 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 2 2.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39xIO-4s-1 . 
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existence of phase lag increasing with frequency at periods shorter 

than 6 hours has been interpreted as a convection of "eddies" through 

the array. The convection velocity required to explain the phase 

relationships was much greater in magnitude than the mean flow 

although its direction was generally consistent with the principal 

axis directions of the sernidiurnal and lower frequency current 

oscillations. Coherency estimates between pairs of instruments 

during winter discussed in the following sections show the lack of 

any coherency at supertidal frequencies presumably due to the 

reduced mean flow through the array. The occurrence of a phase lag 

between instruments at supertidal frequencies appears to depend on 

the existence of persistent mean flow through the array. The actual 

processes whereby eddies are convected through the array evidently 

results from an interaction of the tidal and lower frequency 

oscillations with the mean flow. 

March 1981 Deployment 

Rotational invariants were computed for the four Endeco 174 

records available from this deployment. A common 22.8 day segment 

beginning on 27 February was extracted from current vector files 

for instruments 174183, 174181, 174122; only an 11.4 day segment 

beginning on 27 February could be extracted from the file for 

instrument 174107 because the record deteriorated. All of the files 

were from instruments at 4.6 m depth. The longer files contained 

16,384 points and the shorter files contained 8192 points. 
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Mean values for the components of the current vectors resolved 

along 345°T and 45°T are presented in Table 7. The magnitude of vectors 

is approximately 25% of that of the mean vectors for the July deploy

ment, and their direction varies from approximately 240 0 T to 248°T, 

Figures 30 through 33 show the spectra, rotary coefficient, and 

the coherency squared and phase for each instrument. Note that the 

longer files were decimated to reduce the total number of points by 

a factor of 2. Their Nyquist frequency is, therefore, 0.125 minutes-I. 

The spectra for the longer files (Figures 30 through 32) show · 

significantly greater low frequency resolution than do the spectra 

estimated for summer deployment. Figure 30, for example, shows 

peaks at M4, semidiurnal, inertial and diurnal periodicities. There 

is also a major peak at 2.2 days presumably related to meteorological 

forcing. The M4 peak is especially pronounced in Figure 33. 

Spectral and rotational characteristics estimated from the 3 

long records (Figures 30 through 32) are in general quite similar. 

At subtidal frequencies including the powerful band centered on 

approximately 2.2 days the coherency squared (Figure D) is well 

above the 95% significance level; the phase (Figure E) is approximately 

constant at -24 0 and so the orientation of the principal axes is 

approximately +69°T which is exactly along the isobaths. The 

principal axes for both the diurnal and semidiurnal oscillations 

are quite stable; the principal axis orientation for both periods is 

nearly along the isobaths with at most a few degrees of cross 

isobath deflection. 
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Figure 30. 

Rotational invariants for a 
22.8 day record beginning 
on 27 February, 1981 from 
Meter #174122 deployed at 
4.6 m: auto spectrum for 
negative frequencies 
(Figure A); auto spectrum 
for positive frequencies 
(Figure B); rotary 
coefficient (Figure C); 
ellipse stability 
(Figure D); ellipse 
orientation (degrees) 
(Figure E). Degrees of 
freedom ar 8.2 and 82.6 
for periods less than 
and greater than 6 hours. 
Frequency scale is 
logarithmic, values are 
normalized by the Nyquist 
frequency which is 
4.l7X10-3s- 1 . . 
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Figure 31. 

Rotational invariants for a 
22.8 day record beginning 
on 27 February, 1981 from 
Meter #174181 deployed at 
4.6 m: auto spectrum for 
negative frequencies 
(Figure A) i auto spectrum 
for positive frequencies 
(Figure B)i rotary 
coefficient (Figure C) i 

ellipse stability (Figure D) ; 
ellipse orientation (degrees) 
(Figure E) . Degrees of 
freedom are 8.2 and 82.6 for 
periods less than and greater 
than 6 hours. Frequency 
scale is logarithmic, values 
are normalized by the 
Nyquist fr~~u~ncy which 
is 4.17xlO s 1. 
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Figure 32. 

Rotational invariants for a 
22.8 day record beginning 
on 27 Febrpary, 1981 from 
Meter #174183 deployed at 
4.6 m: auto spectrum for 
negative frequencies 
(Figure A)i auto spectrum 
for positive frequencies 
(Figure B) i rotary 
coefficient (Figure C)i 

ellipse stability 
(Figure D)i ellipse 
orientation (degrees) 
(Figure E). Degrees 
of freedom are 8.2 and 82.6 
for periods less than and 
greater than 6 hours. 
Frequency scale is 
logarithmic, values are 
normalized by the Nyquist 
frequency which is 
4.17xlO-3s -1. 
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Figure 33. 

Rotational invariants for an 
11.4 day record beginning 
on 27 February, 1981 from 
Meter #174107 deploy ed at 
4 . 6 m: auto spectrum for 
negative frequencies 
(Figure A); auto spectrum 
for positive frequencies 
(Figure B) i rotary 
coefficient (Figure C) i 

ellipse stability (Figure D) i 

ellipse orientation (degrees) 
(Figure E). Degrees of 
freedom are 8.2 and 82.6 
for periods less than and 
greater than 6 hours. 
frequency scale is 
lagarithrnic, values are 
normalized by the Nyquist 
frequency which is 
4.17 X10-3s- 1 • 
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Oscillations with periods ranging from approximate·ly 6 hours 

to 1.7 hours do not have a stable axis. At periods shorter than 

approximately 1.7 hours the oscillations do have stable axes; the 

phase for these oscillations is approximately constant at +60° and 

so the principal axis orientation is 345°T which is nearly in the 

cross isobath direction. 

In summary, two of the most significant differences between 

the July deployment and the March deployment are a reduced mean flow 

and less cross isobath flow at subtidal frequencies during winter. 

At periods shorter than approximately 1.6 hours the principal axes 

for oscillations are oriented cross isobath for both July and March. 

Coherencies computed for the six possible pairs of instruments 

for the March deployment are presented in Figures 34 through 45. 

Each coherency is again plotted on two frequency scales. Note that 

the shortest record length was limiting for these coherencies; all 

coherencies were computed for an 11.4 day record even though for 

three of the instruments 23 day records were available. 

Coherencies for pairs of instruments at moorings B, C and E 

(Figure 8) tend to drop below the significance level for periods 

shorter than approximately 2 hours. This is in contrast to coherencies 

calculated for the same moorings (Figure 7) for the July deployment 

which drop below the significance level for periods shorter than 

approximately 13 minutes. Spatial separations for these three 

moorings were very similar for the March and July deployments. The 

absence of significant coherency at periods shorter than 2 hours for 
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Figure 34. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174183 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and g~eater than 6 hours. Frequency scale is linear; 
values are normalized by the Nyquist frequency which 
is 4.17xIO- 3 -1 
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Figure 35. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174183 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for p eriods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39~lO-4s-1. 

____ 1 ________________________________________________________________________ _ 

79 



80 

-I o 

180 
,I 

, \ I I' \ D 

\ 
; .. 1 ~ J,' 

I ) . 
i 

, I~ \ : I I 

I 
'/ 

. \ \ 1· ( 

71 \ 'I 
I ' 

\ 1. 
1 , J 

t' .1 \ I I . 
\ J 

, 
I I \ 

o 

" '" 

f 80 

I 
. 

\" 
F' I 

V I I 
, ) , 

~ l 
~ I L \ I I 

, 
'I ' • 

1 \ I : \ 
. , I , 

\' I 
I" 

I I ' ,\ , 
r i( I , , 

I II '" I 
. , J i I \ ' 

o 

" 180 

Figure 36. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174181 (Figures A and B), 
outer coherency squared and phase (Figures C and D), 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17XIO- 3s- 1 . 
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Figure 37. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174181 (Figures A and B) , 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values- are normalized by the Nyquist frequency 
which is 1.39~ 10-4s-1. 
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Figure 38. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174122 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17xlO""3 s -1. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
II 
II 
II 
Ii 
II 
II 
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

.... 
" 

.. 
".... 
t:: 
" " 

-I o 

~I 2fC;;] 
: r ;~ ;; , 
, l--m-=-~--~--:-:J 

:::I I rl ~ r ~' j 

r .. . ~---f--Y--- ~~~-~-A . . . ( 1 

,Lm--~ l !~ 
i80 

,,: l " I / =~ I 
Figure 39. Rotational invariants for 11.4 day records beginning on 

27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174107 and #174122 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39X10-4s- 1 . 
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Figure 40. Rotational invariants .for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174183 and #174181 (Figures A and B) , 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17xlO- 3s-1 . 
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Figure 41. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174183 and #174181 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39X10- 4s- 1 . 
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Figure 42. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters 174183 and #174122 (Figures A and B) , 
outer coherency squared and phase (Figures C and D), 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 2'2.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17X10- 3s- 1 . 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

-I o 

Figure 43. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174183 and #174122 (Figures A and B) , 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 1.39X10-4s-1 . 
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Figure 44. Rotational invariants for 11. 4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174122 and #174181 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is 
linear; values are normalized by the Nyquist frequency 
which is 4.17~10-3s-1. 
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Figure 45. Rotational invariants for 11.4 day records beginning on 
27 February, 1981 for meters deployed at 4.6 m: auto 
spectra for Meters #174122 and #174181 (Figures A and B), 
outer coherency squared and phase (Figures C and D) , 
inner coherency squared and phase (Figures E and F) . 
Degrees of freedom are 8.2 and 22.6 for periods less 
than and greater than 6 hours. Frequency scale is linear; 
values are normalized by the Nyquist frequency \vhich 
is 1.39X10-4s-1 . 
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instruments on moorings B, C and E during the March deployment could 

be explained by the substantially reduced mean flow . This would be 

consistent with our interpretation of these short period fluctuations 

of being due to convected disturbances. The coherency between 

fluctuations at mooring D and those at moorings B, C or E was usually 

not above the significance level for periods shorter than semidiurnal 

except for some coherency at periods near M4' The relevance of these 

characteristics of the coherency to the calculation of horizontal 

velocity gradients from instruments in the March array will be dis

cussed in the analysis section. 

Vertical current shear 

In addition to the rotary auto spectra and cross spectra (coherency) 

for instruments at a given depth which have been estimated for both 

the July and March deployments, we examined some very limited aspects 

of the vertical shear in horizontal currents for the July deployment 

only. The vertical shear in horizontal currents has an x-component, 

tm/6.z, where u is the x-component of velocity (positive along 04 SOT) 

and z is the vertical coordinate (positive upward) and a y-component, 

6.v/6.z, where v is the y-component of velocity (positive along 34 5°T) . 

These mean shear components are listed in Table 8 although these 

values must be viewed with extreme caution due to the uncertainty 

in the estimates of the mean currents. Figures 46 through 48 provide 

some information on the spectral and rotational characteristics of 

the vector with components 6.y/ 6.z, 6.v/6.z for moorings B, C and E. The 
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Figure 46. 

Rotational invariants for 
vertical shear in horizontal 
current at mooring B for an 
11.4 day record beginning 
on 14 July , 1980: auto 
spectrum for negative 
frequencies (Figure A); 
auto spectrum for positive 
frequencies (Figure B)i 

rotary coefficient (Figure e)i 

ellipse stability and 
ellipse orientation in 
degrees (Figures D and E) . 
Degrees of freedom are 8.2 
and 82.6 for periods less 
than and greater than 6 hours. 
Frequency scales is 
logarithmic; values are 
normalized by the Nyquist 
frequency which is 
4.17XIO- 3s-1 . 
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Figure 47. 

Rotational invariants for 
vertical shear in horizontal 
current at mooring C for an 
11.4 day record beginning 
on 14 July, 1980: auto 
spectrmn fo'r negative 
frequencies (Figure A); 
auto spectrmn for positive 
frequencies (Figure B); 
rotary coefficient 
(Figure C); ellipse 
stability and ellipse 
orientation in degrees 
(Figures D and E). Degrees 
of freedom are 8.2 and 82.6 
for periods less than and 
greater than 6 hours. 
Frequency scales is 
logarithmic; values are 
normalized by the Nyquist 
frequency which is 
4.17XlO- 3s- 1 . 
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Figure 48. 

Rotational invariants for 
vertical shear in horizontal 
current at mooring E for an 
11.4 day record beginning 
on 14 July, 1980: auto 
spectrum for negative 
frequencies (Figure A) ; 
auto spectrum for positive 
frequencies (Fi9ure B); 
rotary coefficient 
(Figure C); ellipse 
stability and ellipse 
orientation in degrees 
(Figure D and E). Degrees 
of freedom are 8.2 and 82.6 
for periods less than and 
greater than 6 hours. 
Frequency scales is 
logarithmic; values are 
normalized by the Nyquist 
frequency which is 
4.17XIO- 3s- 1 . 
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rotary spectra show clearly that fluctuations with periods centered 

on the inertial period have the maximum variance per frequency band. 

These fluctuations are represented by a clockwise rotating vector 

with a rotary coefficient of nearly minus one. At very low frequency 

there is also appreciable variance in the vertical shear; the phase 

at moorings E and C is approximately -72 0 and so the principal axis 

is approximately along 117°T. This shear would be the result of the 

veering of the principal axes with ' depth discussed earlier. 

The Dye Studies 

As noted earlier, dye was discharged continuously from a raft 

moored near current meter mooring "E" during the July, 1980 dye study, 

whereas the March, 1981 study consisted of 3 separate instantaneous 

releases. As a result, the sampling strategies differed markedly. 

During the July 1980 experiment the dye plume was crossed between 2 

marker buoys placed perpendicular to the plume centerline, 10 or more 

times at up to 6 fixed distances from the dye raft. The data, therefore, 

consists of a series of individual cross-plume dye profiles at 3 depths 

at each section. The sections were located at various distances from 

the dye source. On the other hand, during the March 1981 experiments, 

the instantaneous patches were inventoried along a continuous track 

,"hich crisscrossed the patch. These data consist of a series (up to 3) 

of horizontal dye concentration distributions at 3 depths for each 

release. 
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When dye is released into turbulent waters, such as our coastal 

waters, its diffusion may be studied in either a frame of reference 

moving with the center of mass, i.e., the centroid, or with reference 

to a fixed coordinate system. The former is referred to as "relative" 

diffusion and the latter as "absolute" diffusion (Csanady (1963». 

Clearly, the instantaneous patch experiments must be studied from a 

relative frame of reference; the plume studies, however, can be 

studied from either a relative or an absolute frame or both. Absolute 

diffusion, of course, contains the meandering of the centroid of the 

plumes due to horizontal eddies larger than the scale of the plume as 

well as diffusion relative to the meandering centroid due to smaller 

scale eddies. Accordingly, our July experiments will be analyzed 

from both relative and absolute frames of reference; the March 

experiments from only a relative frame. 

In the analysis that follows the following coordinate system 

has been adopted. For the July, 1980 experiments, the downstream 

95 

or down-plume direction is denoted as the x-direction and is generally 

alongshore. The cross-plume direction is denoted as the y-direction. 

For the March, 1981 experiment, a local or natural system of coordinates 

is used. That is, the Y-direction is always the direction of the 

minor axis and the X-direction the major axis of the approximately 

elliptical patches. 

It is useful in analyzing diffusion data to differentiate between 

several different kinds of time. They are: 
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t or t a' the age of the dye at a particular location, 
a 

t 
p' 

the time since the dye discharge was initiated, I 
t s' the sampling time or the time required to inventory 

the patch or to complete N r".lI1S at a particular I 
section of a plume, and 

t v' an estimate of the time required for the dye to 
be uniformly mixed to a depth, H 

I 
Lateral Diffusion I 

July, 1980 Dye Study. Due to difficulties encountered in injecting I 
the dye solution on 22 July (see footnote to Table 4a) and rough seas 

on 23 July, only the data taken on 24, 25, and 26 July were analyz'ed. I 
To illustrate, Figure 49 shows the vertical variation of typical 

cross-plume dye profiles in units of (c/qd)109 (ordinate) versus the I 
lateral or cross-plume distance (abscissa) for selected sections and I 
depths on 24, 25, and 26 July, 1980 from an absolute frame of reference. 

Figure 50 shows typical downstream distributions of cross-plume dye I 
profiles at 0.9 m depth in units of (c/qd)109 (ordinate) versus lateral 

or cross-plume distance (abscissa) on 24, 25, and 26 July, 1980, also I 
from an absolute frame of reference. The solid curves represent I 
individual profiles and the dashed curves the mean profile (absolute). 

Figures 51 and 52 shows the same information with respect to a relative I 
frame of reference. That is, the individual profiles have been shifted 

so that their centroids coincide. The solid and dashed curves have I 
the same meaning as before. 

From these individual and mean profiles we have calculated the 
I 

lateral or cross-plume variance, a~, from I 
I 
I 
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Figure 49. Vertical distribution of dye concentration in units of (C/qd)109 (ord~nate) versus 
lateral distance in meters (abscissa) for selected sections on 24, 25, and 26 July, 1980 
from an absolute frame of reference. 
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Figure 50. Downstream distribution of dye concentration at 0.9 m in units of (c/qd)109 (ordinate) 
versus lateral di~tance in meters (abscissa) on 24, 25, and 26 July, 1980 from an 
absolute frame of reference. 
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Figure 51. Vertical distribution of dye concentration in units of (c/qd)109 (ordinate) versus 
lateral distance in meters (abscissa) for selected sections on 24, 25, and 26 July, 1980 
from a frame of reference relative to the centroid. 
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Figure 52. Downstream distribution of dye concentration at 0.9 m in units of (C/g
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)109 
(ordinate) versus lateral distance in meters (abscissa) on 24, 25, and 26 July, 1980 
from a frame of reference relative to the centroid. 
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where C' is the dye concentration in units of (C/qd)109 and y is the 

cross-plume or lateral direction. Tables 9 through 11 list the 

calculated variances and ages for the individual runs by date, depth, 

and downstream distance (section). Missing runs are the result of 

the plume not being completely crossed at all levels, navigation 

failures or no dye (background). Table 12 lists the lateral or 

cross-plume variance for both relative and (absolute) mean dye 

concentration profiles for 24, 25, and 26 July, 1980 for depths 

between 0.9 and 4.2 m and downstream distances between 0.49 and 

3.32 km. The data for a depth of 0.9 m are plotted on Figures 53 

and 54 versus the average age appropriate for the section, i.e., the 

average of the ages in Tables 9 through 11. The profile ages, t , 
a 

shown in Tables 9 through 11 were estimated from the 15 foot (4.6 m) 

current meter record from station "E" which was located in close 

proximity to the dye raft. See Figure 7. That is, a release time, 

t l' was estimated from 
re 

x 

t -t 

J
obs rel 
(u2+v2)~dt 

t obs 

where t b was the average local time of observation of the profile 
o s 

and x was the straight line distance between the dye raft and the 

center of the section where the profile was measured. The age, t , 
a 

is given by t b - t 1 and represents the time that a hypothetical, 
o s re 

small, instantaneous patch of dye released at t b would take to o s 

lOl 



Table 9 
I-' 
0 
N 

The cross-plume variance, 0 2 , and ages, t of the individual runs for 24 Ju1y,1980 
y a 

at depths of 0.9, 2.1-2.2, and 4.2 m. 

z=0.9 m 

x = 0.49 km x = 0.54 km x = 1. 54 km x= 1.84 km 

Run I! 0 2 cm2 t ,m Runl! 0 2 cm2 t ,m Runll 0 2 cm2 t ,m Runll 0 2 cm2 t ,m y' a y' a y' a y' a 

35 2.57x10 6 54 47 1.55 x10 7 178 

13 36 1. 9 2 >< 10 6 54 48 1. 53x10 7 180 
37 1. 59 >< 10 6 56 49 1.91x10 7 186 R 

0\ 

38 2.41x106 56 50 4 .04 x10 7 190 0\ 

0 
. 

39 2.48x10 6 56 51 5.03x10 7 196 0 
+.J 
co 40 2.33x106 58 52 1.26 X 10 7 204 +.J 

co 
co 41 2.40 x10 6 58 53 1. 41x10 7 212 co +.J 
co 42 2.03x106 60 

+.J 

'U co 
43 2.37 >< 106 62 'U 

0 z 44 3.70 >< 106 62 0 z 

z=2.1-2.2 m 

2 2.26 x106 I! 35 8.69 X 10 6 54 47 7.81x10 7 178 26 6.50 x10 6 180 
3 4.18x10 6 II 36 5.40 x10 6 54 50 5 .66 x10 7 190 27 7.35 x10 6 166 
5 3.48x10 5 I! 37 5.22 x106 56 51 7.45x10 6 196 28 8.51x106 160 
9 4. 91x10 5 I! 41 2.03 x10 6 58 53 4.96x107 212 29 6 . 13x10 6 154 

42 4.26 x10 6 60 
43 4.57x10 6 62 

'U z=4.2m 'U 
~ ~ 
::I ::I 

3 7.52x10 6 II 0 0 29 6.15 x10 7 154 H H 

4A 9.50 x10 6 II OJ) OJ) 31 4.2 7x10 7 134 ~ ~ 
12 1. 35 x10 6 I! CJ CJ co co 

~ ~ 

II current reversing at approximate time of discharge. - - - - - - - - - - - - - - - - - - -



- - - -

~0.52 km 

RunU 0 2 cm2 
3_' 

2 8_03 x10 5 

3 3.16 xI0' 
4 5.97 x10 5 

5 1. 13xlO b 

6 9.45 x10 5 

9 1. 17 xlO° 
10 1.09x106 

11 6.60 xlO ° 

" 00 

.... 
r 

'" 
u 

'" 
!'l 
'" '0 

0 
z 

- - - - - - - - - - - -
Table 10 

The cross-plume variance, oe, and ages , ta' of the lndividua1 runs for 25 July, 1980 at depths of 0.9, 1.6-1.8, and 2.8 m. 

z ~ 0.9 m 

x~0 .90 kill x~ 0.98km x ~ 1. 35 km x~2 . 58kl1l X ~ 3. J2 km - --- -

t ,m Runll 0 2 cm2 
ta,m Runl! 0 2 cm2 t ,m Runl! 0 2 cm2 t ,m Runl! 0 2 cm2 t ,m Runl! 0

2 cm 2 
a y' y' a y' a l' a y' 

38 12 1. 36 xlO" 54 52 5.31 xlO° 44 22 4.51 x106 76 32 2.01 ' 10" 120 42 7.93 x10b 
36 14 2.97x10 6 54 53 6,05 x10 0 44 23 2.14 x106 76 33 4.13 x l0 6 120 43 1.27 x10 7 

34 15 4.74x10 6 54 54 1 .38x lO o 44 24 3.96xl0 6 74 34 3.05x106 120 44 1.51Q0 7 
36 16 5.62 x106 52 25 1 . 27'10 6 74 35 3 . 02 xlO° 120 45 1.60xl0 7 

34 17 2.lO x10 6 52 26 1. 8 1x10 6 74 36 2.81xlO° 120 46 2.58xl07 
34 18 1. 37 x10 7 52 27 3.18 x106 74 37 3.59 xl00 120 47 3.09 xl07 
34 19 7.39 x lO ' 50 28 2.59'10 ° 74 38 2.92x10 0 100 48 3.41 x10 7 

32 20 7.15x10 5 52 29 2,80x)00 72 39 4.12xlO° 100 49 2.12 x10 7 

21 4 .25x lO ° 52 30 4.34xl00 72 40 3.95 xlO " 100 50 1.59 xl07 
31 2.65 xlOo 72 41 8.16 xlO° 100 51 1.35x 10 7 

,2 1.6-1.8 m 

12 4 .27x lO° 54 52 23 7.91 xlO° 76 32 6.39 xlO° 120 42 1. 33 x lO 7 
14 6.23 x1OG 54 53 26 3.17 xlO° 74 33 6.67 x lO° 120 43 1. 15 x10 7 

15 1. 96 xlO 0 54 54 28 1.59 x107 74 34 3.20 xlO° 120 44 2.26 x lO-/ 
55 29 1.03 xlO° 72 35 5.48xlO° 120 45 3.35 xJ0 7 
56 30 3.94x10 7 72 36 3.8)x10 6 120 46 3.55 x10 7 

57 31 1.92 x10 7 72 37 3.19 x 106 120 47 5.76 xlO ·/ 
58 38 4.5 8x lO° 100 48 4.69x10 7 

59 39 6.55 ' 106 100 49 2.35 x10 7 

60 40 1.22 x107 100 50 1.81 x10 7 

61 41 1 . lOx 10 7 100 51 9.86 xlO ° 
62 

z ~ 2.8 m 

"0 12 2.2 1x106 54 "0 "0 "0 42 8.63 x106 
" 6.89 x105 c " " ;;r 14 53 " ;;r ;;r 

43 3.24 xlO° 0 
2.40 x10 7 0 0 0 

k 16 52 k k k 45 6.35 x10 7 co 0lJ 00 00 

"'" "'" "'" "'" 46 1.78 xl07 <J <J <J U 

'" '" '" '" '" '" '" '" 

-

t a,m 

162 
162 
160 
160 
158 
158 
156 
156 
154 
154 

]62 
162 
160 
160 
158 
158 
156 
156 
154 
154 

162 

162 
160 
158 

- -

...... 
o 
w 



Table 11 

The cross-plume variance, 0 2 , and ages, t ,of the individual runs for I-' 
y a 0 

26 July, 1980 at depths of 0.9, 1.8-1.9 m, and 2;5-2.8 m. ~ 

z = 0.9 m 

x = 0.76 km x = 0.77 km x = 1.14 km x = 1. 59 km 

Runt! 0 2 cm2 t ,m Runt! 0 2 cm2 t ,m Runtl 0 2 cm2 t ,m Runt! 0 2 cm2 t ,m y' a y' a y' a y' a 

12 4.90xlO Ei 98 34 3.01x10 Ei 66 1 3.42x10 Ei 110 23 9. 72x10 7 224 
13 2.37x10 7 1110 35 6.50x10 Ei 66 2 1. 15x107 112 24 2.28x10 8 228 
14 4.40x1Q7 102 36 3.21x10 7 64 3 1. 48xlO 7 114 25 1. 33x10 8 230 
15 2.07x107 102 37 3.53x10 Ei 62 4 2.82x10 7 116 26 2.67x10 8 230 
16 2.03x107 102 38 1.38x10 Ei 60 27 1. 34x10 8 230 
17 3.26x10 7 102 39" 1.08x10 7 60 28 1. 96 x10 8 228 
18 1. 24xlO 7 104 40 1.16x107 58 29 1. 24x10 8 226 
19 3.53xlO Ei 108 41 2.68x10 7 58 30 1. 81x10 8 224 
20 1. 48x10 7 108 42 7.86x10 Ei 58 31 1.71x10 8 220 
21 2.21x10 7 110 43 1. 33x10 7 58 

z = 1. 8-1.9 m 

12 2.22x107 98 34 6.13xlOEi 66 1 3. 81x10 Ei 110 23 7.29x107 224 
13 2.89x10 7 100 35 3.77x10 7 66 2 6.62x105 112 24 1.68x108 228 
14 5.53x10 7 102 36 1. 76x10 7 64 3 2.18x10 Ei 114 25 2. 74x10 8 230 
15 3.06x10 7 102 37 7. 95x10 7 62 4 3.27x10 Ei 116 26 2.13x108 230 
16 1. 81x10 7 102 38 1.41x10 Ei 60 5 3.68x10 Ei 118 27 1.61x108 230 
17 2.04x10 7 102 39 1. 48x10 Ei 60 6 3.40x10 Ei 122 28 1. 38x108 228 
18 2. 50x10 7 103 40 1. 59x10Ei 58 7 3.16x10 7 124 29 1. 38x10 8 226 
19 3.44x10 7 108 41 1. 01x10 Ei 58 8 2.17x107 126 30 1.67x108 224 
20 1. 76x107 108 42 1. 26x10 Ei 58 9 9.22x10 Ei 128 31 1.01x108 220 
21 2 .01x10 7 110 43 4.27x10 Ei 58 10 1. 30x10 7 130 
22 1. 60x10 7 110 

---_!!!!!!!_-------------
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Runff 

12 
13 
15 
17 
20 
21 

x = 0.76 km 

0 2 cm2 
y' 

1.04x10 7 
7.22x10 6 

5.25 x10 5 

1. 83x10 7 
7.56x104 
7.63x10 6 

t ,m Runff 
a 

98 34 
100 35 
102 36 
102 37 
108 38 
110 39 

40 
41 
42 

Table 11 (continued) 

z = 2 . 5- 2 . 8 km 

x = 0.77 km x = 1.14 km 

0 2 cm2 t ,m Runff 0 2 cm 2 
y' a y' 

2.55x107 66 1 9. 25x10 5 

1.57x10 8 66 2 6.28x10 5 

1.64x10 8 64 3 2.60x10 6 

1.66x10 8 62 4 1. 18x10 6 

1. 55x10 B 60 5 7. 74x10 5 

5.48x10 7 60 6 5.40x10 5 

1.27 x107 58 7 3.34x106 
6.33x10 7 58 8 2.71 x107 
9.76x10 7 58 9 1.68x10 7 

10 3.91x106 

11 3.95x106 

t ,m Runff 
a 

110 23 
112 24 
114 25 
116 26 
118 27 
122 28 
124 29 
126 30 
128 31 
130 
132 

x = 1. 59 km 

0 2 cm2 
y' 

2.69 x10 8 

2.00x10B 
2.40x10 8 

1. 82x10 8 

9. 89x10 7 
1. 44x10 B 
1.47x10B 
6.63x107 
3.67 x107 

t ,m 
a 

224 
228 
230 
230 
230 
228 
226 
224 
220 

.1-' 
o 
VI 
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Table 12 

Lateral or cross-plume variance of mean dye concentration 
profiles, cr2 , relative to the centroid and (unshifted (absolute» 

y,m 
for 24, 25, and 26 July, 1980. 

x,km z = 0.9 m 

0.49 no data 

0.54 3.04xl06 (1.18x l07 ) 

1.54 2.76xl07 (4.41x l07 ) 

1.84 no data 

x,km z = 0.9 m 

0.52 1.79xl06 (1.09 xl0 7 ) 

0.90 5.96xl06 (8.07X106 ) 

0.98 7.10xl06 (1.16 xl0 7 ) 

1.35 3.85xl06 (8.71~106) 

2.58 4.89xl06 (7.75x l06 ) 

3.32 2.17xl0 7 (2.54 x l0 7 ) 

0.76 

0.77 

1.14 

1.59 

z = 0.9 m 

1.52xl0 7 (1.77 xl0 7) 

2.97X10 7 (2.50 xl0 7 ) 

2.96xl0 6 (5.45 xl0 6 ) 

1.81xl0 8 (4.21 xl0 8) 

7/24/80 

z = 2.2 m 

2.99xl06 (1.39 x l07 ) 

6.19xl06 (1.62 x l07 ) 

6.78X107 (7.62 x l07 ) 

9.76xl06 (2.30 x l07 ) 

7/25/80 

z = 1.6-1. 8 m 

no data 

8.25 xl06 (1.88Xl07
) 

8.36X106 (1.37 X107
) 

7.74xl0 6 (1.13xl0 7 ) 

3.12xl0 7 (2.54x l0 7 ) 

7/26/80 

z = 1. 8-1. 9 m 

1.74xl0 7 (3.45 xl0 7
) 

1.46xl06 (1.63xl0 7 ) 

2.90xl0 6 (2.12 xl0 7) 

1. 87xl0 8 (4.19 xl0 8) 

z = 4.2 m 

9.55xl06 (1.58xl0 7 ) 

background 

background 

1.05X10 8 (1.08x l08 ) 

z = 2.8 m 

no data 

3.06xl07 (3.66xl07 ) 

background 

background 

background 

1.41xl0 7 (2.86 X10 7 ) 

z = 2.5-2.8 m 

1.12xl0 7 (1.86 xl0 7 ) 

1.46 xl0 6 (4.35xl0 7 ) 

5.59 xl06 (4.17 xl0 7) 

1.68xl0 8 (4.84 xl0 8) 

I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Figure 53. Lateral variance of the sectional mean dye_concentration 
profiles (absolute) as a function of age, t , for 24, 25, 

a 
and 26 July, 1980. 
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Figure 54. Lateral variance of the sectional mean dye concentration 
profiles relative to the centroid as a function of age, 
t , for 24, 25 and 26 July, 1980. a 
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reach the section located x km from the dye raft. It is assumed to 

represent the mean age of the dye in the measured profile. This 

method should not be used if a current reversal occurs between t b 
o s 

and t 1. The only time this occurred during our study was at the 
re 

section located at x = 0.49 km on 24 July, 1980. 

A word of caution about Figure 53, the absolute lateral variance 

versus age. The data on this figure for ages less than 100 minutes 

are relatively constant and of the order of 10 7 cm2 . This is con-

sidered anomalous since it should approach a very small value as 

109 

the source is approached, i.e., the age approaches zero. One possible 

explanation is the manner in which the dye raft was moored. Because 

of the exposed location and low freeboard of the dye raft, it was 

anchored so that it could swing freely although on a relatively 

short scope of anchor line. It can easily be shown that motion in 

a circle with a radius of 30m would result in aliasing the absolute 

variance by (30)2 or 'V 10 7 cm2 if the period of the motion was 

shorter than the travel time, i.e., age, to a particular section. 

Support for this hypothesis is contained in Figures 13D and E. 

These figures show (as noted on page 50) that there were significant 

oscillations, stably oriented in the cross-isobath, cross-plume 

direction, of periods less than 100 minutes. There were no significant, 

stable oscillations with periods between 6 hours and 100 m. Although 

the power of these high frequency oscillations was low, it was 

probably sufficient to significantly alias the absolute variances 

at short times « 100 m). 
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March 1981 Dye Study. Figures 55 through 72 show the horizontal 

distribution of dye tracer at various times and depths and the vertical 

distribution at the same times at representative cross-sections. 

Turbulent diffusion parameters, such as variances, have been inferred 

from these distributions as follows. 

The concentration, C(t,r ), can usually be well described by 
e 

the following generalized exponential distribution 

C(t,r ) 
e 

m C(t,O) exp{-(r /acr ) } 
e rc 

where a = {r (2/m) /f (4/m) } \ c (t, 0), the peak concentration 

= Mf(4/m)m/2TIcr2 D(f(2/m))2; cr 2 is the variance; m a positive number, 
rc rc 

and D the depth through which the dye is considered to be uniformly 

distributed. Taking the natural logarithm of both sides of equation 

(lb) twice, we have 

£n[£n(C(t,r )/C(t,O))] = m{£n(acr ) - £n(r )} 
e rc e 

If we now planimeter the irregular areas within the various isolines 

of concentration on the horizontal distribution figures, calculate 

the equivalent circular radius, r , of these irregular areas from 
e 

!1 
(area/TI) , and plot £n{£n(C(t,r )/C(t,O)} versus £n r , the slope 

e e 

of this regression line provides an estimate of m and its intercept 

a measure of a (given m from the slope). 
rc 

Two special radially symmetric diffusion models for horizontal 

diffusion from an instantaneous vertical line source, M/D, are 

(la) 

(lb) 

(2) 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 
AT 0.9m ON 3/10/81 IN UNITS OF (C/r)10 10 

PATCH AGE = 132125 ; D. L. = DETECTABLE LIMIT 

Scale: 1 to 40,000 

Figure 55. Horizontal distribution of tracer at 0.9 m (3/10/81) 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 
AT 1.9m ON 3/10/81 IN UNITS OF (C/r)10 10 

PATCH AGE =13212s;D.L.= DETECTABLE LIMIT 

Scale: 1 to 40,000 . 

Figure 56. Horizontal distribution of tracer at 1.9 m (3/10/81) 
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DISTRI BUTION OF RHODAMINE SOLUTION (RhWT) 

AT 3.8m ON 3/10/81 IN UNITS OF (C/f)IO'O 

PATCH AGE = 132125; O. L.= DETECTABLE LIM IT 

Scale: 1 to 40,000 
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Figure 57. Horizontal distribution of tracer at 3.8 m (3/10/81). 
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Figure 58. vertical distribution of tracer at sections A-A', 
8-8', and C-C' (3/10/81). 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 
AT 2.8m ON 3/10/81 IN UNITS OF (C/f)10 10 

PATCH AGE = 216485; D.L . = DETECTABLE LIMIT 

Scale: 1 to 51,000 

Figure 59. Horizontal distribution of tracer at 2.8 m (3/10/81). 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 

AT 6 .6m ON 3/10/81 IN UNITS OF (C/f) 1010 
PATCH AGE =21648sjD.L.=DETECTABLE LIMIT 

Scale: 1 to 51,000 

Figure 60. Horizontal distribution of tracer at 6.6 m (3/10/81). 
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Figure 61. Vertical distribution of tracer at sections A-A', 
B-B', and C-C' (3/10/81). 
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...... END 

DISTRIBUTION OF RHODAMINE SOLUTION (RhWTJ 
AT 0 .9m ON 3/10/61 IN UNITS OF (C/rIiO'O 
PATCH AGE' 33000. ; D. L. ' DETECTABLE LIMIT 

Scale: 1 to 104,000 

Figure 62. Horizontal distribution of tracer at 0 . 9 m (3/10/81) • 
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DISTRIBUTION OF RHODAMINE SOLUTION IRhWT) 
AT ~ .6m ON 3110/61 IN UNITS OF IC / rllO'O 
PATCH AGE : 33,OOO.; D.L . ·DETECTABLE LIMIT 

Scale: 1 to 104,000 

Figure 63. Horizontal distribution of tracer at 4.6 m (3/10/81). 
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Vertical distribution of tracer at sections A-A', 
B-B', and C-C' (3/10/81). 
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END 

DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 
AT 2.4- 2.7m ON 3/12/81 IN UNITS OF(c/r)I0 10 

PATCH AGE =122945; D.L. = DETECTABLE LIMIT 

Scale: 1 to 40,000 

Figure 65. Horizontal distribution of tracer at 2.4-2.7 m 
(3/12/81) . 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 

AT 4.0 -4 .5m ON 3/12/81 IN UNITS OF (C/r) 10 10 

PATCH AGE = 12294 s; D. L. = DETECTABLE L 1M IT 

Scale: 1 to 40,000 
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Figure 66. Horizontal distribution of tracer at 4.0-4.5 m (3/12/81). )I 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 

AT 5.5-6.3m ON 3/12/81 IN UNITS OF(C/r)I010 

PATCH AGE = 122945; D.L. = DETECTABLE LIMIT 

Scale: 1 to 40,000 

Figure 67. Horizontal distribution of tracer at 5.5-6.3 m 
(3/12/81) . 
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Figure 68. vertical distribution of tracer at sections A-A', 
B-B', and C-C' (3/12/81). 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 

AT 2.5-2.9m ON 3/12181 IN UNITS OF(C/flIOIO 

PATCH AGE=20847s,D.L. =DETECTABLE LIMIT 

Scale; 1 to 60,000 

END 

Figure 69. Horizontal distribution of tracer at 2.5-2.9 m 
(3/12/81) • 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 
AT 4 .1 - 4 .8m ON 3/12181 IN UNITS OF (C/rlIO IO 

PATCH AGE = 208475; D. L.= DETECTABLE LIMIT 

Scale; 1 to 60,000 

~-END 

Figure 70. Horizontal distribution of tracer at 4.1-4,8 rn 
(3/12/81) • 
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DISTRIBUTION OF RHODAMINE SOLUTION (RhWT) 
AT 5.5 - 6.9m ON 3/12/81 IN UNITS OF (C/f) 10 10 

PATCH AGE = 208475; D.L. = DETECTABLE LIMIT 

Scale: 1 to 60,000 
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Figure 71. Horizontal distribution of tracer at 5.5-6.9 m (3/12/81). 
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directly obtainable from equation (la). If we assume m 

equation (la) becomes 

C(t,r ) 
e 

6 MID exp{-r (6)~/a } 
2na 2 e rc 

rc 

1, then 

where P :: (J It(6) \ a "diffusion velocity". On the other hand if 
rc 

m = 2, then equatio~ (la) gives 

C(t,r ) 
e 

MID exp{ _ (r la ) 2} 
na2 e rc 

rc 

MID exp{-(r Iwt)2} 
nw2t 2 e 

where w :: a It, also a "diffusion velocity". Equation (3b) is 
rc 

known as the Joseph-Sendner solution (J-S) (Joseph and Sendner 

(1958» and equation (4b) as the Okubo-Pritchard solution (O-P) 

(Okubo and Pritchard, unpublished note in Pritchard (1960». By 

taking the natural logarithm of both sides of equations (3a) and 

(4a) we obtain 

tn C(t,r) 
e 

Q..n C (t, r ) 
e 

tn{C(t,O)} - r la (6)~ 
e rc 

Early on in our analysis of the horizontal dye concentration 

distributions it became apparent that no single model adequately 

described all of our data. At times, a Gaussian model (O-P solution) 

seemed best while at other times the Joseph-Sendner (J-S) or the 

129 

(3a) 

(3b) 

(4a) 

(4b) 

(Sa) 

(5b) 
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generalized model (GEN) were required to account for the more peaked 

distributions. Accordingly, we calculated the variance of all patches 

by all three models and selected for our best estimate the variance 

provided by the model with the highest coefficient of determination. 

In some cases, the variance could not be calculated from the generalized 

solution since the peak concentration had not been sampled. The 

results of our analysis are given in Tables 13 and 14. The intercepts 

and slopes of equations (Sa), (Sb), and the ~n of (lb) are designated 

by a
o 

and aI' respectively. Figures 73 through 77 are summary plots 

of ~n C(t,r ) versus either r2 or r for each run and for all depths. 
e e e 

Also shown on these figures for comparison are the best fit (all 

points) regression lines. 

The data in Tables 13 and 14 have also been plotted as functions 

-of patch age, t , in Figures 78 and 79. Also shown on these figures 
a 

for comparison is Okubo's empirical relationship between variance 

and diffusion time, i.e., age (Okubo (1971)). 

The direction of the major axis of the patch relative to 069°T 

(the shoreline), e, and the ratio of the minor axis to the major 

axis, p, an estimate of cry/cr
X 

have been measured and are listed in 

Table 15. 

Vertical Diffusion 

As noted earlier, dye sampling was carried out simultaneously 

at 3 depths. Although this provided some information on the vertical 

extent of the dye plume, the data were not numerous enough to provide 
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a : 
o 

al: 

0 2 (cm2 ): 
rc 

Solution: 

a : 
o 

al: 

0 2 (cm2 ): 
rc 

Solution: 

a : 
o 

al: 

0 2 (cm2 ): 
rc 

Solution: 

Table 13 

Analysis of Variance Summary for 3/10/81 Release 

z = 0.9 m 

2.567 

Run #2 (t = 13212s) 
a 

z = 1.9 m z = 3.8 

4.938 4.565 

m 

-1.287XIO-4 -1. 319 -3.338XIO- 2 

7. 77xlO 7 

0.9986 

o-p 

4.04 XI0 7 5.38xlO 7 

0.9976 0.9953 

GEN J-S 

Run #3 (t 
a 

216485) 

z 0.9 m z = 2.8 m z = 6.6 m 

# 

# 

# 

# 

# 

z = 0.9 m 

3.140 

-1.036 

5.60xI08 

0.9999 

J-S 

10.266 4.801 

-2.104 -2.518xIO Z 

1.62xI0 8 9.47xI0 7 

0.9980 0.9997 

GEN J-S 

# All background 

Run #5 (t = 330005) 
a 

z = 4.6 m 

2.536 

-2.59 xlO- S 

3.85XI0 8 

0.9911 

o-p 

All Points 

2.917 

-9.435xlO- 3 

6.74 xI0 8 

0.9778 

J-S 

All Points 

4.786 

-3.457XIO- 2 

5.02xI0 7 

0.9849 

J-S 

All Points 

2.582 

6.244 xIO-Z 

1.60xI0 8 

0.9672 

o-p 
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a : 
o 

al: 

()Z (cmZ): 
rc 

rZ: 

Solution: 

a : 
o 

al: 

()2 (cm2): 
rc . 

Table 14 

Analysis of Variance Summary for 3/12/81 Release 

z = 2.55 

5.616 

-1.188 

1.89 x l0 8 

0.9940 

GEN 

Run #3 (t = l2294s) 
a 

m z = 4.25 m z = 5.9 

1.839 11.106 

-1.439 x 10-Z -2.325 

m 

2.90 x l0 8 L16 x l0 8 

0.9988 0.9996 

J-S GEN 

Run #4 eta = 20847s) 

z = 2.7 m z = 4.45 m z = 6.2 m 

1. 377 1.018 1.010 

-1. 3l3xlO-2 -1. 245 x lO-Z 1. 017 xlO- 2 

3.l6 xl0 8 3.87xl0 8 5.80xl0 8 

0.9979 0.9935 0.9934 

J-S J-S J-S 

All Points 

1.935 

-1. 242 xlO- Z 

3.89X10 8 

0.8777 

J-S 

All Points 

1.091 

1.l87X10-Z 

4.26 xl0 8 

0.9710 

J-S 
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Figure 73. 

5 Run # 2 (3/10/81) 

All Depths 

4 
J-S solution 

Z,m symbol 

0.9 0 

3 1' .9 x 

x 3 .8 + 

2 0 x 

/ . x 

-2 
In C = 4.786 - 3.457 x 10 re 

0 t = 13212 s 

-I 

-2oL----------5~0----------~10~0--------~1~50~--

Dye concentrations, C(t,r ), plotted as a function of 
r foY." t = 13212s (10 III 91) and depths of 0.9, 1.9, 
~d 3.S

a
m. 
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3 

Run # 3 (3/10/81) 

All Depths 

o-p solution 

2 Z ,m symbol 
x 2.8 x 

6 .6 + 
InC(t,re) 

+ 

. ~-5 
In C::2.582-6.244xIO re 

t::21648s 
+ 

0 

-I ~----~------~------~----~~----~----~ 
o 

Figure 74. 

2 5 6 

Dye concentrations, C(t,r ), plotted as a function of 
r 2 for t = 21648s (10 III

e
8l) for depths of 2.8 and 

6~6 m. a 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I' 
I 
~ 

I 
I 
I 
I 
I , 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I , 
I 
I 
I 
I 
I 
I 
I 
I 

3 

2 

InC(t ,re) 

o 

x 

x 

~ 
-3 In C =2.9170-9.4355xI0 re 
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300 o 

Figure 75. 

50 100 150 200 250 
re,m 

Dye concentrations, C(t,r ), plotted as a function of 
r for t = 33000s (10 III 81) for depths of 0.9 and 

e a 
4.6 m. 
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In C = 1.935 -1.243 x 10-2 re 

t=122945 

Run #3 (3/12/81) 

All Depths 

J-S solution 

z,m symbol 

2.55 0 

4.55 x 

5 .90 + 
o 

x 

-I ~----~------~----~----~------~----~ 
o 50 100 150 

Figure 76. Dye concentrations, C(t,r ), plotted as a function of 
r for t- = 12294s (12 III 91) for depths of 2.55, 4.55, e a 
and 5.90 m. 
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J-S solution 

Z,m symbol 
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~x 
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Figure 77. 

100 
re,m 

Dye concentrations, C(t,r ), plotted as a function of 
r for t = 20847s (12 III 91) for depths of 2.70, 4.45, 
a~d 6. 2cf m. 
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+ 3/10/81 
0 RUN # z,m Symbol Solution 

2 0.9 0 J-S 
2 1.9 X Gen. 
2 3.8 + J-S 
2 ALL * J-S 

3 2.8 x Gen. 
3 6.6 + J-S 
3 ALL * O-p 

5 0.9 0 J-S 
5 4.6 + J-S 
5 ALL * J-S 

104 10 5 
-
ta, S 

Figure 78. Radially symmetric variance, cr 2, as a function of patch 
rc -

age, t , for various depths on 3/10/81. 
a 
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N 
E 
u ... 

N() 
b~ 10 8 

2 o;.c = 

1.125x10
2 t1. 52 ~ 

* 
x 

+ 

RUN # 

3 
3 
3 
3 

4 
4 
4 
4 

3/12/81 

z,m Symbol Solution 

2.4-2.7 0 Gen. 
4.0-4.5 x J-S 
5.5-6.3 + Gen. 

ALL * J-S 

2.5-2.9 0 J-S 
4.1-4.8 x J-S 
5.5-6.9 + J-S 

ALL * J-S 

Figure 79. Radially symmetric variance, cr 2, as a function of patch 
rc -

age, t , for various depths on 3/12/81. 
a 
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Table 15 

The direction of the major axis relative to 069°T, 8, and 
the ratio of the minor axis to the major axis, p, 

as a function of age, tal and depth, z. 

- cry 
8,#0 Date Run# t , s Z I rn P -

a cr 
X 

3/10/81 2 13212 0.9 0.37 91.8 
3/10/81 2 13212 1.9 1.17 106.9 
3/10/81 2 13212 3.8 1.15 102.2 
3/10/81 2 13212 All 
3/10/81 3 21648 0.9 
3/10/81 3 21648 2.8 0.19 136.2 
3/10/81 3 21648 6.6 1.12 136 ± 17 .5 

3/10/81 3 21648 All 
3/10/81 5 33000 0.9 0.083 151. 2±12. 7 

3/10/81 5 33000 4.6 0.10 150.3±ll.3 

3/10/81 5 33000 All 
3/12/81 3 12294 2.55 0.20 134.2±17.8 

3/12/81 3 12294 4.25 0.18 130.6±13.4 

3/12/81 3 12294 . 5.9 0.23 126 

3/12/81 3 12294 All 
3/12/81 4 20847 2.7 0.12 86.8±18.75 

3/12/81 4 20847 4.45 0.13 77.3±20.3 

3/12/81 4 20847 6.2 0.13 95.5±24.6 

3/12/81 4 20847 All 

#counter clockwise relative to 069°T 
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reliable quantitative information on vertical structure. As a 

result we have estimated the vertical variances of our dye patches 

and plumes from measurements of the peak concentration and lateral 

variance as follows. 

Equation (4b), the Okubo-Pritchard diffusion model, is appro-

priate for an instantaneous release of dye, i.e., a patch. From 

equation (4b) we have for the peak concentration, C(t,o) 

C (t ,0) 
M 

'IT cr 2 D 
rc 

Equation (6) can be converted to a non-uniform vertical distribution 

by requiring that 

C(t,O)D 
z2 = C(t,o) !oo exp(- 2cr2 )dz 

o z 

or that 

Equation (6) then becomes on rearranging 

for a patch. 

cr 
z 

'IT 3/ 2 cr 2 (C (t,o) /M) 
rc 

Assuming that a continuous source can be considered as a 

supposition of a large number of instantaneous releases, it can be 

shown (Carter and Okubo (1966)) that integration of equation (4b) 

over time gives for the peak concentration of the steady state 

portion of a plume whose source is discharging dye at a rate 
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(6 ) 

(7) 

(8) 

(9 ) 



l,42 

(mass per unit time) of q 

C(x,o,t) = __ ~qL-__ 

liT wX D 

where wand D have the same meanings as before and x is the downstream 

distance from the source taken along the centerline of the meandering 

plume. Converting equation (10) to a non-uniform vertical distribution 

as before and noting that 

we have 

assuming that cr 
x 

for I?lumes. 

cr 
rc 

w = cr It 
rc 

2 = 2cr cr (Okubo (1971)), 
y x 

lu2+V2 , and 

x = ut 

C(x,o,o,t) 
q 

1Tcr cr IT 
Y z 

cr. Rearranging equation (11) results in 
y 

cr 
1 

Z 1Tcr IT(C(x,o,o,t)/q) 
y 

cr 2 , the vertical variance, has been calculated from equation (9) 
Z 

for the patch releases (March, 1981 dye study) and from equation (12) 

for the plumes (July, 1980 dye study). The results are tabulated 

in Tables 16a and 16b, respectively and are also presented on 

Figure 80. 

(10) 

(ll) 

(12) 
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G 

C\J 

E 
u 

C\J DATE SYMBOL TYPE 
0 7/24/80 * PLUME 

7/25/80 + PLUME 

104 7/26/80 0 PLUME 
3/10/81 8 PATCH 

3/12/81 8 PATCH 

+ 

"fu,s 
Figure 80. vertical variance, a~, for the various se~tions (plumes) 

and runs (patches) as a function of age, t a , for 24, 25, 
and 26 July, 1980 and 10 and 12 March, 1981. 
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Date 

3/10/81 

3/10/81 

3/10/81 

3/12/81 

3/12/81 

Date 

7/24/80 

7/24/80 

7/25/80 

7/25/80 

7/25/80 

7/25/80 

7/25/80 

7/26/80 

7/26/80 

7/26/80 

7/26/80 

Table 16a 

Vertical variance, 0 2 , for the patch experiments 
z 

Run# 

2 

3 

5 

3 

4 

as a function of age, t 
a. 

7107.5 

7107.5 

7107.5 

2403.2 

2403.2 

(C (t ,0) /M) lOll, g-l 

1.515 

0.498 

0.196 

3.416 

1.473 

Table 16b 

o 2 cm2 
rc ' 

4.04X10 7 

1.62X10 8 

3.85x10 8 

1.89X10 8 

3.16x10 8 

-
t ,s 

a 

13212 

21648 

33000 

12294 

20847 

1. 72xI0 5 

9.91x10 4 

1.19x10 5 

1.55X10 5 

2.98x10 5 

Vertical variance, 0 2 , for the plume experiments z 

Section 

5 

6 

CD 
2 

3 

4 

5 

CD 
2 

3 

4 

as a function of age, t . 
a 

44.47 

15.11 

24.85 

74.26 

44.04 

29.14 

15.61 

14.41 

39.93 

4.75 

25.83 

15.51 

13.38 

24.75 

28.63 

30.53 

35.83 

35.06 

16.76 

12.31 

11.89 

21.09 

o ,em 
y,m 

3.44X10 3 

6.64x10 3 

3.30 x10 3 

2.84x10 3 

2.95x10 3 

2.78x10 3 

5.04x10 3 

2.34x10 3 

4.2IX10 3 

2.05 x104 

5.00x10 3 

-
t ,s 

a 

3.45x10 3 

1.15x104 

2.09x10 3 

3.14 x10 3 

4.43x10 3 

6.72x10 3 

9.48x10 3 

6.78x10 3 

6.17x10 3 

1. 34x10 4 

3.60x10 3 

1.80x10 4 

5.62 x10 4 

2.46 x10 4 

2. 78x10 3 

6.44x10 3 

1.20x104 

1. 33 x10 4 

3.19 x10 5 

2.44x10 4 

7.55x10 4 

1.36x10 4 

NOTE: (C/q) and a ,m are sectional means from an absolute frame 
y 

of reference which have been unbiased by multiplication 

by N/N-1 where N is the number of runs per section. Date 

circled were not included in the regression analysis. 
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It should be noted in Figure 80 that the winter (patch) and summer 

(plume) estimates of 0 2 have been combined for purposes of calculating 
z 

the regression of 0 2 on age, t , even though the estimates of 0 2 
z a z 

made from the summer experiments utilized peak concentration and 

lateral variances- relative to an absolute frame of reference whereas 

the winter (patch) releases provided estimates from a relative frame. 

In addition if our assumption that 0 equals 0 was not correct, 
y x 

our estimate of 0 for the plumes would be in error by the ratio z 

of 0 to 0 ; too small if a < a and too large if 0 > a . 
y x y x y x 

One can estimate the time at which the vertical growth becomes 

inhibited by either the pycnocline (summer) or the bottom (winter) 

as follows. Since 

K z 

da2 
z 

dt 
:: K , and 

z 

A first order estimate of the time required for the plume or patch 

to mix vertically to the pycnocline depth in summer or the bottom 

in winter can be estimated from (15) if it is assumed that this 

time, t , is given by 
v 

t = v 2K (t) 
z 

where H is the depth of the bottom or pycnocline. From (15) and (16) 

we obtain 

H 

(13) 

(14) 

(15) 

(16 ) 

(17) 



------ - --

146 

Tabulating we have 

H,m t ,s K ,cm2s- 1 (Eq. (15) ) 
v z 

0.41 10 3 0.85 

2.58 10 4 3.32 

16.1 10 5 12.92 

100.3 10 6 50.28 

These calculations suggest the upper layer (6-12 m) during summer 

would have been well mixed after 8 to 19 hours and after 2.5 days 

during winter (bottom depth ~ 30 m). 

The Drogue Studies , 

With the exception of Experiment #2 (see Table 5), all the LEDS 

cluster experiments were subjected to the following analysis. 

Experiment #2 had low quality data due to the availability of only 

one boat for tracking and deploying drogues and hence the data has 

not been processed. 

First, time series of the fundamental statistics of each cluster 

experiment were evaluated. They are the centroid position, (x,y), 

variances about the centroid in the x and y direction, (0 2 ,02 ), and x y 

covariance, 0 2 , of the x and y position coordinates relative to the 
xy 

centroid. From these the components of variance in a principal axes 

coordinate system (0 2 0 2 ) relative to which the covariance vanishes, x' y 

were calculated. Also calculated was the angle (e) that the principal 

axes were rotated in an anticlockwise sense relative to the initial 

I 
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I 
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coordinate system (069°Tj339°T). The resulting drogue statistics 

are shown in Table 17. 

From a~ and a~ the following parameters were calculated: 

The equivalent radially symmetric cluster variance, a2 where 
rc' 

The cluster area, A, defined as the area of the ellipse with major 

and minor axes oriented along the principal axes and where the border 

of the ellipse marks the 95% confidence interval, that is 

A 4rra a , and 
X y 

The cluster elongation, p-l defined as 

147 

(18) 

(19) 

(20) 

Also calculated were the gross diffusi vi ties in the x and y directions, 

K 
x' K and the cross diffusivity, K They are defined by 

y xy 

/:'a 2 

K ~ 
x 

x /:,t , 

/:'a 2 

K = ~ ---X. and y /:'t , (21) 

/:'a a 
K = x Y 

xy /:,t 

where the increments in a2 are evaluated for a time interval 
x,y,xy 

of 6 min except for Experiments 10 and 11, for which a 10 minute 

interval was taken. In Table 18 we show the result of evaluating 

the parameters, a 2 , p-l, K , K and K 
rc x y xy 

Note that K and K often 
x y 
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Table J 7 
Drogue statistics (i. Y : centroids. ai' a 2 • y. variances 

in x and y direction""aiy : covariance. ai· at: variances in 

principal axes. 6: angle of orientation of principal ax e s) for 

Experiments 1. 3 • 48. 4 L. 58. 5L. 68. 6L. 88. 8 D. 10. 11. 12. 

EXPERIMENT 1 

t - - a 2 2 a 2 ai at 6 :z: y :z: a xy y 
(m) (m) (m 2) (m 2) (m 2 ) (m.a ) (m 2) (degree) 

----- ----- ----- ----- ----- ----- ----- --------
0 968 -6625 6799 -897 618 6926 491 -8.1 
1 840 -6614 6572 -936 704 6718 558 -8.8 
2 713 -6601 7018 -839 781 7129 670 -7.5 
3 583 -6589 7331 ":'1071 784 7501 613 -9.1 
4 456 -6574 7440 -1202 964 7656 748 -10.2 
5 336 -6559 6601 -1134 1122 6826 897 -11. 2 
6 214 -6544 6483 -1528 1358 6904 937 -15.4 
7 93 -6526 6389 -1697 1691 6938 1142 -17.9 
8 -29 -6508 6429 -1882 2037 7125 1341 -20.3 
9 -148 -6489 6149 -2050 2364 7046 1467 -23.6 

10 -261 -6469 5786 -2027 2470 6746 1510 -25.4 
11 -372 -6449 5740 -2187 2724 6889 1575 -27.7 
12 -482 -6427 5898 -2547 3113 7409 1603 -30.7 
13 -590 -6402 5850 -2797 3565 7728 1686 -33.9 
14 -696 -6375 5785 -2999 4043 8037 1791 -36.9 
15 -795 -6348 5526 -3219 4724 8370 1881 -41. 5 
16 -893 -6321 5784 -3245 5184 8743 2225 -42.4 
17 -985 -6293 6344 -3719 5349 9599 2094 -41.2 
18 -1078 -6261 6802 -4086 5648 10352 2098 -41.0 
19 -1169 -6229 6930 -4249 5996 10737 2188 -41.9 
20 -1253 -6196 6704 -4343 6388 10892 2200 -44.0 
21 -1329 -6162 6268 -4090 6700 10580 2388 -46.5 

( t interval: 6 min) 

--------~----------



-------------------
EXPERIMENT 3 

- -t 02. 2. 02. of Of 6 x y x °xy y 
(m) (m) (m 2. ) (m 2. ) (m 2. ) (m 2. ) (m 2. ) (degree) 

----- ----- ----- - - --- ----- ----- ----- --------
0 2088 -6229 635 357 304 863 76 32.6 
1 2060 -6225 603 338 292 820 75 32.7 
2 2036 -6220 417 245 270 599 88 36.7 
3 2016 - 6211 353 213 326 553 126 43.2 
4 2001 -6210 352 218 306 548 109 42.0 
5 1978 -6207 398 195 245 531 112 34.3 
6 1946 -6202 483 177 263 581 165 29.1 
7 1918 -6210 593 190 264 680 177 24.6 
8 1885 -6219 637 263 290 779 148 28.3 
9 1849 -6220 684 200 238 761 161 21.0 

10 1815 -6223 787 170 318 842 263 18.0 
11 1782 - 6225 791 184 217 845 162 16.4 
12 1747 -6226 835 212 281 907 209 18.7 
13 1712 -6230 865 198 328 930 263 18.2 
14 1678 -6235 909 179 383 964 328 17.2 
15 1639 -6235 802 225 397 902 297 24.0 
16 1584 -6224 756 256 387 887 256 27.1 
17 1531 -6226 781 197 525 888 418 28.5 
18 1482 -6229 957 205 462 1031 388 19.8 
19 1427 -6227 965 246 455 1065 355 22.0 
20 1364 -6216 1068 259 406 1157 317 19.0 
21 1305 -6209 1265 243 462 1332 394 15 .6 
22 1245 -6208 1286 238 561 1357 490 16.7 
23 1190 - 6215 1419 176 670 1458 630 12.6 
24 1132 -6218 1512 219 610 1562 560 13.0 
25 1067 -6213 1411 355 579 1542 448 20.2 
26 1005 -6212 1511 341 754 1642 623 21.0 
27 948 -6221 1611 334 815 1733 693 20.0 
28 890 -6229 1640 360 697 1762 576 18.7 

( t interval: 6 min) I--' 
~ 
~ 
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EXPERIMENT 3 (Continued) 

- - aa a aa 0'1 at 6 t x y x a xy y 
( m) (m) (m a) (m a) (m a) (m a) (m a) (degree) 

----- ----- ----- ----- ----- ----- ----- --------

29 828 -6228 1776 266 566 1832 510 11. 9 
30 763 -6225 1669 436 806 1850 624 22.6 
31 696 -6231 1581 478 890 1826 646 27.1 
32 631 -6244 1463 659 1020 1936 546 35. 7 
33 566 -6262 1322 672 915 1821 417 36.6 
34 495 -6273 1668 526 921 1940 649 27.3 
35 422 -6284 1820 373 822 1943 699 18.4 
36 339 -6287 1844 417 786 1988 642 19.1 
37 242 -6281 1803 375 764 1924 643 17.9 
38 154 -6287 1920 491 765 2101 585 20.2 
39 70 -6302 2073 472 880 2237 716 19.2 
40 -13 -6319 2196 416 1062 2332 926 18.1 
41 -95 -6336 2261 350 1221 2368 1114 17.0 
42 -180 -6352 2506 329 1188 2583 1111 13.3 
43 -264 -6370 2708 100 1004 2714 998 3 .4 
44 -355 -6373 2607 243 956 2642 921 8.2 
45 -453 -6378 2677 167 917 2693 901 5.4 
46 -548 -6384 3013 108 1270 3020 1263 3.5 
47 -639 -6397 3583 112 964 3588 960 2.4 
48 -731 -6408 3928 30 1168 3928 1168 .6 
49 -828 -6427 3989 -37 1186 3989 1185 -.7 
50 -920 -6449 3832 -243 1447 3857 1423 -5.8 
51 -1011 -6484 3800 -762 1786 4056 1530 -18.6 
52 -1100 -6519 4185 -452 1726 4265 1646 -10.1 
53 -1193 -6544 3583 -499 1598 3701 1479 -13.3 
54 -1286 -6568 3780 -343 1422 3829 1373 -8.1 
55 -1384 -6585 3835 -421 1321 3903 1253 -9.3 
56 -1481 -6597 3695 -400 1178 3757 1116 -8.8 
57 -1576 -6612 3593 -560 1350 3725 1218 -13.3 

·(t interval: 6 min) 

----------------~--



-------------------
EXPERIMENT 3 (Continued) 

- - a 2 2 a 2 at at 6 t x Y x a xy y 
(m) (m) (m 2 ) (m 2 ) (m 2 ) (m 2) (m 2 ) (degree) ----- ----- ----- ----- ----- ----- ----- --------

58 -1673 -6622 3854 -985 1420 4203 1072 -19.5 
59 -1773 -6628 4211 -1145 1513 4631 1092 -20.2 
60 -1871 -6632 4172 -984 1577 4503 1246 -18.6 
61 -1968 -6639 4039 -1141 1663 4498 1203 -21.9 
62 -2055 -6661 4534 -1724 2167 5442 1260 -27.8 
63 -2142 -6686 5145 -1781 1923 5936 1133 -23.9 
64 -2230 -6705 5086 -1424 1522 5585 1023 -19.3 
65 -2319 -6720 4386 -1342 1778 4906 3 1211 -22.9 
66 -2406 -6732 4732 -1461 1686 5319 1099 -21.9 
67 -2498 -6723 4497 -1524 1258 5101 654 -21.6 
68 -2604 -6664 4336 -1575 1021 4965 392 -21.8 
69 -2709 -6608 4981 -2882 2417 6853 545 -33.0 
70 -2804 -6580 6793 -6182 7081 13121 754 -45.7 
71 -2883 -6593 6806 -6207 7146 13186 766 -45.8 
72 -2965 -6609 6639 -6397 7643 13558 725 -47.2 
73 -3044 -6629 6621 -6663 8330 14193 758 -48.7 
74 -3124 -6652 6729 -6752 8535 14444 820 -48.8 
75 -3203 -6674 6978 -6774 8397 14498 877 -48.0 
76 -3277 -6692 6917 -6702 8074 14223 769 -47.5 
77 -3344 -6694 7091 -7774 10198 16572 717 -50.7 
78 -3412 -6712 6233 -8062 12651 18119 765 -55.9 
79 -3483 -6742 6016 -7991 13308 18446 878 -57.3 
80 -3550 -6771 5710 -7590 12754 17599 865 -57.4 
81 -3618 -6797 5761 -7457 12144 17063 842 -56.6 
82 -3681 -6818 5756 -7398 12377 17171 962 -57.1 
83 -3746 -6834 5827 -7977 14036 18902 960 -58.6 
84 -3808 -6851 5732 -7929 13940 18764 908 -58.7 

( t interval: 6 min) 
f-' 
lJ1 
f-' 
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EXPERIMENT 3 (Continued) 

- - a 3 3 a 3 at af 6 t x y axy x y 
(m) (m) (m 3) (m 3 ) (m 3) (m 3) (m 3 ) (degree) 

----- ----- ----- ----- ----- ----- ----- --------
85 -3864 -6873 5405 -6895 11825 16221 1009 -57.5 
86 -3919 -6892 5418 -6781 11799 16103 1114 -57.6 
87 -3975 -6898 5492 -7410 13439 17874 1057 -59.1 
88 -4032 -6904 5574 -8075 15299 19863 1010 -60.5 
89 -4089 -6911 5660 -8763 17345 22035 971 -61. 8 
90 -4144 -6910 5846 - 8694 16558 21414 991 -60.8 
91 -4192 -6910 6331 -8613 15628 20767 1192 -59.2 
92 -4235 -6907 5540 -8999 18319 22966 892 -62.7 
93 -4277 -6914 5788 -11040 25718 30626 881 -66.0 
94 -4317 -6933 5205 -11392 30358 34750 813 -68.9 
95 -4361 -6954 5384 -12158 33650 38160 874 -69.6 
96 -4403 -6978 4906 -11014 31102 35117 890 -70.0 
97 -4443 -7002 4722 -10582 29978 33825 874 -70.0 
98 -4482 -7033 4074 -8705 24416 27633 858 -69.7 

(t interval: 6 min) 

-------------------



-----------------~-

- -t x y a:a x 
(m) (m) (m :a) 

----- ----- -----

0 1932 -6450 220 
1 1809 -6439 221 
2 1684 -6428 196 
3 1557 -6423 169 
4 1427 -6412 200 
5 1302 -6391 187 
6 1177 -6380 167 
7 1052 -6352 141 
8 926 -6342 113 
9 801 -6328 111 

10 672 -6311 105 
11 539 -6279 79 
12 405 -6242 68 
13 273 -6221 85 
14 152 -6197 54 
15 29 -6174 64 
16 -104 -6140 86 
17 -240 -6100 80 

( t 

EXPERIMENT 48 

:& a:a a xy y 
(m :a ) (m :a ) 
----- -----

-0 179 
-2 194 

-25 197 
-31 251 
-41 209 
-39 212 
-43 255 
-24 281 
-35 354 
-8 381 

7 322 
36 320 
43 483 
60 649 
12 617 
82 698 

107 581 
60 676 

interval: 6 min) 

aX at 

(m :a) (m :a) 
----- -----

220 179 
221 194 
221 171 
262 158 
245 163 
241 158 
273 149 
285 137 
359 108 
381 110 
323 104 
325 74 
487 63 
655 79 
617 54 
708 54 
603 64 
682 74 

e 
(degree) 
--------

-.2 
-4.0 

-45.6 
-71.5 
-47.9 
-53.7 
-67.9 
-80.5 
-81.9 
-88.3 

88.2 
81 .8 
84.1 
84.0 
88.7 
82.7 
78.3 
84.4 

i-' 
(Jl 

Lv 



EXPERIMENT 4L 

- - a 3 3 a 3 t x y x axy y 
( m) (m) (m 3 ) (m 3) (m 3) 

----- ----- ----- ----- -----

0 1844 -6460 80688 2580 58490 
1 1722 -6446 81794 1276 57338 
2 1600 -6432 83216 -745 55454 
3 1476 -6417 83802 -2742 54253 
4 1352 -6402 84781 -4954 53828 
5 1227 -6384 86770 -7845 54223 
6 1101 -6362 88496 -9224 54275 
7 976 -6338 89646 -9710 52441 
8 853 -6316 89091 -9097 50932 
9 729 -6293 87977 -8963 50878 

10 603 -6265 87881 -11691 51851 
11 477 -6236 87203 -14678 52443 
12 350 -6206 86280 -16514 50826 
13 222 -6174 85707 -17673 51439 
14 93 -6140 85152 -18329 54379 
15 -36 -6106 84827 -19434 57275 

(t interval: 6 min) 

a1 at 
(m 3) (m 3 ) 

----- -----
80984 58194 
81860 57272 
83236 55434 
84055 54000 
85555 53055 
88563 52431 
90824 51947 
92028 50060 
91148 48874 
90029 48826 
91342 48390 
92572 47075 
92781 44325 
93188 43957 
93697 45835 
94873 47229 

e 
(degree) 
--------

6.5 
3 .0 

-1.5 
-5.3 
-8.9 

-12.9 
-14.2 
-13.8 
-12.7 
-12.9 
-16.5 
-20.1 
-21.5 
-22.9 
-25.0 
-27.3 

t-' 
U1 

"'" 

-----------------~-



-------------------

- -t x y a~ 
x 

(m) (m) (m ~ ) 
----- ----- -----

0 2100 -6466 943 
1 1958 -6441 984 
2 1813 -6413 1007 
3 1672 -6382 960 
4 1531 -6352 902 
5 1391 -6330 962 
6 1249 -6304 987 
7 1105 -6277 982 
8 961 -6250 990 
9 817 -6226 999 

10 674 -6199 956 
11 532 -6173 1043 
12 388 . -6145 1004 
13 244 -6114 1005 
14 101 -6086 1073 
15 -40 -6058 1071 
16 -179 -6029 1068 
17 -318 -6001 1108 

( t 

EXPERIMENT 58 

~ a~ at a xy y 
(m ~ ) (m ~ ) (m ~) 
----- ----- -----

-46 136 945 
-110 158 998 
-131 136 1027 
-151 154 987 
-142 150 928 
-174 194 1000 
-133 158 1008 
-133 166 1004 
-133 179 1011 
-173 225 1036 
-107 207 971 
-208 254 1094 
-169 211 1038 
-199 297 1057 
-237 288 1139 
-234 315 1137 
-247 347 1145 
-252 414 1190 

interval: 6 min) 

af 
(m ~ ) 

-----
133 
143 
117 
126 
124 
156 
137 
145 
158 
188 
192 
202 
177 
245 
222 
248 
270 
332 

6 

(degree) 
--------

-3 .3 
-7.5 
-8.4 

-10.3 
-10.3 
-12.2 
-8.9 
-9.0 
-9.1 

-12.0 
-8.0 

-13.9 
-11.5 
-14.7 
-15.6 
-15.9 
-17.2 
-18.0 

I-' 
Ul 
Ul 



- -t J: Y 

(m) (m) 
----- -----

0 2108 -6481 
1 1966 -6458 
2 1826 -6432 
3 1684 -6405 
4 1542 -6378 
5 1400 -6354 
6 1258 -6327 
7 1115 -6301 
8 973 -6278 
9 831 -6253 

10 690 -6227 
11 548 -6201 
12 406 -6176 
13 265 -6150 
14 122 -6122 
15 -19 -6094 
16 -158 -6067 
17 -297 -6040 

EXPERIMENT 5L 

a 2 
J: ai y a 2 

Y 
(m 2 ) (m 2) (m :I) 

----- ----- -----
50539 -6844 63331 
50560 -8011 63359 
50843 -9695 64029 
51166 -10338 63974 
51464 -11809 64661 
51981 -12853 65064 
53017 -13245 65490 
54253 -13389 66291 
54908 -13409 65698 
55719 -13836 65409 
57013 -14425 65998 
58333 -15025 66652 
59138 -15674 67421 
59878 -16269 67757 
61673 -16788 67525 
63413 -17397 67497 
64189 -17738 67467 
65580 -17980 66851 

(t interval: 6 min) 

ai at 
(m :I) (m :I) 

----- -----
66302 47568 
67213 46706 
69160 45711 
69731 45409 
71590 44535 
7294" 44101 
73893 44613 
74952 45592 
74757 45849 
75224 45904 
76614 46398 
78083 46902 
79491 47067 
80557 47078 
81640 47558 
82971 47938 
83642 48015 
84206 48224 

6 

(degree) 
--------

-66.5 
-64.3 
-62.1 
-60.9 
-59.6 
-58.5 
-57.6 
-57.1 
-56.0 
-54.6 
-53.6 
-52.7 
-52.4 
-51. 8 
-49.9 
-48.3 
-47.6 
-46.0 

I--' 
V1 
0'1 

-------------------



-------------------
EXPERIMENT 68 

- -
0 2 :I 0:1 Of of e t x y 

X °xy y 
(m) (m) (m:l ) (m:l ) (m:l ) (m :I ) (m :I ) (degree) ----- ----- ----- ----- ----- ----- ----- --------

0 1984 -6134 594 271 261 746 109 29.2 
1 1927 -6069 606 272 290 762 133 29.9 
2 1871 -6007 630 313 335 828 137 32.4 
3 1819 -5943 692 309 341 872 161 30.2 
4 1770 -5880 746 334 367 941 172 30.2 
5 1725 -5818 805 401 457 1068 194 33 .3 
6 1682 -5756 761 407 463 1046 178 34.9 
7 1644 -5691 768 391 424 1023 168 33.1 
8 1611 -5623 799 374 416 1028 187 31.4 

( t interval: 6 min) 

EXPERIMENT 6L 
- -

0:1 :I 0 2 Of of e t x y °xy .J: y 
(m) (m) (m:l ) (m:l ) (m :I ) (m :I) (m:q (degree) ----- ----- ----- ----- ----- ----- ----- --------

0 1991 -6163 29460 4239 12705 30471 11694 13 .4 
1 1936 -6097 30238 4551 13321 31385 12175 14.1 
2 1884 -6033 30756 4944 13692 32085 12363 15.0 
3 1833 -5969 31877 5411 13990 33387 12481 15.6 
4 1784 -5906 32645 5837 14195 34336 12504 16.2 
5 1739 -5843 33476 6120 14145 35251 12370 16.2 
6 1697 -5780 33448 6362 13894 35336 12006 16.5 
7 1659 -5718 33551 6488 13621 35477 11694 16.5 

( t interval: 6 min) 

t-' 
Ln 
-.....J 



- -t x y 0'2 
x 

(m) (m) (m 2) 
----- ----- -----

0 1920 -6652 4191 
1 1838 -6660 4437 
2 1756 -6665 4091 
3 1673 -6666 4292 
4 1587 -6668 4418 
5 1497 -6671 4344 
6 1407 -6667 4651 
7 1318 -6663 4512 
8 1232 -6661 4696 
9 1140 -6665 4854 

10 1050 -6663 4393 
11 959 -6660 4261 
12 869 -6655 4464 

( t 

EXPERIMENT 88 

2 0'2 O'xy y 
(m 2) (m 2) 

----- -----
1174 4605 
1345 4883 
1235 4735 
1251 4320 
1392 4449 
1195 4183 
1275 3940 
1154 3849 
1243 4161 
1459 4298 
1446 4143 
1420 4034 
1335 3773 

interval: 6 min) 

0'1 O'f 
(m 2) (m 2 ) 

----- -----
5590 3206 
6023 3297 
5689 3136 
5557 3055 
5826 3041 
5461 3066 
5619 - 2972 
5381 2980 
5699 3157 
6061 3090 
5719 2817 
5571 2723 
5498 2739 

e 
(degree) 
--------

50.0 
49.7 
52.3 
45 .3 
45 .3 
43.1 
37.2 
37.0 
38.9 
39.6 
42.5 
42.7 
37.7 

.I-' 
Ul 
ro 

-------------------

I 
I 



-------------------
EXPERIMENT 8D 

- -t x y a:& 
x 

:& a:& a xy y 
(m) (m) (m :& ) (m :& ) (m:& ) 

----- ----- ----- ----- -----
0 1963 -6657 1277 1246 3926 
1 1890 -6667 1247 1225 4028 
2 1820 -6674 1426 1314 3964 
3 1749 -6683 1855 1415 3979 
4 1670 -6692 1875 1245 4024 
5 1590 -6699 1821 1227 4024 
6 1509 -6699 1820 1107 3955 
7 1427 -6702 1677 594 4009 
8 1346 -6710 1752 701 4247 
9 1263 -6718 · 2033 760 4246 

10 1178 -6722 2183 636 4436 
11 1092 -6723 2317 451 4477 
12 1011 -6722 2655 228 4657 
13 933 -6722 2776 107 5062 

(t interval: 6 min) 

at at 
(m :& ) (m :& ) 

----- -----

4420 783 
4491 785 
4522 868 
4686 1147 
4594 1304 
4571 1273 
4425 1350 
4152 1535 
4431 1569 
4482 1798 
4604 2015 
4567 2227 
4683 2629 
5067 2771 

6 

(degree) 
--------

68.4 
69.3 
67.0 
63.4 
65.4 
66.0 
67.0 
76.5 
75.3 
72.8 
75.3 
78.7 
83 .6 
87 .3 

t-' 
III 
-0 



I 

EXPERIMENT 10 I-' 

. j 
(j\ 

I 
- - 0 

a~ ~ a~ at af 6 t x y x a xy y 
(m) (m) (m :q (m ~ ) (m ~ ) (m ~ ) (m ~) (degree) 

I ----- ----- ----- ----- ----- ----- ----- --------
0 2933 -6495 863 -169 555 937 481 -23.9 

I 1 2942 -6486 977 -214 651 1084 545 -26.4 

I 
2 2960 -6474 1213 -284 726 1344 595 -24.7 
3 2984 -6463 1492 -366 786 1648 630 -23.0 
4 3015 -6453 1597 -389 869 1766 700 -23.5 
5 3053 -6445 1657 -410 928 1841 744 -24.2 
6 3098 -6441 1906 -464 1026 2105 826 -23.3 
7 3150 -6440 2001 -478 1071 2203 869 -22.9 
8 3204 -6439 2185 -516 1131 2395 920 -22.2 
9 3261 -6443 2244 -561 1200 2488 956 -23.5 

10 3318 -6450 2251 -637 1283 2.567 967 -26.4 
11 3373 -6458 2287 -737 1365 2696 956 -29.0 
12 3428 -6468 2414 -836 1398 2884 928 -29.4 
13 3482 -6480 2496 -893 1429 3002 923 -29.6 
14 3533 -6496 2397 -915 1457 2956 898 -31. 4 
15 3579 -6509 2233 -828 1401 2744 890 -31.7 
16 3627 -6523 2083 -770 1382 2579 886 -32 . 8 
17 3675 -6535 2231 -801 1392 2·716 907 -31. 2 
18 3725 -6552 2379 -848 1387 2865 900 -29.8 
19 3775 -6572 2610 -964 1357 3133 834 -28.5 
20 3823 -6594 2805 -1058 1309 3352 761 -27.4 
21 3870 -6618 2971 -1165 1342 3578 735 -27.5 
22 3913 -6643 3121 -1251 1344 3766 698 -27.3 
23 3952 -6667 3273 -1257 1277 3880 670 -25.8 
24 3985 -6690 3546 -1305 1224 4132 638 -24.2 
25 4015 -6713 3868 -1363 1185 4439 614 -22.7 
26 4040 -6737 4096 -1410 1144 4661 578 -21.8 
27 4058 -6762 4408 -1547 1096 5018 486 -21.5 
28 4067 -6786 4699 -1718 1106 5388 417 -21.9 
29 4066 -6807 5158 -1866 1097 5885 370 -21.3 
30 4056 -6826 5585 -1919 1080 6292 374 -20.2 
31 4038 -6841 6219 -2120 1110 6984 345 -19.8 

(t interval: 10 min) 

-------------------



-------------------
EXPERIMENT 11 

- -t 0'2 ai y 
0'2 at at e x y x y 

(m) (m) (m 2 ) (m 2 ) (m 2 ) (m 2) (m 2) (degree) 
----- ----- ----- ----- ----- ----- ----- --------

0 217 -6751 603 -119 293 643 252 -18.8 
1 149 -6771 688 -155 315 744 258 -19.9 
2 87 -6795 767 -186 389 843 313 -22.3 
3 31 -6816 826 -247 491 957 361 -27.9 
4 -13 -6832 885 -328 637 1112 410 -34.7 
5 -49 -6845 955 -386 746 1251 451 -37.4 
6 -79 -6858 1063 -449 855 1419 498 -38.5 
7 -101 -6872 1175 -475 971 1559 587 -38.9 
8 -118 -6884 1285 -505 1115 1712 687 -40.2 
9 -130 -6897 1353 -541 1275 1857 772 -42.9 

10 -135 -6910 1385 -549 1379 1931 833 -44.9 
11 -133 -6924 1396 -542 1462 1973 886 -46.7 
12 -124 -6938 1429 -564 1571 2069 932 -48.6 
13 -108 -6953 1519 -547 1622 2120 1021 -47.7 
14 -86 -6968 1604 -523 1639 2145 1098 -46.0 
15 -57 -6982 1620 -484 1636 2112 1143 -45.5 
16 -31 -6996 1633 -458 1663 2106 1190 -45.9 
17 12 -7012 1787 -322 1664 2054 1397 -39.6 
18 48 -7027 1815 -195 1663 1947 1530 -34.3 
19 85 -7042 1780 -128 1664 1863 1582 -32.8 
20 124 -7058 1763 -87 1756 1847 1672 -43.9 
21 165 -7076 1851 - 86 1884 1955 1780 -50.3 
22 209 -7095 1917 -103 2003 2072 1848 -56.3 
23 255 -7115 . 1971 -94 2057 2118 1910 -57.2 
24 302 -713 7 2038 -93 2065 2146 1957 -49.1 
25 351 -7161 2103 -124 2129 2241 1991 -48.0 

( t interval: 10 min) 

I-' 
(j\ 

I-' 



EXPERIMENT 11 
- -

t 0'3 3 x y x axy 
(m) (m) (m 3) (m 3) 

----- ----- ----- -----
26 399 -7186 2190 -180 
27 446 -7211 2280 -235 
28 494 -7237 2385 -268 
29 537 -7263 2530 -344 
30 576 -7290 2707 -410 
31 610 -7317 2892 -492 
32 643 -7344 3120 -610 
33 674 -7370 3389 -766 
34 702 -7395 3638 ':"897 
35 724 -7418 4010 -1050 
36 742 -7440 4340 -1218 

( t interval: 

(Continued) 

0'3 
y a:f 

(m 3) (m 3) 
----- -----

2150 2351 
2179 2470 
2194 2575 
2166 2737 
2138 2922 
2171 3141 
2243 3433 
2333 3791 
2459 4122 
2595 4569 
2740 4997 

10 min) 

at 
(m 3 ) 

-----
1989 
1989 
2004 
1959 
1923 
1922 
1929 
1931 
1975 
2037 
2083 

6 

(degree) 
--------

-41. 9 
-38.9 
-35.2 
-31.1 
-27.6 
-26.9 
-27.1 
-27.7 
-28.3 
-28.0 
-28.4 

.1-' 
(j) 

N 

-------------------



-------------------
- -t 0'2 x y x 

(m) (m) (m 2 ) 
----- ----- -----

0 1000 -6502 9390 
1 950 -6473 10211 
2 905 -6445 10769 
3 868 -6416 11153 
4 837 '-6384 11663 
5 814 -6349 11963 
6 798 -6312 12136 
7 791 -6274 12406 
8 791 / -6236 12843 
9 796 -6199 13362 

10 805 -6164 13924 
11 818 -6128 15178 
12 836 -6093 16159 
13 858 -6059 17277 
14 888 -6024 18001 
15 925 -5987 18530 
16 966 -5951 19220 
17 1013 -5918 19748 

( t 

EXPERIMENT 12 

2 0'2 O'xy y 
(m 2 ) (m 2 ) 
----- -----

-35 1228 
-107 1368 
-112 1536 

-73 1735 
-32 2000 
.31 2304 

73 2575 
47 2784 

-93 2952 
-434 3156 
-623 3355 
-856 3595 
-994 3920 

-1271 4205 
-1567 4490 
-2006 4739 
-2520 4851 
-3174 4936 

interval: 10 min) 

0':1 O'f 
(m 2) (m 2 ) 

----- -----
9391 1228 

10213 1366 
10770 1535 
11154 1735 
11663 2000 
11964 2304 
12137 2574 
12407 2784 
12844 2951 
13380 3138 
13960 3318 
15241 3533 
16239 3840 
17400 4083 
18181 4310 
18816 4453 
19649 4422 
20400 4285 

6 

(degree) 
--------

-.2 
-.7 
-.7 
-.4 
-.2 

.2 

.4 

.3 
-.5 

-2.4 
-3.4 
-4.2 
-4.6 
-5.5 
-6.5 
-8.1 
-9.7 

-11.6 

t-' 
0\ 
W 



;1..64 

TABLE 18 

Equivalent radially symmetric cluster area (2aXa y ), 

elongation (p_1), and diffusivities (Kx = Yz .t\(ai)/.t\t. 

Ky = Yz .t\(aY)/.t\t, Kxy = .t\(axay)/.t\t) for drogue Experiments 

1. 3. 4 S. 4 L. 5 S. 5 L. 6 S. 6 L, 8 S, 8 D, 1 0, 11, 12. Th e val u e 

of the diffusivity is significant only for the first three numbers. 

t p_1 

o .368739+004 3.76 

1 .387367+004 3.47 

2 .437254+004 3.26 

3 .428831+004 3.50 

4 .478450+004 3.20 

5 .494774+004 2.76 

6 .508692+004 2.71 

7 .562959+004 2.46 

8 .618239+004 2.31 

9 .643067+004 2.19 

10 

11 

12 

.638238+004 2.11 

.658787+004 2.09 

.689137+00~ 2.15 

13 .721977+004 2.14 

14 .758703+004 2.12 

15 .793543+004 2.11 

16 .882189+004 1.98 

17 .896704+004 2.14 

18 .932056+004 2.22 

19 .969496+004 2.22 

20 .979031+004 2.23 

21 .100534+005 2.10 

EXPERIMENT 1 

Kx Ky 
(m~s-1) (m~s-1) 

-.289474+000 .939494-001 .258726+000 

.570821+000 .155655+000 .692867+000 

.517264+000 -.800003-001 -.116974+000 

.214392+000 .187017+000 .689140+000 

-.115161+001 

.108254+000 

.462386-001 

.260641+000 

-.109720+000 

-.416684+000 

.197747+000 

.722517+000 

.443586+000 

.428710+000 

.206924+000 

.561754-001 

.284818+000 

.276425+000 

.175198+000 

.226735+000 

.193292+000 

.753709+000 

.767785+000 

.344832+000 

.587768-001 -.670696-001 

.910105-001 .285405+000 

.381262-001 .421531+000 

.116223+000 .456107+000 

.144993+000 

.462153+000 .125482+000 

.518674+000 .478355+000 

.118892+001 -.182228+000 

.510084+000 

.483884+000 

.123120+001 

.201594+000 

.490999+000 .104545+001 

.535450+000 

.215230+000 

-.434145+000 

.535863-002 

.125603+000 .520001+000 

.159811-001 .132426+000 

.261614+000 .365399+000 

(t interval: 6 min) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 165 

I 
EXPERIMENT 3 

t 20'XO'Y p_1 Kx Ky Kxy 

I 
(m~) (m~s-1) 

-----------
(m~s-1) (m 2 s- 1 ) 

------------ ------------ ------------

0 .512028+003 3 .37 
-.607537-001 -.110531-002 -.218889-001 

I 1 .496268+003 3 .30 

2 .458940+003 
-.306239+000 .177242-001 -.518443-001 

2.61 
-.637809+001 .533643-001 .968898-001 

I 
3 .528701+003 2.09 

4 .489690+003 2.24 
-.727775-002 -.234915-001 -.541811-001 

-.241562-001 .358996-002 -.301696-002 
5 .487518+003 2.18 

I 6 .619539+003 1. 88 
.702396-001 .737775-001 .183363+000 

.137500+000 .163463-001 .103009+000 
7 .693706+003 1.96 

I 8 .678607+003 2.29 
.136445+000 -.402381-001 -.209707-001 

.242510-001 .188023-001 .310902-001 
9 .700992+003 2.17 

I 10 .940877+003 1. 79 
.112297+000 .140908+000 .333174+000 

11 .741013+003 
.425616-002 -.139459+000 -.277589+000 

2.28 
.112297+000 .140908+000 .333174+000 

I 
12 .870456+003 2.08 

11 .741013+003 2.28 
.425616-002 -.139459+000 -.277589+000 

.865144-001 .643403-001 .179782+000 
12 .870456+003 2. 08 

I 13 .989018+003 1. 88 
.314798-001 .752509-001 .164669+000 

.479234-001 .903245-001 .188682+000 
14 .112487+004 1.71 

I 15 .103442+004 1. 74 
-.868366-001 -.436121-001 -.125627+000 

-.204209-001 -.563419-001 -.112784+000 
16 .953213+003 1.86 

I 17 .121872+004 1.46 
.102654-002 .225202+000 .368755+000 

18 .126544+004 1.63 
.198301+000 -.413562-001 .648903-001 

.474107-001 -.459417-001 -.488947-001 

I 19 .123023+004 1. 73 

20 .121134+004 1.91 
.127918+000 -.531316-001 -.262417-001 

.243521+000 .106640+000 .329744+000 

I 
21 .144876+004 1. 84 

22 .163092+004 1.66 
.347135-001 .133449+000 .253012+000 

.140209+000 .194994+000 .397971+000 
23 .191746+004 1. 52 

I 24 .187078+004 1 .67 
.144435+000 -.975864-001 -.648423-001 

-.280517-001 -.155135+000 -.288565+000 
25 .166301+004 1.85 

I 26 .202305+004 1. 62 
.138948""000 .242689+000 .500058+000 

27 .219229+004 1. 58 
.126126+000 .975918-001 .235051+000 

.399007-001 -.163685+000 -.247910+000 

I 28 .201379+004 1 .75 

29 .193373+004 1. 89 
.971507-001 -.904466-001 -.111204+000 

I 
( t interval: 6 min) 

I 



166 I 
EXPERIMENT 3 (Continued) 

t 20'XO'Y p_1 Kx 
I 

Ky Kxy 
(m%) (m%s-1) 

-----------
(m%s-1) (m%s-1) 

-------------- ------------ I ------------
29 .193373+004 1.89 

30 .214878+004 1. 72 
.258057-001 .157655+000 .298692+000 

31 .217197+004 1.68 
-.338872-001 ,.306353-001 .322067-001 I 

.153213+000 -.138242+000 -.159537+000 
32 .205711+004 1.88 

33 .174182+004 2.09 
-.159922+000 -.180402+000 -.437894+000 I 

.165721+000 .323181+000 .698428+000 
34 .224469+004 1.73 

35 .233033+004 1.67 
.416440-002 .686154-001 .118940+000 I .628655-001 -.789813-001 -.985979-001 

36 .225934+004 1. 76 

37 .222397+004 1. 73 
-.894530--001 .122511-002 -.491165-001 

.245417+000 -.807150-001 -.106717-001 I 
38 .221629+004 1.90 

39 .253139+004 1.77 
.189424+000 .182696+000 .437643+000 

40 .293915+004 1.59 
.132325+000 .291442+000 .566324+000 I 
.495580-001 .261168+000 .429486+000 

41 .324838+004 1.46 

42 .338768+004 1. 53 
.298796+000 -.459092-002 .193481+000 I 
.181582+000 -.155864+000 -.132539+000 

43 .329225+004 1. 65 

44 .311889+004 1. 69 
-.100549+000 -.108091+000 -.240783+000 I 

.713528-001 -.269752-001 -.446256-002 
45 .311568+004 1.73 

46 .390645+004 1.55 
.453646+000 .503138+000 .109830+001 I .788794+000 - .. 422081+000 -.271822+000 

47 .371074+004 1. 93 

48 .428321+004 1. 83 
.472697+000 .289068+000 .795100+000 

49 .434902+004 1. 83 
.849842-001 .245710-001 .914012-001 I 

-.184048+000 .329894+000 .466717+000 
50 .468506+004 1. 65 

51 .498261+004 1.63 
.277176+000 .149026+000 .413277+000 I 
.290819+000 .160316+000 .439174+000 

52 .529882+004 1.61 

53 .467973+004 1 .58 
-.784099+000 -.230938+000 -.859851+000 I 

.178354+000 -.147398+000 -.129762+000 
54 .458630+004 1.67 

55 .442224+004 1. 77 
.102617+000 -.167574+000 -.227858+000 I -.203405+000 -.189304+000 -.453611+000 

56 .409564+004 . 1.83 

57 .425933+004 1.75 
-.442336-001 .140735+000 .227339+000 

.663718+000 -.202661+000 -.205125-001 I 
58 .424456+004 1. 98 

.594337+000 .288468-001 .352522+000 
59 .449837+004 2.06 

60 .473771+004 1.90 
-.176777+000 .213315+000 .332409+000 I 

( t interval: 6 min) 

I 
I 



I 167 

I EXPERIMENT 3 (Continued) 

t 2CJXCJ y p_1 Kx Ky Kxy 

I (m 3 ) (m 3 s- 1 ) 

-----------
(m 3 s- 1 ) (m 3 s-1 ) 

------------ ---------:"'"--- ------------

60 .473771+004 1. 90 

I 61 .465342+004 1.93 
-.711085-002 -.591286-001 -.117064+000 

.131036+001 .780981-001 .809706+000 
62 .523641+004 2.08 

I 63 .518589+004 2.29 
.686134+000 -.176411+000 -.701693-001 

64 .478111+004 2.34 
-.487655+000 -.151928+000 -.562187+000 

-.876737+000 .261032+000 .163578+000 

I 65 .489889+004 2.02 

66 .483525+004 2.20 
.508048+000 -.156124+000 -.883917-001 

-.303627+000 -.618061+000 -.164294+001 

I 
67 .365233+004 2.79 

68 .278901+004 3.56 
-.188366+000 -.364091+000 -.119905+001 

.262270+001 .213093+000 .149528+001 
69 .386562+004 3 .55 

I 70 .629055+004 4.17 
.870465+001 .290115+000 .336796+001 

.901672-001 .169910-001 .923564-001 
71 .635704+004 4.15 

I 72 .626831+004 4.33 
.516763+000 -.578956-001 -.123238+000 

73 .655913+004 4.33 
.882642+000 .462045-001 .403912+000 

.347743+000 .863382-001 .449505+000 

I 74 .688277+004 4.20 

75 .713031+004 
.754666-001 .788067-001 .343797+000 

4.07 
-.382447+000 -.149604+000 -.716808+000 

I 
76 .661421+004 4.30 

77 .689211+004 4 .81 
.326361+001 -.727953-001 .385975+000 

.214776+001 .674143-001 .770081+000 
78 .744657+004 4.87 

I 79 .804846+004 4.58 
.454403+000 .156708+000 .835957+000 

-.117618+001 -.184820-001 -.342678+000 
80 .780173+004 4.51 

I 81 .757929+004 4.50 
-.743931+000 -.319240-001 -.308942+000 

.149941+000 .166513+000 .760333+000 
82 .812673+004 4.23 

.240432+001 -.196652-002 . 5 4 6 5 6 6-+ 0 0 0 

I 83 .852026+004 4.44 

84 .825647+004 
-.191812+000 -.720767-001 -.366374+000 

4.55 
-.353236+001 .140054+000 -.229106+000 

I 
85 .809151+004 4.01 

86 .847085+004 3 .80 
-.164594+000 .145791+000 .526862+000 

.246070+001 -.792942-001 .308551+000 
87 .869301+004 4.11 

I 88 .895890+004 4.43 
.276148+001 -.648971-001 .369297+000 

.301675+001 -.547862-001 .404282+000 
89 .924998+004 4.76 

I 90 .921266+004 4.65 
-.862322+000 .279200-001 -.518333-001 

-.898694+000 .279890+000 .102727+001 
91 .995230+004 4.17 

I ( t interval: 6 min) 

I 



Hi8 

t 

91 

92 

93 

94 

95 

96 

97 

98 

20'XO'Y 
(m ~) 

-----------
.995230+004 

.905471+004 

.103877+005 

.106276+005 

.115503+005 

.111840+005 

.108766+005 

.973784+004 

EXPERIMENT 3 (Continued) 

p_1 Kx Ky 
(m~s-1) (m~s-1) 

------------ ------------

4.17 
.305456+001 -.416530+000 

5.07 
.106384+002 -.161879-001 

5.90 
.572881+001 -.948390-001 

6.54 
.473514+001 .853726-001 

6.61 
-.422561+001 .228345-001 

6.28 
-.179429+001 -.223732-001 

6.22 
-.860110+001 -.228319-001 

5.68 

( t interval: 6 min) 

Kxy 
(m~s-1) 

------------

-.124665+001 

.185140+001 

.333178+000 

.128152+001 

-.508727+000 

-.426920+000 

-.158167+001 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

20'XO'Y p_1 

( m:q 
-----------

.397148+003 1 .11 

.414308+003 1.07 

.388794+003 1.14 

.407008+003 1.29 

.400523+003 1. 23 

.390669+003 1. 23 

.403505+003 1. 35 

.394694+003 1.45 

.393288+003 1.82 

.409924+003 1. 86 

.366918+003 1. 76 

.310608+003 2.09 

.351075+003 2.78 

.454067+003 2.89 

.363704+003 3 .39 

.390738+003 3 .63 

.391817+003 3.08 

.448262+003 3.04 
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EXPERIMENT 4S 

Kx Ky Kxy 
(m~s-1) (m~s-1) (m~s-1) 

---------- ------------ ------------

.773721-003 .212501-001 .238343-001 

.646607-003 -.326903-001 -.354373-001 

.561538-001 -.173642-001 .252976-001 

-.228097-001 .728388-002 -.900746-002 

-.639013-002 -.690352-002 -.136853-001 

.445067-001 -.128598-001 .178274-001 

.170592-001 -.174808-001 -.122367-001 

.102047+000 -.399193-001 -.195295-002 

.307296-001 .348418-002 .231054-001 

-.809869-001 -.826786-002 -.597309-001 

.367652-002 -.419206-001 -.782088-001 

.225188+000 -.151989-001 .562051-001 

.233509+000 .214016-001 .143044+000 

-.535825-001 -.347654-001 -.125505+000 

.126946+000 .389613-003 .375473-001 

-.145513+000 .134809-001 .149904-002 

.108916+000 .139873-001 .783962-001 

( t interval: 6 min) 



:170 

t 

o 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

20'XO'Y 
(m:q 

-----------

.137300+006 

.136942+006 

.135854+006 

.134744+006 

.134745+006 

.136286+006 

.137375+006 

.135748+006 

.133489+006 

.132602+006 

.132966+006 

.132027+006 

.128258+006 

.128005+006 

.131066+006 

.133877+006 

EXPERIMENT 

p_1 Kx 
(m Z s-1 ) 

------------

1.18 
.121725+001 

1.20 
.191092+001 

1.23 
.113671+001 

1. 25 
.208344+001 

1.27 
.417812+001 

1.30 
.314001+001 

1.32 
.167241+001 

1.36 
-.122137+001 

1.37 
-.155443+001 

1.36 
.182337+001 

1.37 
.170808+001 

1.40 
.289935+000 

1.45 
.566040+000 

1.46 
.706337+000 

1.43 
.163328+001 

1.42 

( t interval: 

4L 

Ky Kxy 
(m Z s-1 ) (m Z s-1 ) 

------------ ------------

-.128123+001 -.496571+000 

-.255298+001 -.151114+001 

-.199093+001 -.154228+001 

-.131350+001 .193414-002 

-.866060+000 .213949+001 

-.672403+000 .151375+001 

-.262131+001 -.226062+001 

-.164605+001 -.313741+001 

-.668016-001 -.123245+001 

-.606316+000 .506779+000 

-.182656+001 -.130470+001 

-.381858+001 -.523491+001 

-.510821+000 -.351400+000 

.260714+001 .425103+001 

.193718+001 .390494+001 

6 min) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

2aXa y p_1 

(m ~ ) 
-----------

.710192+003 2.66 

.756458+003 2.64 

.691990+003 2.97 

.706607+003 2.79 

.678009+003 2.74 

.790164+003 2.53 

.742839+003 2.71 

.761710+003 2.64 

.798347+003 2.53 

.883574+003 2.35 

.864336+003 2.25 

.941117+003 2.33 

.857524+003 2.42 

.101787+004 2.08 

.100567+004 2.27 

.106294+004 2.14 

.111228+004 2. 06 

.125777+004 1.89 
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EXPERIMENT 5S 

Kx Ky Kxy 
(m~s-1) (m~s-1) (m~s-1) 

------------ ------------ ------------

.734079-001 .137945-001 .642580-001 

.395304-001 -.370999-001 -.895385-001 

-.549530-001 .136832-001 .203018-001 

-.821984-001 -.361506-002 -.397193-001 

.100057+000 .447847-001 .155770+000 

.107400-001 -.266626-001 -.657287-001 

-.568855-002 .105993-001 .262095-001 

.103611-001 .181483-001 .508855-001 

.349172-001 .427242-001 .118371+000 

-.910119-001 .563242-002 -.267202-001 

.171505+000 .138315-001 .106641+000 

-.775850-001 . -.351599-001 -.116103+000 

.262479-001 .943731-001 .222706+000 

.113997+000 -.320403-001 -.169435-001 

-.323794-002 .368136-001 .795415-001 

.106500-001 .302455-001 .685251-001 

.625717-001 .864277-001 .202064+000 

( t interval: 6 min) 
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EXPERIMENT 

t 2<JX<J y p_1 Kx 
(m2.) (m2.s-1) 

----------- ------------

0 .112318+006 1.18 
.126472+001 

1 .112058+006 1.20 
.270480+001 

2 .112453+006 1. 23 
.792437+000 

3 .112542+006 1.24 
.258176+001 

4 .112929+006 1. 27 
.188109+001 

5 .113436+006 1.29 
.131814+001 

6 .114833+006 1.29 
.147089+001 . 

7 .116914+006 1. 28 
-.271311+000 

8 .117091+006 1.28 
.648541+000 

9 .117526+006 1.28 
.193004+001 

10 .119242+006 1. 29 
.204024+001 

11 .121033+006 1. 29 
.195690+001 

12 .122335+006 1 .30 
.147962+001 

13 .123166+006 1 .31 
.150458+001 

14 .124621+006 1.31 
.184886+001 

15 .126135+006 1.32 
.931128+000 

16 .126744+006 1.32 
.783628+000 

17 .127449+006 1.32 

( t interval: 

5L 

Ky 
(m 2 s-1 ) 
----------

-.119656+001 

-.138174+001 

-.419817+000 

-.121420+001 

-.602394+000 

.711496+000 

.135900+001 

.357384+000 

.758030-001 

.685817+000 

.701177+000 

.228987+000 

.147359-001 

.666590+000 

.528594+000 

.105703+000 

.291541+000 

6 min) 

Kxy 
(m 2 s-1) 

------------

-.361263+000 

.548201+000 

.123542+000 

.537736+000 

.703868+000 

.193993+001 

.289077+001 

.245249+000 

.604175+000 

.238443+001 

.248734+001 

.180773+001 

.115403+001 

.202195+001 

.210221+001 

.845905+000 

.978391+000 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

t 

0 

1 

2 

3 

4 

5 

6 

7 

20'XO'Y p_1 

( m 2. ) 
-----------

.570691+003 2.61 

.637263+003 2.39 

.673334+003 2.46 

.748851+003 2.33 

.804927+003 2.34 

.910275+003 2.35 

.862789+003 2.42 

.829995+003 2.46 

.876818+003 2.34 

20'XO'Y p_1 

(m 2. ) 
-----------
.377532+005 1.61 

.390947+005 1.61 

.398330+005 1.61 

.408265+005 1.64 

.414404+005 1.66 

.417640+005 1.69 

.411949+005 1.72 

.407374+005 1. 74 
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EXPERIMENT 68 

Kx Ky Kxy 
(m2. s -1) (m2. s -1) (m2. s -1) 

---------~-- ------------ ------------

.226556-001 .333960-001 .924605-001 

.920650-001 .500843-002 .500982-001 

.603457-001 .333051-001 .104885+000 

.963763-001 .156772-001 .778841-001 

.175893+000 .304071-001 .146316+000 

-.305380-001 -.222894-001 -.659526-001 

-.318325-001 -.133063-001 -.455473-001 

.680387-002 .258846-001 .650315-001 

( t interval: 6 min) 

EXPERIMENT 6L 

Kx Ky Kxy 
(m2.s-1) (m2.s-1) (m2.s-1) 

------------ ------------ ------------

.126877+001 .667833+000 .186325+001 

.971891+000 .261889+000 .102550+001 

.180856+001 .163667+000 .137981+001 

.131892+001 .312768-001 .852611+000 

.126993+001 -.185253+000 .449413+000 

.118354+000 -.505309+000 -.790344+000 

.196205+000 -.433258+000 -.635406+000 

( t interval: 6 min) 
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t 20"XO"Y 
(m 2 ) 

-----------

0 .372081+004 

1 .375518+004 

2 .396259+004 

3 .463719+004 

4 .489606+004 

5 .482536+004 

6 .488807+004 

7 .504902+004 

8 .527311+004 

9 .567677+004 

10 .609206+004 

11 .637850+004 

12 .701751+004 

13 .749470+004 

EXPERIMENT 8D 

p_1 Kx Ky 
(m 2 s- 1 ) (m 2 s-1 ) 

------------ ------------

2.38 
.982096-001 .274514-002 

2 .39 
.426910-001 .115512+000 

2.28 
.228883+000 .387437+000 

2.02 
-.128087+000 .218495+000 

1.88 
-.320200-001 -.430670-001 

1 .89 
-.202566+000 .106082+000 

1.81 
-.379604+000 .257164+000 

1 .64 
.387742+000 .469366-001 

1. 68 
.703998-001 .317795+000 

1.58 
.169091+000 .302610+000 

1.51 
-.503141-001 .293760+000 

1.43 
.160839+000 .558193+000 

1 .33 
.533078+000 .197977+000 

1 .35 

( t interval: 6 min) 

Kxy 
(m 2 s-1 ) 

------------

.477415-001 

.288069+000 

.936951+000 

.359531+000 

-.981884-001 

.870906-001 

.223544+000 

.311236+000 

.560643+000 

.576792+000 

.397833+000 

.887514+000 

.662761+000 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

2GXGy p_1 

(m l ) 

-----------

.846660+004 1.32 

.891286+004 1.35 

.844774+004 1.35 

.824015+004 1.35 

.841851+004 1.38 

.818398+004 1.33 

.817324+004 1.37 

.800810+004 1.34 

.848394+004 1.34 

.865617+004 1.40 

.802699+004 1.42 

.779041+004 1 .43 

.776110+004 1.42 
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EXPERIMENT 88 

Kx Ky Kxy 
(m l s-1) (m l s-1) (m l s-1) 

---------- -- ------------ ------------

.602329+000 .126491+000 .619806+000 

-.463988+000 -.223917+000 -.646003+000 

-.184018+000 -.112625+000 -.288329+000 

.373729+000 -.188678-001 .247733+000 

-.506437+000 .344460-001 -.325743+000 

.218585+000 -.130130+000 -.149151-001 

-.330373+000 .100607-001 -.229357+000 

.442385+000 .246822+000 .660884+000 

.502615+000 -.926904-001 .239217+000 

-.475467+000 -.380363+000 -.873864+000 

-.204816+000 -.129675+000 -.328593+000 

-.102353+000 .219129-001 -.407063-001 

( t interval: 6 min) 
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EXPERIMENT 10 

t 2crXO'Y p_1 Kx 
I 

Ky Kxy 
(m Z ) (m Z s- 1 ) (m Z s- 1 ) 

-----------
(m Z s- 1 ) 

------------ ------- I ----- ------------

0 .134249+004 1.40 

1 .153660+004 1.41 
.121889+000 .533738-001 .161756+000 

2 .178838+004 1.50 
.216925+000 .418466-001 .209818+000 I 
.253077+000 .294666-001 .208152+000 

3 .203816+004 1.62 

4 .222447+004 1.59 
.987576-001 .584354-001 .155258+000 I 
.627109-001 .365873-001 .975007-001 

5 .234147+004 1. 57 

6 .263738+004 1.60 
.220108+000 .679617-001 .246589+000 I 
.812335-001 .360472-001 .108422+000 

7 .276749+004 1.59 

8 .296856+004 1.61 
.160454+000 .420899-001 .167564+000 I .773167-001 .304026-001 .969733-001 

9 .308493+004 1. 61 

10 .315157+004 1.63 
.654928-001 .933173-002 .555284-001 

.107368+000 -.921051-002 .496872-001 I 
11 .321119+004 1.68 

.157084+000 -.238388-001 .502678-001 
12 .327151+004 1.76 

13 .332910+004 1.80 
.984228-001 -.403685-002 .479886-001 I 

-.386893-001 -.206089-001 -.586675-001 
14 .325870+004 1.81 

15 .312571+004 1.76 
-.176581+000 -.666487-002 -.110821+000 I 
-.137438+000 -.326396-002 -.850542-001 

16 .302365+004 1.71 

17 .313928+004 1 .73 
.114171+000 .174084-001 .963587-001 I .124293+000 -.552156-002 .610398-001 

18 .321252+004 1.78 

19 .323245 +004 1.94 
.223141+000 -.555967-001 .166042-001 

.182879+000 -.604225-001 -.311673-001 I 
20 .319505+004 2.10 

21 .324370+004 2.21 
.188317+000 -.218259-001 .405406-001 

22 .324269+004 2.32 
.156742+000 -.309527-001 -.842133-003 I 
.948918-001 -.236637-001 -.158330-001 

23 .322369+004 2.41 

24 .324618+004 2.55 
.209611+000 -.266283-001 .187433-001 I 
.255819+000 -.196788-001 .462769-001 

25 .330171+004 2.69 

26 .328387+004 2.84 
.185471+000 -.296815-001 -.148720-001 I .297097+000 -.770970-001 -.134263+000 

27 .312275+004 3 .21 

28 .299641+004 3 .60 
.308592+000 -.577146-001 -.105281+000 

.413883+000 -.386196-001 -.368896-001 I 
29 .295215+004 3 .99 

30 .306629+004 4.10 
.338952+000 .280176-002 .951204-001 

31 .310652+004 4.50 
.576965+000 -.234559-001 .335240-001 I 

( t interval: 10 min) I 
I 



I 177 

I 
I EXPERIMENT 11 

t 2C1XC1y p_1 Kx 

I 
Ky Kxy 

(m~) (m~s-1) 
----------- ------------

(m~s-1) (m~s-1) 
------------ ----------

0 .805646+003 1. 60 

I 1 .876826+003 1.70 
.840461-001 .504244-002 .593167-001 

.823263-001 .456449-001 .125492+000 
2 .102742+004 1. 64 

I 3 .117464+004 1. 63 
.948433-001 .395615-001 .122691+000 

4 .135131+004 1.65 
.129474+000 .416221-001 .147221+000 

.115311+000 .336353-001 .125332+000 

I 5 .150171+004 1.67 

6 .168212+004 
.140606+000 .396529-001 .150343+000 

1.69 
.116048+000 .740216-001 .192694+000 

I 
7 .191335+004 1.63 

8 .216929+004 1. 5 8 
.127950+000 .832611-001 .213281+000 

.120438+000 .704470-001 .187195+000 
9 .239392+004 1. 5 5 

I 10 .253710+004 1.52 
.619833-001 .513973-001 .119310+000 

.346344-001 .440339-001 .893374-001 
11 .264430+004 1.49 

I 12 .277669+004 1.49 
.800761-001 .379745-001 .110326+000 

.431714-001 .744141-001 .138485+000 
13 .294287+004 1.44 

I 14 .306862+004 1.40 
.201149-001 .638568-001 .104790+000 

15 .310788+004 
-.272633-001 .380876-001 .327116-001 

1.36 
-.454318-002 .387252-001 .486935-001 

I 
. 16 .316631+004 1.33 

17 .338762+004 1.21 
-.440856-001 .172697+000 .184430+000 

-.884367-001 .110624+000 .537309-001 
18 .345210+004 1.13 

I 19 . .343291+004 1. 09 
-.706691-001 .432677-001 -.159892-001 

-.132646-001 .750518-001 .677214-001 
20 .351418+004 1.05 

I 21 .373116+004 1. 05 
.903940-001 .902172-001 .180813+000 

.970192-001 .568045-001 .151938+000 
22 .391348+004 1. 06 

I 23 .402254+004 1. 05 
.383587-001 .516697-001 .908837-001 

24 .409822+004 
.233348-001 .388979-001 .630659-001 

1. 05 
.797762-001 .285256-001 .105752+000 

I 
25 .422512+004 1. 06 

( t interval: 10 min) 

I 
I 
I 
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t 20'XO'Y 
(m ~ ) 

-----------

25 .422512+004 

26 .432472+004 

27 .443246+004 

28 .454329+004 

29 .463110+004 

30 .474115+004 

31 .491388+004 

32 .514741+004 

33 .541173+004 

34 .570607+004 

35 .610150+004 

36 .645212+004 

EXPERIMENT 11 (Continued) 

p_1 Kx Ky 
(m~s-1) (m Z s-1 ) 

------------ ------------
1.06 

.913136-001 -.187691-002 
1.09 

.991842-001 -.290248-003 
1.11 

.871231-001 .132086-001 
1.13 

.135696+000 -.380537-001 
1.18 

.153874+000 -.296085-001 
1.23 

.182777+000 -.129954-002 
1.28 

.243080+000 .651711-002 
1.33 

.298483+000 .146192-002 
1.40 

.275407+000 .363636-001 
1.44 

.372535+000 .518779-001 
1.50 

.357298+000 .378440-001 
1.55 

( t interval: 10 min) 

Kxy 
(m Z s-1 ) 

------------

.829993-001 

.897785-001 

.923624-001 

.731713-001 

.917110-001 

.143941+000 

.194604+000 

.220268+000 

.245285+000 

.329526+000 

.292182+000 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 

I 
j 

I 
I 
I 
I 
e 
I 
I 

t 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

2aXay p_1 

(m ~ ) 
-----------

.679065+004 2.77 

.747083+004 2.73 

.813214+004 2.65 

.879712+004 2.54 

.965905+004 2.41 

.105000+005 2.28 

.111790+005 2.17 

.117537+005 2.11 

.123125+005 2.09 

.129590+005 2.07 

.136125+005 2.05 

.146749+005 2.08 

.157941+005 2.06 

.168566+005 2.06 

.177049+005 2.05 

.183061+005 2.06 

.186415+005 2.11 

.186983+005 2.18 
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EXPERIMENT 12 

Kx Ky Kxy 
(m~s-1) (m~s-1) (m~s-1) 

------------ ------------ ------------

.685072+000 .11.5531+000 .566814+000 

.464677+000 .140646+000 .551094+000 

.319620+000 .166284+000 .554151+000 

.424124+000 .221084+000 .718272+000 

.250616+000 .253337+000 .700827+000 

.144584+000 .225229+000 .565839+000 

.224732+000 . 174660+000 ;478869+000 

.364549+000 .139108+000 .465640+000 

.446685+000 .155891+000 .538771+000 

.483286+000 .150502+000 .544564+000 

.106723+001 .178445+000 .885357+000 

.832115+000 .256492+000 .932712+000 

.967082+000 .201899+000 .885357+000 

.650629+000 .189881+000 .706958+000 

.529279+000 .118473+000 .501021+000 

.694170+000 -.259132-001 .279497+000 

.625670+000 -.113982+000 .472662-001 

( t interval: 6 min) 
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exhibit negative values although the cluster area generally increased 

with time. Since the x and y axes do not necessarily coincide with 

the principal axes of the drogue cluster, the variances in those 

directions may not always increase with time. 

Following Okubo and Ebbesmeyer (1976), time series of the mean 

velocity, horizontal divergence Cy), relative vorticity (n), stretching 

deformation rate (a), and shearing deformation rate (h) were computed . 

Observations of the x,y coordinates of each drogue were used to 

calculate u,v speeds of n drogues simultaneously at m times by in 

place differentiation of the position coordinates. 

xi (k), y i (k) 

u. (k), v. (k) 
~ ~ 

i = 1,2,3, . •. n 

k l,2,3, ... m 

Next the u. ,v. speeds of each drogue at each time were expanded in 
~ ~ 

Taylor series about the centroid located at i(k), y(k): 

u. (k) 
~ 

v . (k) 
~ . 

where 

~ -u(k) · duCk) 
u(k) + a [x . (k) - i(k) J + [Y o (k) - y(k) J + u~' (k) 

dX ~ dy ~ ~ 

;(k)+d~(kt[X.(k) _ i(k)J+dV~(kl[y.(k)_Y(k}J + v'.'(k) 
aX ~ ay ~ ~ 

x(k) y(k) 1:. E ( n i=l Yi k) 

dU dU dV dV 
and dX' dY' dX' dy are linear velocity gradients evaluated at the 

centroid, and u'.', v'.' are the turbulent speeds. 
~ ~ 

The velocity gradients and mean velocities were calculated frcm 

I 
I 
I 
I 
I 
I 
I 
I 
,I 

I 
I 
I 

(22) 

I 
I 
I 
I 
a 
,I 

'I 
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the above equations using linear regression techniques. Rather than 

presenting the velocity gradients as such we chose to use the following 

parameters which have more physical meaning: 

Horizontal divergence: y(k) = 

Relative vorticity: n(k) = 

Stretching deformation rate: a(k) 

Shearing deformation rate: h(k) = 

au av -+ 
ax ay 

av au 
ax ay 

au av 
ax ay 

av au 
+ 

ax ay 

, 

, 

, and 

Table 19 shows the results of the velocity-gradient parameter 

computations. By and large these absolute values range from 10-45-1 

to 10-6s-1 as far as the order of magnitude is concerned. On the 

average, the velocity gradient field is characterized by positive 

divergence. In particular, for the entire period of Experiments #1 

and 11 the flow was predominantly divergent. As will be discussed 

later, the current meter records also reveal predominant divergence 

in the experimental area. 

Three drogue experiments (#4,5,6) in which a small cluster of 

8 drogues was surrounded by a larger cluster of 8 drogues were 

carried out during the July 1980 LEDS experiments. All drogues 

were set at 10 ft depths. Figure 81 shows velocity gradient parameters 

for the large and small clusters of Experiment #6 as a function of 

time. Clearly the velocity gradients show similar trends for both 

the large and small scale clusters, with the magnitude being much 
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t 

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Table 19 

Velocity gradient parameters obtained from drifter 
observation, Experiments 1, 3, 48, 4L, 58, 5L, 68, 

6L, 88, 8D, 10, 11, 12. 

EXPERIMENT 1 

divergence 
( s -1). 

shearing 
(s-l) 

stretching 
(s-l) 

vorticity 
(s-l) 

---------- ---------- ---------- ----------
.1639-004 -.6978-004 -.2671-003 -.2621-005 
.2447-003 .4647-004 -.2001-003 .4521-004 
.1227-003 -.3585-004 .2075-004 .2086-004 
.1458-003 -.13 .44-003 -.9008-004 .5694-004 
.1971-003 -.1438-003 -.4043-003 .2349-003 
.8823-004 -.2138-003 -.3418-003 .1668-003 
.1840-003 -.1559-003 -.2772-003 .4506-004 
.2699-003 -.5981-004 -.3234-003 .9112-004 
.1848-003 -.9901-004 -.3031-003 .1284-003 
.3945-004 -.8791-004 -.2593-003 .1308-003 
.3509-004 -.4135-004 -.1522-003 .2574-004 
.1049-003 -.1198-003 -.1333-003 .1432-004 
.1293-003 -.1296-003 -.1771-003 .4428-004 
.1330-003 -.8218-004 -.2710-003 .1421-003 
.1357-003 -.8848-004 -.4200-003 .3064-003 
.1659-003 .3620-004 -.2964-003 .1487-003 
.2066-003 -.9525-005 .1305-003 -.1440-003 
.7255-004 -.1473-003 .8668-004 -.4385-004 
.1091-003 -.5358-004 -.3172-004 .2209-004 
.6943-004 -.1420-004 -.1282-003 .4972-004 
.5263-004 .6652-004 -.1558-003 .1473-004 
.9965-004 .2437-003 -.7660-004 -.1416-003 

( t interval: 6 min) 

I 
I 
J 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
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I 
I 

EXPERIMENT 3 

I t divergence shearing stretching vorticity 
(5- 1 ) (5-1 ) (5-1 ) (5- 1 ) 

I ---------- ---------- ---------- ----------
0 -.5648-003 .5386-003 .3265-003 -.9419-005 
1 .1795-004 -.5689-003 .8421-004 .5227-003 

I 
2 -.2186-003 -.3127-003 -.3168-003 .3866-003 
3 .2063-003 -.3314-003 .8592-006 .2558-003 
4 .1272-003 -.1967-003 .3413-003 .4944-005 
5 .9667-004 -.1974-003 .3402-003 .1636-003 

I 6 .5000-003 -.2904-003 .2843-003 .1084-003 
7 .2153-003 .2281-003 .3974-004 -.2564-003 
8 .8444-004 -.1234-004 .1315-003 -.3109-004 

I 9 .4432-003 -.5333-003 . . 5585-004 .1775-003 
10 .5879-004 -.1536-004 .1095-003 -.7223-004 
11 -.8686-004 .1327-003 .1498-003 -.4920-004 

I 
12 .4062-003 -.2124-003 - .183 0-003 .1926-003 
13 .3628-003 -.2960-003 -.1266-003 .2178-003 
14 .4517-004 -.1778-004 -.1081-003 .1852-003 

I 
15 -.2442-003 .2634-003 -.1018-003 -.7885-005 
16 .2823-003 -.2503-003 -.1748-003 .2414-003 
17 .3713-003 -.3245-003 .1737-003 .3911-003 
18 .1676-005 .7041-004 .2902-003 .9110-004 

I 
19 -.5836-004 .7902-004 .2211-003 .1104-003 
20 .2389-003 -.2761-003 .2960-003 .4110-003 
21 .4084-003 -.2849-003 -.3226-004 .3084-003 

I 
22 .3770-003 -.1551-003 -.2064-003 -.9270-004 
23 .1854-003 .5553-004 -.2309-004 -.3070-003 
24 -.1781-003 . . 3501-003 .1086-003 -.1806-003 
25 .1090-003 .1233-003 -.1334-003 .2111-004 

I 26 .3767-003 -.1588-003 -.1448-003 .2212-004 
27 -.5227-005 .5373-004 .8676-004 -.8478-004 
28 -.1984-003 .9140-004 .2586-003 -.2501-003 

I 
29 .1130-003 .7036-004 -.1037-003 -.1796-004 
30 .1650-003 .1376-003 -.3375-003 .9766-004 
31 -.7415-004 .2896-003 -.2005-003 -.1199-004 

I 
32 -.3042-003 .3836-003 -.1258-003 -.2466-004 
33 .1000-003 -.1546-003 .7095-004 -.2029-003 
34 .4310-003 -.4691-003 .7987-004 -.2153-003 
35 .2131-005 -.7300-004 .1257-003 -.1224-003 

I 36 -.6632-004 .6727-004 .1881-005 -.1176-003 
37 -.5805-004 .1479-003 .7387-004 -.8161-004 

I (t interval: 6 min) 

I 

-
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EXPERIMENT 3 (Continued) 

I t divergence shearing stretching vorticity 
(s-1) (s-1) (s-1) (s-1) 

I ---------- ---------- ---------- ----------
38 .2241-003 .2224-004 -.3753-004 -.3622-004 
39 .3985-003 -.1837-003 -.1790-003 -.2483-004 

I 40 .3430-003 -.2014-003 -.1831-003 .2129-004 
41 .1847-003 -.8235-004 .6029-006 -.7559-004 
42 .1680-004 -.1101-003 .2162-003 -.2136-003 
43 -.1131-003 .8531-004 .1388-003 -.3359-003 I 44 -.8430-004 .8982-004 .4590-004 -.6552-004 
45 .3137-003 -.1082-003 -.9034-004 -.2871-004 
46 .2296-003 -.1740-004 .1719-003 -.5607-004 I 47 .1534-003 -.1580-003 .2228-003 .1578-003 
48 .2012-003 -.7429-004 -.6780-004 -.1067-004 
49 .1358-003 -.1473-003 -.1729-003 .1039-005 

I 50 .1933-003 -.3068-003 -.2462-003 -.1373-003 
51 .1738-003 -.9175-005 -.3304-004 -.1373-003 
52 -.8943-004 .1129-003 .2859-004 .5896-005 
53 -.2121-003 .8269-004 .8206-004 -.1322-003 t 54 -.6567-004 .6972-004 .1912-003 -.1174-003 
55 -.1662-003 -.1555-004 .1419-003 -.8031-004 
56 -.4733-004 -.4306-004 -.4092-004 -.9610-004 

! 57 .6111-004 -.2609-003 -.3377-004 -.9057-004 
58 .5202-004 -.2753-003 .1050-003 -.3476-004 
59 .1604-003 .4080-004 -.5441-004 .5965-004 

I 60 -.2189-004 .1529-003 -.4376-004 -.2045-003 
61 .1465-003 -.1139-003 .7196-004 -.4042-003 
62 .1914-003 -.1925-003 .1716-003 -.1090-003 
63 -.1165-003 -.1990-004 .2345-003 .1378-003 I 64 -.6935-004 .122.3-003 -.1269-003 .5392-004 
65 .1058-004 .2024-004 -.9061-004 -.6403-004 
66 -.4523-003 -.7843-004 .5727-003 -.3841-003 

I 67 -.8788-003 -.3074-004 .1022-002 -.8240-003 
68 -.8026-004 -.2836-003 .3298-003 -.6005-003 
69 .1157-002 -.6909-003 -.8984-003 -.1299-004 

t 70 .6910-003 -.1777-003 -.5055-003 .7899-004 
71 .2975-005 -.4462-004 .5846-004 -.1461-003 
72 .54~3-004 -.3606-004 -.1792-003 .5440-004 
73 .1295-003 .4767-004 -.4582-004 -.1709-004 
74 .1137-003 .7201-004 .9980-004 -.6760-004 

( t in t e rv a1 : 6 min) 

I 
I 

-
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·1 
I 
I 
I , 
I 
1 
I 
I 
I 
t 
I 
I 
I 
I· 

t 

75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 

divergence 
(s-l) 

----------
-.6948-004 
-.1072-003 

.1986-003 

.2367-003 

.6910-004 
-.9054-004 

.5795-004 

.1697-003 
-.8869-005 
-.6277-004 

.5252-004 

.1047-003 

.7701-004 

.8640-004 

.1519-004 

.5779-004 

.4919-005 

.6305-004 

.2340-003 

.1441-003 

.7312-004 
-.7975-004 
-.1970-003 
-.4055-003 

185 

EXPERIMENT 3 (Continued) 

shearing stretching vorticity 
(s-l) (s-l) (s-l) 

---------- ---------- ----------
-.5946-004 .1112-003 -.6441-004 
-.3011-003 .8539-004 -.2567-003 
-.1079-003 -.8248-004 -.3406-003 

.1552-003 -.1924-003 -.6042-004 

.1237-003 -.9658-005 -.1106-004 
-.1843-004 .8220-004 -.5886-004 

.7527-004 . 6248-004 -.8043-005 

.6216-004 -.7503-004 .1562-005 
-.6861-004 -.1398-003 .3577-004 

.1708-003 -.2378-004 .1576-003 

.2707-003 .5782-004 .1236-003 
-.1533-004 -.4832-004 -.4250-004 
-.1980-003 -.8566-004 -.1625-003 
-.1768-003 -.1026-003 -.1367-003 

.1734-004 -.1739-003 .1611-003 

.2781-003 -.1757-003 .4600-003 
-.8795-005 -.1726-003 .6350-004 
-.2944-003 -.4318-003 -.1479-003 

.1737-003 -.6570-003 .3482-003 

.2504-003 -.4625-003 .3525-003 

.3589-003 -.2379-003 .3984-003 

.2816-003 -.1253-003 .2909-003 
-.1077-003 .2751-003 -.2601-003 
-.1667-003 .6116-003 -.5141-003 

( t interval: 6 min) 
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EXPERIMENT 4S 

t divergence shearing stretching vorticity I 
(s-l) (s-l) (s-l) (s-l) 

---------- ---------- ---------- ---------- I 0 .2134-003 .1550-003 -.7642-004 .6218-004 
1 - .1814-004 -.1884-003 -.1501-003 .9413-005 
2 -.1833-004 -.1986-003 -.3617-003 -.9085-004 I 3 .2926-004 -.1111-003 -.1137-005 -.1581-003 
4 -.5699-004 -.8747-004 .2094-003 -.1270-003 
5 .7029-005 -.5107-004 -.2300-003 -.1553-003 

I 6 .3487-004 .1203-003 -.3718-003 -.4889-004 
7 -.7008-004 -.9824-004 -.4563-003 -.2836-003 
8 .4836-004 -.1354-003 -.3201-003 -.5247-003 

I 9 - . 7279-004 .2566-004 .5057-004 -.4048-003 
10 -.4002-003 .7213-004 -.1307-003 -.4276-003 
11 -.2772-004 .8748-004 -.6831-003 -.3068-003 
12 .5372-003 -.1255-003 -.4564-003 -.1932-003 I 13 .3947-004 -.4901-003 -.3354-003 -.4380-003 
14 -.2368-003 -.3565-003 -.3932-003 -.5777-003 
15 .7772-004 -.8908-004 .8849-004 -.5431-003 , 16 .2656-003 -.4978-003 .1351-003 -.4200-003 
17 .4917-003 -.6564-003 -.4101-003 .9768-004 

I 
EXPERIMENT 4L 

t divergence shearing stretching vorticity 
, 

(s-l) (s-l) (s-l) (s-l) 

---------- ---------- ---------- ---------- I 0 -.3440-006 -.3632-004 .3456-004 -.5590-005 
1 -.1444-004 -.7020-004 .5844-004 .2162-004 
2 -.2259-004 -.8950-004 .5488-004 .4376-004 

I 3 -.1131-004 -.9412-004 .3283 -004 .4315-004 
4 .1613-004 -.1039-003 .2565-004 .1427-004 
5 .2632-004 -.8282-004 .2530-004 .5924-005 
6 -.5552-005 -.4037-004 .4518-004 .13,69-004 I 7 -.4031-004 -.9209-005 .4589-004 .2447-004 
8 -.3281-004 -.4354-005 .5271-006 .5501-004 
9 -.4605-005 -.6344-004 -.2537-004 .4123-004 t 10 -.5777-005 -.1164-003 -.2264-004 .5568-005 

11 -.5028-004 -.1046-003 .8966-005 -.8896-005 
12 -.4391-004 -.7533-004 .1795-005 .1784-004 

I 13 .3093-004 -.4699-004 -.7460-004 .7555-004 
14 .6242-004 -.3694-004 -.1022-003 .8191-004 
15 .5543-004 -.4714-004 -.8598-004 .5522-004 

I ( t interval: 6 min) 

I 
I 
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I EXPERIMENT 5S 

I 
t divergence shearing stretching vorticity 

(s-1) (s-1) (s-1) (s-1) 

---------- ---------- ---------- ----------

I 
0 .3342-003 -.5030-003 -.2246-003 .1144-003 
1 -.1389-005 -.1836-003 .7410-004 -.3412-004 
2 -.1021-003 -.1423-003 .5002-004 .2232-004 

t 
3 -.3026-004 -.8468-004 -.1462-003 .7257-004 
4 .1676-003 -.4000-004 -.1749-003 .3567-004 
5 .1129-003 .3118-004 .1031-004 .2616-004 
6 -.5390-004 -.4069-004 .4868-004 .1847-003 

I 7 .1043-003 -.1610-003 -.1538-003 .2565-003 
8 .2129-003 -.1759-003 -.2431-003 .1895-003 
9 .1094-003 .1505-003 -.1189-003 -.9503-004 

I 
10 .9607-004 -.3234-004 -.3345-004 -.3532-004 
11 -.3211-004 -.3655-003 -.3738-004 .3448-003 
12 .1351-003 .1591-004 -.1919-003 .5511-004 

I 
13 .2076-003 -.4558-004 -.1108-003 -.5959-004 
14 .5315-004 -.1043-003 -.9061-005 .'8976-004 
15 .1306-003 -.2121-005 -.1489-003 .4939-004 
16 .2435-003 .2079-004 -.2076-003 .4831-004 

I 17 .4679-003 .1727-003 -.2476-003 .2150-005 

I EXPERIMENT 5L 

t divergence shearing stretching vorticity 

I 
(s-1) (s-1) (s-1) (s-1) 

---------- ---------- ---------- ----------
0 -.1511-004 -.3879-004 -.4956-005 .6623-004 

I 
1 .1853-005 -.6241-004 -.1318-004 .6031-004 
2 .5754-005 -.4970-004 -.7534-005 .4971-004 
3 .6140-005 -.4725-004 -.3293-005 .2161-004 
4 .1073-004 -.5550-004 -.6378-005 .2179-004 

I 5 .2304-004 -.2191-004 -.3120-005 .6435-004 
6 .4219-004 .4463-005 .3007-006 .7331-004 
7 .2721-004 .6156-005 .1332-004 .3979-004 

I 
8 .7240-005 -.6880-005 .2313-004 .2037-004 
9 .2532-004 -.1534-004 .1676-004 .2601-004 

10 .4086-004 -.1505-:-004 .1137-004 .3018-004 

t 
11 .3550-004 -.1704-004 .2488-005 .3208-004 
12 .2412-004 -.1883-004 -.2905-005 .3758-004 
13 .2600-004 -.1644-004 .2267-004 .2086-004 
14 .3301-004 -.1537-004 .4037-004 .7091-005 

I 15 .2328-004 -.1302-004 .1976-004 .3170-004 
16 .1444-004 -.7334-005 .1776-004 .4558-004 
17 .1625-004 -.3197-005 .4488-004 .3684-004 

I ( t interval: 6 min) 

I 
I 
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EXPERIMENT 

t divergence shearing 
(s-l) (s-l) 

---------- ----------
0 .2827-003 -.2703-003 
1 .2438-003 -.4924-004 
2 .2134-003 -.9732-004 
3 .2559-003 -.1994-003 
4 .2750-003 -.5922-004 
5 .8159-004 .4162-004 
6 -.1081-003 -.2064-004 
7 .1183-004 -.1701-003 
8 .3162-003 -.3839-003 

( t interval: 

EXPERIMENT 

t divergence shearing 
(s-l) (s-l) 

---------- ----------
0 .1197-003 .1609-004 
1 .7419-004 .1319-004 
2 .6025-004 .1901-004 
3 .5515-004 .2265-004 
4 .3145-004 .9094-005 
5 -.8313-005 .4713-005 
6 -.3495-004 .1820-005 
7 -.2591-004 -.1720-004 

( t interval: 

6S 

stretching 
(s-l) 

----------
-.1439-003 
-.1192-003 

.1240-003 

.2094-003 

.1047-003 

.7600-004 

.1983-003 

.2609-003 

.2452-003 

6 min) 

6L 

stretching 
(s-l) 

----------
-.3945-004 
-.9809-005 

.1922-004 

.3165-004 

.4621-004 

.5381-004 

.5099-004 

.5857-004 

6 min) 

vorticity 
(s-l) 

----------
-.1913-004 

.5330-004 

.2197-003 

.3056-003 

.3321-003 

.3026-003 

.2588-003 

.2618-003 

.3979-003 

vorticity 
(s-l) 

----------
-.1062-004 

.4172-004 

.5532-004 

.4738-004 

.6333-004 

.7003-004 

.7005-004 

.7834-004 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
t 
I 
I 
I 
I 
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I 
EXPERIMENT 8S 

I t divergence shearing stretching vorticity 
(s-l) (s-l) (s-l) (s-l) 

I 
---------- ---------- ---------- ----------

0 .2854-003 .1328-003 .1163-003 . 2928-003 
1 -.2616-005 .1902-004 -.2674-004 .4216-004 

I 
2 -.1069-003 -.1375-006 .5185-004 -.3510-004 
3 -.6899-005 .5137-004 .7015-004 -.8726-004 
4 -.7179-005 -.1493-004 .3727-005 -.8784-004 
5 -.4263-004 -.2920-004 .1331-003 .4340-004 

I 6 -.3113-004 .1316-005 .7567-004 -.2996-004 
7 .5338-004 -.1492-004 -.7442-004 -.1500-003 
8 •. 1070-003 .6545-004 -.1940-004 .7693-005 

I 9 -.7409-004 .8541-004 -.4360-004 .2041-006 
10 -.1487-003 .4252-004 -.9426-004 -.1413-003 
11 -.4728-004 -.2410-004 .7466-004 .1761-006 

I 
12 .2964-004 -.9319-004 .3192-003 .2425-003 

( t interval: 6 min) , 
I EXPERIMENT 80 

divergence shearing stretching vorticity t 

I 
(s-l) (s-l) (s-l) (s-l) 

---------- ---------- ---------- ----------
0 -.3518-003 .2129-003 -.3216-003 .2453-003 

I 
1 .9666-004 .3008-005 .8399-004 .1473-004 
2 .3169-003 -.8768-004 .2849-003 -.6153-004 
3 .3280-003 -.1853-003 .2535-003 .3323-004 
4 .5135-004 -.9980-004 .1527-004 .3493-004 

I 5 -.6850-005 -.5773-004 .1089-005 .4909-005 
6 .7092-004 -.3165-003 -.6641-006 .3386-004 
7 .9487-004 -.2511-003 -.5243-004 -.7436-004 

I, 8 . 1664-003 .6070-005 .7328-004 -.6861-004 
9 .2026-003 -.5749-004 .1436-003 .5455-004 

10 .1658-003 -.1702-003 .6394-004 -.2775-004 

I 
11 .1932-003 -.1850-003 .1065-003 .2071-004 
12 .2249-003 -.1375-003 .4771-004 .2162-004 
13 .1420-003 -.9147-004 -.1552-003 -.1278-003 

,I ( t interval: 6 min) 

I 
I 
I 
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EXPERIMENT 10 I 
t divergence shearing stretching vorticity 

(s-1) (s-1) (s-1) (s-1) I ---------- ---------- ---------- ----------
0 .2125-003 -.3557-004 -.1052-003 .2328-004 
1 .2370-003 -.7497-004 .1315-004 .8089-004 I 2 .2375-003 -.8487-004 .7853-004 .9754-004 
3 .1774-003 -.5491-004 .4049-005 .1055-003 
4 .1184-003 -.1675-004 -.5341-004 .8363-004 

I 5 .1451-003 -.1486-004 -.7974-005 .4763-004 
6 .1367-003 -.1135-004 .1587-005 .4656-004 
7 .9948-004 -.5069-005 .8312-005 .2834-004 

I 8 .8942-004 -.2096-004 -.6106-005 .2569-004 
9 .4960-004 -.6265-004 -.5775-004 .6506 ... 004 

10 .3033-004 -.9338-004 -.6308-004 .7059-004 
11 .3624-004 -.7703-004 -.4099-005 .1380-004 I 12 .2930-004 -.5338-004 .2906-004 -.1149-004 
13 -.4495-005 -.4930-004 -.4438-004 .6207-004 
14 -.5942-004 -.2379-004 -.8898-004 .9952-004 , 15 -.6637-004 .9369-005 -.1027-003 .1286-003 
16 .1410-004 .2505-005 -.1194-004 .5119-004 
17 .5352-004 .2921-005 .8187-004 -.6082-004 

I 18 .2439-004 -.6269-004 .8480-004 -.6810-006 
19 -.4357-005 -.9487-004 .9953-004 .1647-004 
20 .1586-005 -.8704-004 .6643-004 .1722-004 
21 .1075-004 -.1015-003 .3752-005 .8742-004 I 22 -.7480-005 -.7344-004 .2275-004 .8544-004 
23 .3040-005 -.4456-004 .6596-004 .5935-004 
24 .1265-004 -.7667-004 .5796-004 .9769-004 

I 25 .1469-004 -.9513-004 .3051-004 .1259-003 
26 -.4907-004 -.1889-003 .2940-004 .1807-003 
27 -.7825-004 -.2651-003 .2541-004 .2150-003 
28 -.4498-004 -.2945-003 -.3759-004 .2854-003 I 29 .1587-004 -.2403-003 -.6568-004 .3006-003 
30 .5097-004 -.2373-003 -.8007-004 .3025-003 
31 .1516-005 -.4133-003 -.7932-004 .4129-003 ,I 

( t interval: 6 min) 

I 
I, 

I 
I 
I 
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I 
EXPERIMENT 11 

I t divergence shearing stretching vorticity 
(s-1) (s-1) (s-1) (s-1) 

I ---------- ---------- ---------- ----------
0 .3635-004 .2123-003 .9251~004 .2159-003 
1 .2166-003 -.8991-004 -.6162-004 .1156-003 

I 2 .2445-003 -.8111-004 -.1376-003 .8875-004 
3 .2344-003 -.1147-003 -.1817-003 .1067-003 
4 .2042-003 -.8630-004 -.1552-003 .1214-003 

I 
5 .1826-003 -.5286-004 -.9708-004 .1159-003 
6 .2054-003 .1206-004 -.5155-004 .5639-004 
7 .2136-003 .4837-004 -.4867-004 .3476-004 
8 .1845-003 .2963-004 -.7223-004 .3972-004 

I 9 .1292-003 ~2483-004 -.6458-004 .1910-004 
10 .8356-004 .3113-004 -.4185-004 -.5594-005 
11 .7541-004 .2017-004 -.3801-004 -.9106-005 

I 12 .8960-004 .2907-004 .2394-005 -.2657-004 
13 .8348-004 .4977-004 .4212-004 -.3090-004 
14 .4403-004 .4686-004 .2362-004 -.2879-005 

I 
15 .2363-004 .4110-004 -.9920-005 .3343-004 
16 .7340-004 .1010-003 .3066-004 .4381-005 
17 .7481-004 .1433-003 .5140-004 -.2472-004 

I 
18 .1035-004 .9444-004 -.3291-005 .1162-004 
19 .1398-004 .5158-004 -.3732-004 .3951-004 
20 .6971-004 .2304-004 -.3829-004 .5091-004 
21 .8963-004 -.1931-005 -.2259-004 .5185-004 

I 22 .6218-004 .7152-006 -.1227-004 .4251-004 
23 .3798-004 .6471-005 .1167-004 .3393-004 
24 .4111-004 -.1031-004 .1002-004 .5168-004 

I 
25 .4571-004 -.3173-004 .1008-004 .4468-004 
26 .3993-004 -.3954-004 .2217-004 .2355-004 
27 .4134-004 -.2914-004 .2660-004 .6919-005 
28 .3698-004 -.3516-004 .4605-004 .2519-006 

I 29 .3536-004 -.4619-004 .6179-004 .1337-004 
30 .4927-004 -.4425-004 .5278-004 .1588-004 
31 .6908-004 -.5473-004 .3704-004 .2005-004 

I 
32 .8035-004 -.6931"':'004 .3509-004 .1644-004 
33 .8554-004 -.6075-004 .2830-004 .1225-005 
34 .1003-003 -.4463-004 .3334-004 -.1487-004 

I 
35 .1022-003 -.4736-004 .3395-004 -.8229-005 
36 .8603-004 -.5841-004 .1020-004 .2204-004 

( t interval: 6 min) 

I 
I 
I 
I 
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t 

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

divergence 
(s-1) 

----------
.1678-003 
.1508-003 
.1380-003 
.1438-003 
.1477-003 
.1210-003 
.9360-004 
.8061-004 
.8157-004 
.8321-004 
.1040-003 
.1234-003 
.1153-003 
.9484-004 
.6897-004 
.4313-004 
.1825-004 

-.8483-005 

EXPERIMENT 

shearing 
(s-1) 

----------
-.1602-003 
-.7654-004 
-.2374-004 
-.7131-005 
-.4005-006 

.6664-005 
-.2013-004 
-.6030-004 
-01007-003 
-.1076-003 
-.1038-003 
-.9816-004 
-.1046-003 
-.1177-003 
-.1169-003 
-.1316-003 
-.1550-003 
-.1844-003 

( t interval: 

12 

stretching vorticity 
(s-1) (s-1) 

---------- ----------
-.2765~005 .1672-003 
-.3912-004 .8864-004 
-.6555-004 .3992-004 
-.7758-004 .2709-004 
-.8890-004 .1905-004 
-.8798-004 .7917-005 
-06314-004 .3265-004 
-.3312-004 .6542-004 
-.2155-004 .8150-004 
-.2239-004 .9427-004 
-.6441-005 .1156-003 
-.1265-004 .1239-003 
-.2234-004 .1342-003 
-.2441-004 .1385-003 
-.3101-004 .1197-003 
-.1618-004 .1189-003 
-.3068-005 .1307-003 
-.5269-005 .1400-003 

6 min) 

I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
I· 
I 
I 
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greater for the small cluster than the large cluster. The small 

cluster velocity gradients fluctuate more rapidly with time than 

those of the large cluster, as might be expected. 

In the Taylor series (equation (22)) we have assumed that the 

velocity gradients were uniform within the group of drogues and 

that the second-and higher-order terms were turbulence. This form 

views the spectrum of oceanic turbulence as separable into two major 

parts; the large scale eddies that appear as shears of the mean 

velocity, and the small scale eddies responsible for eddy diffusion. 

In the real ocean the spectrum of oceanic turbulence contains 

a wide range of eddy scales and is not easily separable in this way . 

This means that the second-and higher-order velocity gradients are 

not truly random, but more or less deterministic. This situation 

is demonstrated in Figure 82a,b,c, and d, where as an example, the 

drogue cluster of Experiment #12 was broken into sub clusters of 3 

drogues, and the velocity-gradient parameters (equation 23) calculated 

for - the subclusters. The values were then plotted at the centroid 

position of each triad and contoured; for demonstration purposes we 

have only shown in Figure 82a,b,c, and d the zero-value contours 

dividing positive and negative regions of the parameters. Clearly 

these local values are not uniform, nor are they chaotic. The 

contours show that the velocity field changes greatly but somewhat 

smoothly in space and time. 

Since position, not velocity, is the quantity measured in the 

drogue dispersion study, a purely Lagrangian analysis should be more 
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Figure 81. Velocity gradient parameters: divergence, stretching deformation, vorticity, shearing 
deformation. The solid line indicates data from a small cluster, and the hatched line 
indicates data from a larger cluster in Experiment #6. 
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Figure 82a. Local divergence field obtained by subclusters of 3 drogues in Experiment 12 with 
triad centroids indicated by solid black circles. Time intervals between which the 
divergence field is calculated are indicated on each plot, e.g., O~l. 
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Figure 82b. Local stretching deformation rate field obtained by subclusters of 3 drogues in 
Experiment 12 with triad centroids indicated by solid black circles. Time intervals 
between which the stretching deformation rate field is calculated are indicated on 
each plot. 
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Figure 82c. Local vorticity field obtained by subclusters of 3 drogues in Experiment 12 with triad 
centroids indicated by solid black circles. Time intervals between which the vorticity 
field is calculated are indicated on each plot, e.g., 0-1. 
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Figure 82Q. Local shearing deformation rate field obtained by subclusters of3 drogues in Experiment 
12 with triad centroids indicated by solid black circles. Time intervals between which 
the shearing deformation rate field is calculated are indicated on each plot. 
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appropriate. Along this line of thought, Okubo, Ebbesmeyer and 

Helseth (1976a) developed methods to determine Lagrangian deforwations 

and turbulence statistics from current followers. According to them, 

the drogue positions, x. (t), y. tt), at t can be expanded in terms 
1 1 

of the initial positions, i.e., the Lagrangian coordinates (a. ,b.) as 
1 1 

x.(a.,t) 
1 "'1 

y. (a. ,t) 
1 '\,1 

where a. = (a. ,b.) i a = (;;,b), the initial centroid; (~x) etc, the 
'\,1 1 1 '\, aa 0 

Lagrangian first-order deformations at t evaluated at a,b; x'.' and y'.' 
1 1 

are second-and higher-order displacements. In the above expressions 

(equation (24»), we assume that the first-order deformation field 

is uniform within the group of drogues and that the second-and 

higher-order (deformation), terms are considered as random. Thus 

this formulation is based on the same concept of the oceanic turbulence 

spectrum as was used in the velocity expansion formulas. 

The following Lagrangian diffusivity matrix can be defined 

from the higher-order terms X II . , 
1 

G 
n (Kll K12) i~l 

K21 K22 n 

i~l 

y'.' as 
1 

. 
Xl.' Xl.' 

1 1 

~I.' y'.' 
1 1 

1 n 

~i) 
'(' x'.' 

n i~l 1 

1 n 
.L

l 
y'.' y'.' 

n 1= 1 1 

The components.of the diffusivity tensor have been evaluated 

according to equation (25) and are presented in Table 20. It is 

(24) 

(25) 
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TABLE 20 

Observed cluster area (A obs )' area calculated from linear 

Lagrangian deformations (AJ ), area calculated from deformations 

and diffusivity (AJK ), Lagrangian diffusivity matrix (Kll , K12 , K21 , (22)' 

for Experiments 1,3, 48, 4L, 58, 5L, 68, 6L, 88, 80, 10, 11, 12. 

EXPERIMENT 1 

Aobs AJ AJK K11 K12 '21 K22 
(m 3 ) (m 3 ) (m 3 ) (m 3 s- 1 ) (m 3 s - 1 ) (m 3 s - 1 ) (m 3 s - 1 ) 

------- ------- ------ ---------- ---------- ---------- ---------
23095.9 
27423.3 27022.4 27519. .6301-001 -.2953-001 -.3115-001 .1545-001 
30046.4 28519.2 29990. -.1609-001 - .4642-002 -.8102-002 .3384-001 
31944.8 29945.8 31877. .1471-002 .1601-002 .5276-002 .5071-002 
38831.1 36053.8 38904. .4575-001 -.1397-001 -.4156-002 .1288-001 
40084.7 37045.7 40113. .2661-001 -.7175-002 -.8988-002 .4201-002 
43281.3 39767.3 43272. .5219-001 .3465-002 .7650-002 .3815-002 
47657.9 43487.7 47643. .7805-001 -.4500-001 -.2828-001 .2160-001 
55416.2 48524.9 54605. .4798+000 -.1538+000 -.1596+000 .6216-001 
58546.1 50997.3 57647. .8274-001 -.5691-001 -.4467-001 .3515-001 
61505.9 53217.0 60468. - .1150-001 -.6284-002 .1024-002 .2011-002 

( t interval: 6 min) 

tv 
o 
o 
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t 

o 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 

Aobs 
(m 3) 

3182.7 
2862.0 
3049.0 
3862.7 
4237.9 
5887.9 
5429.1 
7044.1 
5982.9 
7940.7 
7580.7 

10216.8 
11743.0 
12690.0 
12619.5 
13492.7 
12908.7 
14093.4 
14173.7 
13895.0 
18453.1 
21272.6 
19596.8 
24517.3 
26887.4 
29422.1 
33269.3 
28786.1 
25707.9 
26634.2 

AJ 
(m 3 ) 

1268.6 
1011.0 
1161.4 
1069.9 
1402.7 
1252.3 
1588.7 
1290.0 
1677.7 
1563.1 
2077.7 
2312.4 
2447.3 
2423.1 
2474.5 
2260.5 
2426.9 
2416.1 
2304.4 
3009.8 
3432.1 
3099.3 
3736.8 
3908.5 
4114.3 
4559.9 
3902.7 
3436.4 
3511.6 

AJK 
(m 3 ) 

1473. 
1728. 
1906. 
2583 . 
3807 . 
3517. 
4720. 
3931. 
5351. 
5134. 
7037. 
8301. 
8924. 
8900. 
9536. 
9090. 
9845. 
9900. 
9494. 

13071. 
15161. 
13930. 
17400. 
19232. 
21274. 
24266. 
20848. 
18455. 
19171. 

EXPERIMENT 3 

K11 
(m 3 s- 1 ) 

-.2799-001 
.3092-001 
.2574-001 
.1737-001 
.1157-001 
.1651-001 
.1208-001 
.4974-002 
.8176-002 
.9741-002 

-.3202-002 
.1595-001 
.5179-002 
.2732-002 
.6277-002 
.4505-002 
.1144-001 
.8031-002 
.6045-002 
.1270-001 
.7412-002 

-.1145-001 
.3490-001 

-.1697-001 
.1045+000 
.4536-001 
.2192-001 

-.1220-002 
.4183-001 

K12 
(m 3 s- 1 ) 

.3350-002 

.4079-002 
-.5817-002 

.1440-002 
-.7595-002 

.3713-002 

.7044-002 
-.1970-002 

.3369-002 
-.3967-002 
-.7475-003 
-.1329-002 
-.1192-002 
-.1329-002 
-.1974-002 
-.2202-001 
-.1110-001 

.3935-002 

.9093-002 
-.8314-002 

.1200-002 

.1154-001 
-.6641-002 

.2802-001 
-.6955-001 · 
-.1219-001 
-.2525-001 
-.1163-002 
-.4143-001 

(t interval: 6 min) 

K21 
(m 3 s- 1 ) 

.4360-002 
-,2273-002 
-.3356-002 

.2545-003 
-.5074-003 
-.1375-002 

.4840-002 
-.4347-002 
-.1571-003 
-,1014-002 
-.3125-002 

.2352-002 
-.7366-002 
-,2199-002 

.1665-001 
-.6351-002 
-.3861-002 

.1057-001 
-.1128-001 
-.7390-002 
-.2127-001 
-.5657-002 
-.1631-001 
-.1538-001 
-.2389-001 
-.5370-002 
-.2764-002 
-.5826-002 
-.2561-001 

K22 
(m 3 s- 1 ) 

.1285-002 

.7172-002 

.7591-002 

.1050-001 

.1669-001 
-.4807-003 

.5005-002 

.1674-001 
-.1242-002 

.9266-002 

.3114-002 
-.2856-002 

.2280-002 

.4073-002 

.2565-001 

.6147-001 

.3112-001 

.9891-002 

.3306-001 

.2181-001 

.1844-001 

.8682-002 
-.4023-002 
-.6520-002· 

.2793-001 

.2347-001 

.2522-001 

.1226-001 
-.4430-002 

10 
o 
I-' 



t 

60 
62 
64 
66 
68 
70 
72 
74 
76 
78 
80 
82 
84 
86 
88 
90 
92 
94 
96 

Aobs 
(m 3 ) 

29730.2 
32863.8 
30006.8 
30337.5 
17437.2 
39485.2 
39329.6 
43199.3 
41462.6 
46719.5 
48950.3 
50982.9 
51817.0 
53201.1 
56203.8 
57809.9 
56858.2 
66738.8 
70202.6 

AJ 
(m 3 ) 

3755.3 
4111. 5 
3652.7 
3658.3 
1891.9 
2525.6 
2499.5 
2729.5 
2566.1 
2847.1 
2959.1 
3064.3 
3041.8 
3027.1 
3163.7 
3206.2 
3032.7 
3348.9 
3453.7 

EXPERIMENT 3 (Continued) 

AI' 
(m 2 ) 

22059. 
24484. 
22391. 
22644. 
11699. 
37849. 
37691. 
41430. 
39171. 
44473. 
46748. 
48567. 
48704. 
49686. 
52545. 
53524. 
52188. 
63534. 
66913. 

'II 
(m 2 s- 1 ) 

.1244+000 
-.3503-001 
-.1905-001 

.3794-002 

.8575-001 

.1580+000 

.5950-002 

.4023-002 
-.2245-002 

.2301-002 
-.1815-003 

.4388-002 

.2718-002 

.7034-002 

.9866-002 

.6535-002 

.2248-002 

.1400+000 

.1583-001 

'12 
(m 2 s- 1 ) 

-.8182-001 
.2338-001 

-.5792-002 
-.1998-001 
-.2328+000 
-.4533+000 
-.1955-002 
-.4837-003 
-.4900-002 
-.4774-001 
-.3015-002 
-.2911-001 

.2247-001 
-.2376-001 
-.3463-001 

.8273-002 
-.6996-001 
-.5524+000 
-.1269-001 

(t interval: 6 min) 

'21 
(m 2 s- 1 ) 

-.1264+000 
-.5826-002 

.2323-001 
-.3407-002 
-.1457+000 
-.4256+000 
-.3588-002 
-.4350-003 
-.7449-002 

.1910-003 
-.8218-002 

.6452-002 

.1778-001 
-.2371-002 
-.3455-001 
-.2205-001 

.1897-001 
-.5007+000 
-.2909-001 

'22 
(m 3 s- 1 ) 

.1171+000 

.2132-001 

.1279-001 

.6927-002 

.3974+000 

.1303+001 

.6768-003 

.1937-001 

.1868-001 

.1283-001 

.8020-002 

.2444-001 

.1741+000 

.4011-001 

.1709+000 

.1149+000 
-.8393-001 

.2044+001 

.6439-001 

N 
o 
N 
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t 

o 
2 
4 
6 
8 

10 
12 
14 
16 

t 

o 
2 
4 
6 
8 

10 
12 
14 

Aobs 
(m:&) 

2487.1 
2436.2 
2509.9 
2533.2 
2471.2 
2300.4 
2203.9 
2284.9 
2460.7 

Aob s 
(m 2 ) 

862495.0 
853592.5 
846623.7 
863150.9 
838731.1 
835444.0 
805863.9 
823507.8 

AJ 
(m 2 ) 

2387.2 
2435.1 
2402.9 
2294.5 
2104.6 
1917.8 
1935 .3 
2032.7 

AJ 
(m 2) 

853105.1 
845870.0 
862197.0 
837005.9 
832979.7 
802909.6 
819690.2 

AJK 
(m 2 ) 

2427. 
2485. 
2483 . 
2377. 
2222. 
2063. 
2101. 
2245. 

EXPERIMENT 48 

Kll K12 K21 K22 
(m 2 s- 1 ) (m 2 s- 1 ) (m 2 s- 1 ) (m 2 s- 1 ) 

.1909-002-.2996-002 .3070-002 .4274-0a3 

.2610-002-.1500-002-.1365-002 .1877-002 

.6124-003-.1663-002 .4605-002 .8733-002 

.1279-002 .9259-004 .1886-002 .2908-002 
-.1218-002-.2533-002-.1201-002 .1937-002 

.2626-002 .3341-003 .2272-002 .3444-002 

.2481-002 .1137-002 .8931-002 .5232-002 

.2583-002-.2834-002-.9813-003 .4371-002 

(t interval: 6 min) 

AJK 
(m 2 ) 

853487. 
846447. 
862930. 
838219. 
834745. 
804991. 
822598. 

EXPERIMENT 4L 

Kll 
(m 2 s- 1 ) 

K12 
(m 2 s- 1 ) 

.1889-001 

.1093-001 

.1552-001 

.2169-001 

.3870-001 

.1255-001 

.3335-001 

-.1523-001 
.1337-002 

-.9999-002 
-.4204-001 
-.3301-001 

.9732-002 
-.2813-001 

(t interval: 6 min) 

K21 
(m 2 s- 1 ) 

-.2074-001 
.2311-003 

-.3672-002 
-.1376-001 
-.2189-001 
-.1122-001 
-.3381-001 

K22 
(m 2 s- 1 ) 

.5480-001 

.1260-001 

.2317-001 

.7533-001 

.3105-001 

.5895-001 

.4084-001 

N 
o 
w 
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EXPERIMENT 5S 

t Aobs AJ AJl K11 K12 K21 K22 
(m 2 ) (m 2 ) (m 2) (m 2 s - 1 ) (m 2 s - 1) (m 2 s - 1 ) (m 2 s-Q 

------- ------- ------ ---------- ---------- ---------- ---------
0 4434.7 
2 4342.8 4212.5 4361. .3792-002 -.9364-003 -.5197-002 .3312-002 
4 4249.5 4061.8 4259. .2448-002 -.6437-003 .2970-003 .3003-002 
6 4656.1 4387.5 4661. .1896-002 .2178-002 .5954-003 .3706-002 
8 5013.2 4711.9 5013. -.8750-003 .1834-003 -.3222-003 .5711-003 

10 5422.0 5040.1 5441. .3004-002 .4995-002 .1126-002 .2150-002 
12 5372.1 4944.5 5378. -.2067-003 .4326-004 .2562-002 .2422-002 
14 6302.2 5770 . 0 6300. .7010-004 .2054-003 -.6442-003 -.1991-003 
16 6976.3 6331.0 6946. .9812-003 -.3708-002 -.2479-003 .5752-002 

( t inte 'rval: 6 min) 

EXPERIMENT 5L 

t Aobs AJ AJK K11 K12 K21 K22 
(m 2 ) (m 2 ) (m 2) (m 2 s - 1) (m 2 s- 1 ) (m 2 s - 1) (m 2 s - 1 ) 

------- ------- ------ ---------- ---------- ---------- ---------
0 705562.4 
2 706556.4 706345.4 706492. .1562-001 .9054-003 .7296-002 -.5789-002 
4 709546.8 709020 . 2 709413. .3100-001 -.3491-001 -.9218-002 .1357-001 
6 721509.5 720608.0 721326. .2673-001 -.1620-001 -.4511-001 .2881-001 
8 735703.6 734696 . 0 735518. .1752-003 -.4142-002 -.1290-002 .3787-002 

10 749219.1 748124.1 749024. .1429-002 .3272-002 .1725-002 .1078-001 
12 768647.4 767449.8 768444. .6908-002 -.4673-002 -.1197-001 .1546-001 
14 783011.6 781657.5 782791. -.1760-002 -.4525-002 .7534-002 .6578-002 
16 796351.0 794859.3 796111. .2152-002 .7506-002 -.3527-002 . 6851-002 

( t interval: 6 min) 

----------~----~---



---------~~--------

t Aobs AJ AJK 
(m 3 ) (m 3 ) (m 3 ) 

---- - -- ------- ------

0 3570.4 
2 4220.9 4133.1 4260. 
4 5038.4 4785.8 5152. 
6 5404.5 4998.1 5497. 

( t 

t Aobs AJ AJK 
(m 3 ) (m 3 ) (m 3 ) 

------- ------- ------

0 237145.0 
2 250265.2 250035.5 . 250240. 
4 260364.2 260003.0 260346. 
6 258821.2 258343.4 258752. 

( t 

EXPERIMENT 68 

K11 K12 
(m 3 s - 1 ) (m 3 s - 1 ) 

---------- ----------
.4154-002 .2586-003 
.5456-002 .4074-002 
.1412-001 -.1084-002 

interval: 6 min) 

EXPERIMENT 6L 

K11 K12 
(m 3 s - 1 ) (m 3 s - 1 ) 

---------- ----------

.3976-002 .1635-001 

.7078-002 .4335-002 

.9004-003 -.3733-002 

interval: 6 min) 

K21 
(m 3 s - 1 ) 

----------
-.1984-002 

.4899 - 002 
-.2491-003 

K21 
(m 3 s - 1 ) 

----------

.9486-002 
-.2378-002 
- . 3554-002 

K22 
(m 3 s - 1 ) 

---------
-.2311-002 

.8652-002 

.1706-002 

K22 
-(m 3 s 1 ) 

---------

.9835-002 
-.9141-003 

.1326-002 

~ 
o 
(Jl 



EXPERIMENT 8D 

t Aobs AJ AJK K11 K12 '21 '22 
(m2) (m 2 ) (m 2) (m 2 s- 1 ) (m 2 s - 1 ) (m 2 s - 1) (m 2 s - 1 ) 

------- ------- ------ ---------- ---------- ---------- ---------
0 23369.0 
2 24888.3 23910.8 24739. .2811-001 -.3271-001 -.6092-001 .2901-001 
4 30759.1 28062.7 31860. .1918-001 -.2113-001 .3767-003 .2613-001 
6 30709.9 27720.7 31707. .2832-001 -.2017-001 -.3487-001 .2118-001 
8 33125.2 29290.4 34169. .3921-001 -.2865-001 -.4805-001 .3742-001 

10 38274.9 33360.7 39572. .2109-001 -.1970-001 .1480-001 .3497-001 
12 44082.8 38250.0 45534. .3605-001 -.2900-002 -.1485-001 .8227-002 

( t interval: 6 min) 

- - - - - - - - _. ~ .. - - - - - -- -
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t 

o 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 

Aob s 
(ml) 

8404.9 
11219.5 
13963.6 
16550.6 
18625.2 
19792.7 
20539.7 
20456.6 
18970.5 
20166.7 
20070.2 
20346.5 
20359.9 
20596.7 
18791.0 
19211.1 

AJ 
(ml) 

10981.7 
13381.3 
15775.5 
17618.2 
18615.4 
19058.5 
18856.7 
17347.0 
18302.7 
18119.7 
18193.7 
17945.4 
17792.5 
15922.0 
15792.3 

AJK 
(m .l ) 

11386. 
14304. 
16982. 
19131. 
20334. 
21096. 
20973. 
19357 . 
20602. 
20474. 
20736. 
20701. 
20891. 
18887. 
19126. 

EXPERIMENT 10 

K11 
(m l s-1) 

K12 
(m2. s -1) 

.2508-001 

.8369-002 

.3480-002 

.9120-002 

.4422-002 

.4360-002 

.1045-001 

.1381-001 

.5796-002 

.3804-002 

.6693-002 
-.1904-002 

.4790-002 

.2967-003 

.9441-002 

I 

.3377-002 

.7000-002 

.1297-002 

.8459-003 

.1330-002 
-.1511-002 
-.8929-002 
-.4847-002 
-.4699-002 
-.2598-003 
-.3450-002 

.1155-002 

.2208-002 
-.4378-002 
-.1752-002 

(t intefval: 10 min) 

K21 
(m2.s-1) 

-.6322-003 
.5114-002 

-.5729-003 
.1831-002 
.2091-002 

-.6196-002 
-'.6291-002 
-.7169-002 
-.4376-002 
-.4244-003 
-.1901-002 
-.2833-003 
-.5471-002 
-.1218-003 
-.4765-002 

K22 
(m l s-1) 

.2968-002 

.1039-001 

.2270-002 

.2934-002 

.9542-002 

.2545-002 

.7540-002 

.2752-002 

.4652-002 

.3333-002 

.1027-001 

.8188-002 

.4229-002 

.1456-001 

.1097-001 

I\.) 

o 
-..J 



t 

o 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 

Aobs 
(m ~ ) 

5033.3 
6415.8 
8463.1 

10558.9 
13613.1 
15916.2 
17420.8 
19260.9 
19870.8 
21677.7 
22053.9 
24572.2 
25719.1 
27149.1 
28534.4 
29765.6 
32317.2 
35825.8 

AJ 
(m ~ ) 

6029.0 
7714.2 
9451.1 

12045.6 
13915.8 
15173.2 
16712.3 
17091.1 
18476.4 
18712.6 
20750.7 
21581.4 
22686.7 
23744.6 
24688.8 
26720.8 
29538.3 

AJK 
(m ~ ) 

6549. 
8806. 

11094. 
14423. 
16926. 
18524. 
20481. 
21044. 
23042. 
23422. 
26122. 
27338. 
28865. 
30332. 
31631. 
34353 . 
38092. 

EXPERIMENT 11 

Kl1 K12 
(m~s-1) 

.5031-002 

.1321-001 

.6152-002 

.3940-002 

.6686-002 

.1625-002 

.1375-002 
-.2778-003 

.4316-002 

.3104-002 

.3416-002 

.4933-002 

.2922-002 

.2933-002 

.3744-002 

.3737-002 

.3415-002 

(m~s-l.) 

.1728-002 
-.3634-002 

.4125-002 
-.1971-002 
-.2678-002 

.7038-003 

.1619..,003 

.1306-002 

.1484-002 
-.6124-003 
-.1487-002 
-.5232-002 
-.8318-003 

.2951-002 

.1960-002 

.1358-002 

.2999-002 

(t interval: 10 min) 

K21 
(m~s-1) 

-.5606-004 
-.2123-002 

.5882-002 

.3267-002 
-.4408-002 
-.8010-003 
-.2989-004 

.2404-002 
-.1776-002 
-.3729-003 
-.3276-002 
-.6535-002 

.1738-002 

.2607-002 

.1076-002 

.1374-002 

.2423-003 

K22 
(m~s-1) 

.1332-001 

.6075-002 

.1039-001 

.5012-002 

.1110-001 

.2924-002 

.2909-002 

.5222-002 

.5291-002 

.8193-002 

.1201-001 

.1447-001 

.9934-002 

.1026-001 

.4332-002 

.5400-002 

.5955-002 

N 
o 
OJ 

- - - - - - .. - - .. - - .... - - . '. -



--------~~---------

t 

o 
2 
4 
6 
8 

10 
12 
14 
16 

Aobs 
(m a) 

42609.9 
51073.9 
60663.1 
70217.6 
77342.3 
85490.6 
99203.5 

111220.3 
117106.1 

Ar 
(m a) 

50291.2 
59416.4 
68458.2 
75167.3 
82758.0 
95674.1 

106823.0 
111989.1 

ArK 
(m a) 

51396 . 
61175. 
70945. 
78213. 
86528. 

100536. 
112790. 
118769. 

EXPERIMENT 12 

K11 K12 
(m a s- 1 ) (m a s- 1 ) 

.1446-001 

.2321-001 

.9315-002 

.1772-001 

.1857-001 

.1614-001 

.1283-001 

.1800-001 

-.5934-002 
-.7322-002 
-.4990-002 

.3872-002 

.1103-001 

.1004-001 

.4454-002 

.1016-001 

(t interval: 10 min) 

K21 
(m a s- 1 ) 

-.5026-002 
.2250-002 

-.6468-002 
.8146-003 
.7474-002 
.8134-002 
.7396-002 
.1564-001 

K22 
(m a s- 1 ) 

.2400-001 

.1033-001 

.1521-001 

.1035-001 

.1013-001 

.1717-001 

.1943-001 

.1431-001 

N 
o 
).!) 
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seen that K11 and K22 components are usually positive as required 

for diffusivity, while the K12 and K21 components fluctuate above 

and below zero. The values of K11 and K22 are much smaller than 

those of the gross diffusivities (K ,K ) simply because K11 and K22 x y 

represent the small-scale (genuine) diffusivity. 

If the advection-diffusion equation is written in a Lagrangian 

coordinate system then its solution yields the following expressions 

for the three primary characteristics of the cluster dispersion 

(Okubo et al., 1976b): 

Variance along the major principal axis: 

a~ (t) = B1+B3 + [(B3-B1)2 
1 

+ 4B~]~, 

Variance along the minor principal axis: 

a~ (t) = B1+B3 [(BrB1)2 2 ~ and - + 4B2J , 

Orientation of the principal axes: 

where B. are expressed in terms of initial variances, initial 
l. 

correlation coefficient of drogue positions, Lagrangian deformations, 

and Lagrangian diffusivities (Okubo et al. (1976b». 

The drogue cluster area, A, can be calculated from a~ and a~ 

also using the formula A = 4~a a. In Table 20#we also show the 
X y 

cluster area thus calculated (A
JK

) , the area actually observed (Aobs)' 

and the area calculated using only the deformations having neglected 

thediffusivities (A
J
). Clearly the deformations alone give reasonable 

values but consistently underestimate area. The inclusion of the 

diffusivity improves the area estimate. 

# 
In Table 20 AJ and AJK were calculated from A = 4~aXay using equations 
(26) and (27); Aobs is also calculated from A = 4~aXay but using 
measured valus of aX and ay from the drogue clusters. 

(26) 

(27) 

(28) 
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I 
I Aerial Photography 

I These are approximately 240 separate exposures for 22, 25 and 

26 July, 1980 that are available for analysis. On 24 July, 1980 the 

I scheduled flights were flown but no photographs resulted, presumably 

I 
due to defective film. Approximately 25 composites were constructed 

from the prints; six are shown in Figures 83 through 85 for illustration 

I purposes. Quantitatively, the plumes appear to spread linearly with 

downstream distance, at least for travel times less than several 

I hours. However, the relationship between the visible boundary and 

I 
the cross-plume standard deviation, a , should not be linear throughout 

. y 

the plume, at least for a plume that is laterally Gaussian. For this 

I simple case, it can be shown that where the peak concentration is 

greater by a factor of e than the half-width of the visible boundary, 

I the plume width will be greater than a and where it is less than e, 
y 

the visible boundary will be less than a . We intend to investigate 
y 

this relationship in more detail at a later time. I 
I Qualitatively, Figures 83 through 85 show the complex lateral 

and longitudinal structure of the plumes which, of course, only 

I reflects the complicated processes which produce them. Featherlike 

I 
striations aligned in the direction of the wind can be seen, 

apparently due to Langmuir cells. The effect of the larger scale 

I eddies in producing meandering can be seen by comparing the two 

photographs for 26 July, 1980. In the upper left hand corner of 

I the composite for 1040, 25 July, 1980, a cluster of eight drogues 

I 
I 
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Figure 83. Aerial photographs of dye plume at 0945 (upper) and at 
1030 (lower) on July 22, 1980. Altitude = 3000 feet. 

21 2 
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Figure 84. Aerial photographs of dye plume at 1040 and an altitude 
of 1850 feet (upper) and at 1618 and an altitude of 
2000 feet (lower) on July 25, 1980. Note the cluster 
of 8 drogues in the upper left hand corner of the 1040 
photograph. 
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Figure 85. Aerial photographs of the dye plume at 1003 and an altitude 
of 2000 feet (upper) and at 1405 and an altitude of 1000 
feet (lower) on July 26, 1980. 
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can be seen (Drogue Experiment 4, Table 5). Under the microscope, 

the current followers at 10 feet (3.05 m) can be seen. This composite 

clearly shows the complicated structure responsible for the variation 

in the variance of consecutive crossings at the same section. 

A detailed quantitative analysis of representative portions of 

the photograph negatives has been initiated. This analysis, based 

on scanning the negatives with a scanning microdensitometer, has two 

objectives. The first objective is to provide details of the con

centration field by means of a correlation analysis between the 

optical densities obtained from the densitometer and the in situ dye 

concentrations obtained from the fluorometers. The second objective, 

once the first objective is achieved, will be to calculate detailed 

statistics of the scale dependence (eddy size) of the variance of 

the concentration field by means of a FFT technique which transforms 

the 2-dimensional image into wave number space. 

A portion of one photograph has already been scanned on the 

microdensitometer and has provided 140,000 measures of the optical 

density for a rectangle 280 m long (down-plume) by 100 m wide 

(cross-plume). The data was initially stored in a microcomputer 

connected to the densitometer and has been transmitted to the main 

computer (UNIVAC 1100) for processing. Final processing to achieve 

the aforementioned objectives now awaits acquisition of the necessary 

software for processing digitized image data. The software package 

is known as the IBIS/VICAR software system and is obtainable on a 

lease basis (10 years) from the University of Georgia. It is 
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anticipated that funds will be available for this purpose in the 

near future. Results of the analysis will be the subject of a 

separate report. 
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ANALYSIS AND DISCUSSION OF RESULTS 

Preface 

The peak or maximum concentration in a plume or patch of tracer 

is often used as a measure of diffusion. However, care must be 

exercised in doing so. The observation of the maximum concentration 

involves not only a great deal of uncertainty but also the peak 

concentration can be sensitive to the loss of dye tracer due to 

adsorption on suspended particles, photochemical decay, etc. On the 

other hand, the variance of particle displacement is certainly a more 

suitable measure of the spread of the substance. So long as dye 

losses obey the law of the first-order kinetics, the value of the 

variance computed from the data uncorrected for losses will be the 

same as that from corrected data. As a result, the variance is one 

of the most stable parameters of diffusion. From the relationship 

between the variance, 0 2 , and the time of diffusion, t, an apparent 

diffusivity, K , can be computed, 
a 

K == ~ 02/t 
a 

for one-dimensional case, and 

for two-dimensional radially 
symmetric patch (Okubo . (1971)) 

The variance of particle displacement is also considered to be 

a most convenient characteristic in the theory of turbulent diffusion. 

Thus Taylor (1921) formulated the variance in terms of the velocity 

autocorrelation of particle movement. 
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218 

In addition, when we speak of oceanic diffusion it is crucial 

to make a distinction between the diffusion from an instantaneous 

source and the diffusion from a continuous (fixed) source. 

For an instantaneous release the diffusion is classified as 

relative diffusion, in which we are concerned with the spread of 

substance about the centroid of particles as the patch moves around. 

In other words only eddies whose scales are equal to less than the 

patch size and whose periods are equal to or less than the time of 

diffusion, contribute appreciably to the relative diffusion, while 

eddies whose scales are larger than the patch should be regarded as 

a mean flow and thus they contribute little to the relative diffusion. 

As a patch spreads, the division between the part of eddying motion 

assignable to the mean flow and the part assignable to relative 

diffusion tends toward larger scales. Therefore the amplitude of 

the mean flow tends to decrease while the rate of relative diffusion 

tends to increase with time. 

For a continuous release, on the other hand, the diffusion is 

classified either as relative or absolute diffusion (Csanady (1963)), 

depending upon how we observe or sample the plume of substance . 

When our attention is focused on a meandering single plume which is 

observed instantaneously or for a very short duration of time, the 

lateral spread of the plume may be regarded as relative diffusion 

because the diffusion relative to the meandering center line is due 

primarily to smaller scale eddies. On the other hand, when we are 

concerned with a superposition of many meandering plumes with respect 
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to an absolute frame of reference, e.g., the position of the source 

of release or a fixed direction of mean flow, the lateral spread of 

substance of the overall plume may be regarded as absolute diffusion. 

Thus absolute diffusion contains the meandering of the center of 

gravity of individual plumes due to eqdies larger than the scale of 

the plume as well as diffusion relative to the meandering center of 

gravity due to small scale eddies (Frenkiel (1953); Gifford (1959». 

Absolute diffusion can be studied theoretically by one-particle 

analysis and relative diffusion can be studied by two-particle 

analysis (Batchelor and Townsend (1956». Since in principle the 

entire spectrum of eddies contribute to absolute diffusion, the 

velocity autocorrelation function of dispersing particles may be 

assumed to be stationary, and Taylor's theory for variance can be 

219 

used as the foundation for one-particle analysis. For two-particle 

analysis, on the other hand, the autocorrelation function of particle 

velocity relative to the moving center of gravity cannot be assumed 

to be stationary. As a result Taylor's theory needs certain 

modifications if applyed to relative diffusion. 

In this section we will first intercompare the time behavior of 

variance derived from the dye patch studies with that from drogue 

dispersion followed by comparisons of the drogue areas, i.e., a 

measure of horizontal variance, with the integrated divergence, i.e., 

a parameter of velocity gradients relevant to drogue dispersion 

obtained from current meter records. Finally we will compare the 

characteristics of relative diffusion observed in dye plume studies 
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with those derived from current meter records and velocity gradient 

parameters derived from current meter records and drogue trajectories. 

variances in Dye and Drogue Dispersion 

Although some diffusion studies have been made to compare the 

results of dye diffusion with that of drogue dispersion (Ahn (1974); 

Ichiye et al. (1981); Yanagi et al. (1982)), none of them really 

achieved a proper comparison simply because in most studies the two 

types of diffusion experiments were not carried out at the same time 

and place. 

In the LEDS winter experiments we attempted three sets of 

comparison experiments, one each on March la, 11, and 12, 1981. 

Unfortunately, the March 11 dye patch sank soon after release, 

presumably due to a localized convergence, so no comparison is 

available for that day. On March 12 no drogue tracking was possible 

due to adverse weather conditions, although the dye study data were 

successfully obtained. Thus only one set of data is available for 

comparison, that of March 10. 

There is one problem in analyzing these data. That is, the 

initial dimensions of the dye patch and of the drogue cluster were 

very different; the release of dye was more or less as a point-source, 

whereas the drogues were initially in the form of a cluster, i.e., 

a type of finite source. Therefore, a correction for the difference 

in initial size is necessary for a proper comparison of diffusion 

characteristics. 
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Obviously a group of drogues cannot initially occupy a point in 

space. Accordingly, we consider it is appropriate to adjust the dye 

diffusion data to the same initial size as the drogue cluster. This 

practice is analogous to the correction of dye study data to a point 

source release (Okubo (1971)). 

Let a2 be the (radially symmetric) horizontal variance associated 
o 

with the initial distribution of a dye . patch. Then the variance a2 

o~ the dye diffusion dispersing from an initial size may be given by 

where a 2 (t) denotes the variance of dye from an iriitial point source rc 

(Figure 78). For comparison a 2 is taken as the initial variance of 
o 

the drogue cluster. 

In Figure 86 we show the time behaviors of the radially symmetric 

variances of dye patch and drogue cluster with the same initial 

variance. As expected, the dye diffuses faster than the drogues. 

For diffusion times ranging from 2 to 5 hours, the horizontal variance 

for dye is seen to be 2 ~ 5 times the horizontal variance of drogues. 

The larger ratio is observed at the larger diffusion time. However, 

after 5 hours or so, the variance for both cases tends to approach 

a t 2 relation and the ratio of the two variances remains almost 

constant. The t 2 relation of variance suggests that the primary 

mechanism of dispersion of dye and drogues may be due to the combined 

effect of velocity shear and small-scale diffusion (Carter and Okubo 

(1965)) . 

( 29.) 
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109r-----------------__________________ ~ 

MARCH 10,1981 

-0- Dye 

-e- Drogue 

107~~---------------L--------------__ ~ 
. 103 104 105 

TIME (seconds) 

Figure 86. Time behavior of radially symmetric variance of a dye 
patch (March 10 release) and a drogue cluster (Experiment 
11) with the same initial variance. 
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To quickly review the model in Carter and Okubo (1965), consider 

the following basic equation of shear diffusion. 

as as a2s a2s a2s 
at + (V - Q y - Q Z) - = A ~ax + A -- + A --2 (30) o y z ax x ::lv-L. y ay2 z az 

Where S(t,x,y,z) represents the concentration of tracer, V is the 
o 

mean velocity, Q and Q are respectively the horizontal and vertical 
y z 

shears, A , A and A are, respectively, eddy diffusivities in the . x y z 

x, y, and z directions with the x-axis directed in the mean flow, 

y-axis lateral, and z-axis vertically downward. 

Solving (30) subject to an instantaneous point-source release, 

Carter and Okubo (1965) obtained, among others, expressions for cr 2 . 
rr: 

Thus for small values of t, i.e., t« t :: {12 A / W2A + Q2A )} ~ 
c x y y z z ' 

d2 = 2(A A )~t 
rc x y 

and for large values of t, i.e., t» t , 
c 

The small time behavior of cr 2 is independent of shears, while 
rc 

the large time behavior depends not only on eddy diffusivities but 

also on the horizontal and vertical shears. 

Now a dye patch is subject to a shear effect due to both 

horizontal and vertical shears because a dye mixes both horizontally 

and vertically, while a drogue cluster is subject only to the 

horizontal shear effect because a drogue responds only to horizontal 

flows. As a result, the variance of a dye patch is expected to be 

(31) 

(32) 
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larger than that of a drogue cluster. Thus from (32) the ratio of 

the variances for large t is given by 

cr 2 (dye) 'V 
cr 2 (dye) 
rc .......,.,....--'-..... _'-'-- 'V 

cr 2 (drogue) cr 2 (drogue) 
rc 

= U + ~ 

From the values of the parameters (~ , ~ , A , A ) we can 
y z y z 

estimate the ratio of the variances. Typically 

These values* give 

cr 2 (dye) 
5.1 

cr 2 (drogue) 

Using the t 2 region of cr 2 in Figure 86 the observed ratio of 

the variances is obtained as 

cr 2 (dye) 
cr2 (drogue) 

5.7 

The agreement between the observed and calculated values of the 

variance ratio is very good. 

* These values of the parameters yi.eld 

t 1.1 x 104 sec, 
c 

which justifies the use of the large time behavior of variance in 
equation (33). 
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I 
I A Comparison of Drogue Cluster Area with Integrated Divergence 

I 
The areas of drogue clusters are often used to estimate the 

horizontal divergence (Chew and Berberian (1971) i Reed (1971) i Kawai 

I (1982)). The method is based on the intuitive relationship 

I IdA dU + dV 
dX dy - Y (36) 

A dt 

I where A represents the area determined from a drogue cluster and u 

-
and v are horizontal velocities in x and y directions (069°T/339°T). 

I Reed (1971) pointed out that some part of the change in drogue area 

I 
may result from turbulence at scales smaller than the drogue separations. 

No quantitative estimate of the turbulence effect has been made 

I previously. Integrating (36) we obtain 

I A(t) ft I - exp y dt 
A(O) - 0 

(37) 

I Okubo, Ebbesmeyer and Sanderson (1983} (in preparation), using the 

Lagrangian advection-diffusion equation (see page 210), obtain the 

I following reaction 

I (38) 

I where 0 2 and 0 2 are initial variances of drogue displacements in x 
a b 

and y directions and BI' B2, B3 are given previously (page 210). 

I Equation (38) provides an estimate of the turbulence effect. 

Taking the logarithm of (38) and differentiating with respect 

I to time we obtain 

I 
I 
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I 
I 

ldA 
A dt 

(39 ) I 
Thus the second term on the right-hand side of (39) represents the I 
part of the change in drogue area due to the combined action of 

deformations and turbulence. In practice (39) may be approximated by I 
ldA 
--= 
A dt 

(40 ) I 
for small values of elapsed time, t« cr!/Kll (0), cr~/K22 (0). Kll and I 
K22 are the Lagrangian diffusivities previously defined (page 199). I 
initially for small clusters and cr 2 b ~ 10 10 cm2 , K . . ~ 10 3 cm2s- 1 

a, II I 
for large clusters (Table 20), which gives t (critical) ~ 106 sec 

and 10 7 sec, respectively. This justifies the use of (37) in our I 
experimental data. Note that in (37), A represents a Lagrangian I 
quantity and y represents an Eulerian quantity. Thus for proper 

comparison we must select data in such a way that both Lagrangian 

and Eulerian measurements were made "in the same locality and over 

approximately the same time intervals. I 
On 11 March, 1981 (Experiment #12) a cluster of 20 drifters 

remained in the vicinity of our array of current meters for a few 
I 

hours (see Figure 87). Also the drogues and current meters were at I 
the same depth (15 feet). Unfortunately, however, there was a 

spatial scale difference in the drogue and current meter observations. I 
The drogue cluster occupied a much larger spatial domain than the 

current meter array. Because the magnitudes of the velocity gradients, 
I 
I 
I 
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Figure 87. Relative positions of the drogue centroid trajectory (9) 

for Experiment #12 (3/ 11/ 81) and the current meter 
array (+). 
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e.g., the divergence, depends upon the length scale over which they 

are measured (see Figure 81), we must take into account this scale 

dependence of divergence in using (37). 

Let 

y = y{t, ACt)} 

(41) states that divergence depends not only upon time but also upon 

area, a measure of spatial scales. Substituting (41) into (37) we have 

_l_dACt)_ {t A(t)} 
A(t) dt - y , 

It can be shown by dimensional arguments that the root-mean-

square velocity gradients should be related to the rate of energy 

dissipation, €, and to the length scale, L, over which the velocity 

gradient is measured. That is 

~ I (~-)) ~ 'V ax. 
J 

Equation (43) has been plotted in Figure 88 assuming that the constant 

of proportionality is of order unity and for € = 10-5 and 10-4 cm2s- 3 , 

a range which seems reasonable. 

The data from the March 1981 current meter array were available 

for confirmation of this relationship between rms velocity gradients 

and scale. Using the method of Okubo and Ebbesmeyer (1976) to cal-

culate the velocity gradients and defining the scale, L, as the 

standard deviation of the x-coordinate of the current meter positions 

about the array's centroid, a line of slope -0.71 was obtained 
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Figure 88. Root-mean-square velocity gradients as a function of 
the rate of energy dissipation, €, and scale, /Area 
from dimensional argument (Equation (43». The numbers 
are calculated values of rms velocity gradients from 
drogue experiments #4, 5, and 6. 
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(not shown) confirming the dimensionally expected value of -0.67. 

Three drifter experiments in which a small cluster of 8 drogues 

was surrotmded by a larger cluster of 8 drogues was carried out during 

the July 1980 LEDS experiments (Experiments 4, 5, and 6). All drogues 

were set at 10 feet (3.05 m). The root mean square velocity gradients 

for each of these experiments is plotted in Figure 88 as a function 

of the length scale which is taken to be the square root of the 

cluster area, A = 4~crxcry. The fit to the -2/3 law is not unreasonable. 

The above relation suggests that divergence is proportional to . 

-1/3 power of the area of concern. !f the area over which divergence 

is measured is written as A , then the divergence that could be 
m 

expected over an area A (t) would be 

y(t,A(tl.) = yCt;A ) (A(t)/A )-1/3 
m m 

Substitution of (44) into (42) gives 

IdA y (t;A ) (A/A) -1/3 
m m A dt 

Integration of (45) over time, given an initial area AO' yields 

the following result. 

A(t) = { AO l/3+ l3 A 1/3f\(t';A )dt'}3 
mOm 

Equation (46) enables us to predict the area of a drogue cluster 

of initial area AO' given the divergence measured as a function of 

time over an area A of a current meter array that is in the same 
m 

vicinity as the drogue cluster. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

(44) 

I 
I 

(45) 

I 
I 

(46 ) 

I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 89 shows the time behaviors of the observed cluster area 

(A = 4ncr
X

cry ) and of the predicted cluster area according to (46). 

The area predicted from current meter measured divergence without 

any scale correction is also given in the figure. Clearly the scale 

correction improved the result and equation (46) provides a 
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reasonable estimate of the cluster area. Thus the usefulness of a 

current meter array to predict horizontal dispersion of drogue clusters 

for short time intervals has been demonstrated. 

For longer time intervals the drogue area cannot be predicted 

from divergence alon~ but will require the addition of a diffusion 

effect. 

velocity Gradient Estimates from Current Meters and Drogues 

The results of auto spectrum and cross spectrum (coherency 

squared) calculations for instruments were used as a basis for 

estimating horizontal velocity gradients from the velocity time 

series provided by the moored instruments in the arrays. The 

spectrum a.nd coherency estimates provided information on the frequency 

bands for which velocity fluctuations were spatially coherent within 

an array. Our objective was to compute horizontal velocity gradients 

for those velocity fluctuations which tended to be spatially coherent, 

and to avoid calculating gradients for those fluctuations which were 

spatially incoherent. 

Consider, for example, two current velocity time series from 

adjacent instruments wI(t) ul (t) + iVl (t) 

W2(t) = u2(tl + iV2(t) 
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Figure 89. Comparison of time behavior of observed cluster area 
and predicted area (0). Also shown is the predicted 
without any correction for scale (0). 
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and the difference 

The inner auto spectrum for the difference is 

+ (C - iO } - (C - iO )] 
v 2u l - v2 u l v2 u 2 -v2u 2 

-2[(C + C ) + (Q + Q }] 
ulu2 vlv2 ulv2 u2v l 

In the expressions above S is the inner auto cross spectrum 
w.w. 

1 J 
between w. and w . , and G , C and Q are, respectively, the 

1 J u . u , u.v . U.V. 
1 J.. 1 J 1 J 

regular one sided auto spectrum and the real and imaginary parts of 

the regular one sided cross spectrum. Remembering (Mooers (1973» 

that the inner coherency squared and phase are defined by 
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Im(S } 
wlw2 

tan ¢ 

a more useful expression for the inner auto spectrum of the difference 

vector can be written as 

This expression shows clearly the strong dependency of the inner 

auto spectrum for the difference vector on the coherency and phase 

between the two original vectors. When the coherency squared is 

below the significance level or the phase is ~/2, the spectral 

density for the difference becomes very simply the sum of the density 

for the two original vectors. When the coherency squared is above 

the significance level the spectral density for the difference 

vector is affected by the degree of coherency and the phase. 

All estimates for horizontal velocity gradients were based on 

groups of three current meters. For the July 1980 array (Figure 7) 

only three instruments were available at a given depth. For the 

March 1981 array (Figure 8) different groups of three instruments 

were used; each group provided velocity gradient information for a 

different horizontal scale. 

For a given group of three instruments each of the four components 

of the horizontal velocity gradient tensor can be expressed in terms 
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of difference vectors calculated from the velocity vectors at the 

three instruments. If, for example, the three current velocity 

vectors are 

w3tt) = U3(t) + iV3(t), 

the components of the velocity gradient tensor can be written as a 

linear combination of wI (t) - w2 (t) and wI (t) - w3 (t) or w2 (t) - w3 (t) . 

That is, 

where aI' a2 and bl, b2 are constants. Extending the results 

presented above for the inner auto spectrum for the difference of 

' au .av 
two vectors, we have for the inner auto spectrum of -- + 1-- and 

dX ax 

au .av 
ay + 1ay , respectively, 

1 

a2 a 2 (8 + 8 - 2Yl2cOS ¢12 (8 8 ) "1) 
wlwl w2w2 wlwl w2w2 
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In this expression the difference vectors w4 and Ws are defined by 

WI (t) - w2 (t) 

Ws (t) 

and the real part of the inner cross spectrum can be expressed in 

terms of coherencies and phases Y13, ~13, Y12, ~12' Y23, ~23. In 

dU .dV 
summary, the spectral characteristics of the vectors -~- + 1~ and 

aX aX / 

dU .dV 
-- + 1-- can be shown to depend in the inner auto spectrum ' for each 
dy dY 

of the three current vectors and the inner coherency and phase 

between all possible pairs of instruments in the array. 

For a given array of three instruments our objective was to 

calculate velocity gradients for velocity fluctuations which were 

spatially coherent over the array. Before computing velocity 

gradients. records were low pass filtered with the cut off frequency 

determined as the lowest frequency at which any of the inner coherency 

squared (estimates between pairs of instrumentslfalls and tends to 

remain below the significance level. 

For the July 1980 experiment the inner coherency squared for 

instruments at 4.6 and 12.2 m shows a rather abrupt drop below the 

significance level for fluctuations with periods shorter than 

approximately 13 minutes. Coherency squared between instruments 

and moorings C and E tends to drop abruptly to the significance 

level at periods near 80 minutes; it then remains at or only slightly 

above the significance level up to periods of approximately 13 

minutes. Velocity gradients were, therefore, computed for low pass 
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filtered records with filter cut off ranging from 13 to 80 

minutes. 
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Time series of velocity gradients were plotted on stability 

diagrams (Okubo (1970» in order to achieve as concise a graphical 

representation as possible. On this diagram the abscissa is the 

horizontal divergence and the ordinate is the quantity shearing 

deformation squared plus stretching deformation squared minus the 

square of the vertical component of vorticity. Diagrams for velocity 

gradients on successive days computed for the current records beginning 

on 14 July 1980 for 4.6 m depth are shown in Figures 9.0. through 93. 

Figure 93b represents a composite of the velocity gradients for the 

entire 13 day record. Corresponding diagrams for velocity gradients 

at 12.2 m depth are shown in Figures 94 through 9.7. The filter cut 

off for gradients in these figures was 80 minutes; gradients computed 

from records filtered at 20 and even 13 minutes show essentially the 

same characteristics but with relatively small amplitude short 

period fluctuations superposed. 

Velocity gradients at 4.6 m and 12.2 m depth show significant 

temporal variability. The variability is characterized by apparently 

aperiodic events often lasting several hours. At 4.6 m depth the 

most common event is one characterized by divergence and strong 

stretching and shearing deformation. At 12.2 m depth convergent 

events are also common. In general, the sum of the squares of the 

stretching and shearing deformations exceeds the square of the vertical 
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Figure 90. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
on 14 July, 1980 (Figure A), 15 July, 1980 (Figure B), 
16 July, 1980 (Figure C) and 17 July, 1980 (Figure D). 
Range of abscissa is -1.34X10- 3s- 1 to +1.34xlO- 3s- 1 ; 
range of ordinate is -1.39xlO-6s-2 to +1.39xlO- 6s-2 

(see text). 
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Figure 91. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
on 18 July, 1980 (Figure A), 19 July, 1980 (Figure B), 
20 July, 1980 (Figure C) and 21 July, 1980 (Figure D). 
Range of abscissa is' -1.34x lO- 3s-1 to +1.34 xlO- 3s-1 i 
range of ordinate is -1.39xlO- 6s- L to +1.39 xlO-6s-L 

(see text). 
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Figure 9 2 . Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
on 22 July, 1980 (Figure A), 23 July, 1980 (Figure B), 
24 July, 1980 (Figure C) and 25 July, 1980 (Figure D). 
Range of abscissa is -1.34~10-3s- 3 to +1.34 X10- 3s- 1 i 

range of ordinate is -1.39 xlO- 6s-6 to +1.39 x lO- 6s-2 

(see text) . 
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Figure 93. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
on 26 July, 1980 (Figure A) and 14 July through 26 
July, 1980 (Figure B). Range of abscissa is -1.34xlO- 3s-1 

to +1.34 X10- 3s-1 ; range of ordinate is -1.39xlO-6s- 2 to 
+1.39xlO-6s-2 (see text). 
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Figure 94. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 12.2 m depth 
on 14 July, 1980 (Figure A), 15 July, 1980 (Figure B), 
16 July, 1980 (Figure C) and 17 July, 1980 (Figure D) . 
Range of abscissa is -1.34xl0- 3s-1 to +1.34~10_3s-1i 
range of ordinate is -1.39')(10-6s- 2 to +1.39')(10-6s- 2 

(see text). 
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Figure 95. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 12.2 m depth 
on 18 July, 1980 (Figure A), 19 July, 1980 (Figure B), 
20 July, 1980 (Figure C) and 21 July, 1980 (Figure D). 
Rate of abscissa is -1.34xlO- 3s-1 to +1.34 X IO- 3s-1 i 

rate of ordinate is -1.34xlO-6s-2 to +1.39 x lO-6s-2 

("see text). 
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Fi.gure 96. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 12.2 m depth 
on 22 July, 1980 (Figure AJ, 23 July, 1980 (Figure B), 
24 July, 1980 (Figure C) and 25 July, 1980 (Figure D). 
Range of abscissa is .,..·1.34'xlO-3s- 1 to +1.34xlO- 3s-1 ; 
range of ordinate is -1.39xlO-6s- 2 to +1.39xlO-6s- 2 

(see text). 
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Figure 97. stability dia9rarns for time series of h.orizontal velocity 
gradients estimated from current meters at 12.2 m depth 
on 26 July, 1980 (Figure AJ and 14 July through 26 July, 
1980 (Figure B). Range of abscissa is -1.34xlO- 3s- 1 

to +1.34xlO- 3S- 1 j range of ordinate is -1.39xlO- 6s- 2 

to +1.39X10- 6s-2 (see text). 
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component of vorticity at both 4.6 m and 12.2 m. At 4.6 m depth, 

for example, the time history of a typical event is usually a mono

tonic increase in both the divergence and stretching and shearing 

deformation to maximum values of approximately 1 x 10-3s -1 and 

1 x 10-6s -2, respectively, and then a monotonic decrease in divergence 

and stretching and shearing. 

Before discussing the structure of features which might be 

responsible for producing these observed gradients, the implications 

of these gradients for dispersion, and the limited comparisons with 

Lagrangian velocity gradients, the characteristics of velocity 

gradients estimated from the March 1981 current meter deployme~t are 

described. The March 1981 deployment (Figure 8lafforded an 

opportunity to estimate velocity gradients at three different 

spatial scales: moorings B, E and D describe- the largest scale, 

moorings C, D and E a somewhat smaller scale and -moorings B, C and E 

a very much smaller scale. Coherency squared and phase estimates 

between pairs of instruments in both of the larger scale arrays 

(Figures 34 through 45) suggested that a filter cut · off of 360 minutes 

was required to remove spatially incoherent fluctuations. Even 

for the small scale array a filter cut off of 120 minutes was 

required - considerably longer than the most conservative filter 

cut off of 80 minutes required for the July array which was nearly 

the same scale. 

Velocity gradients for the two larger scale arrays (Figures 9 8 

through 101 and Figures 102 through lOS l show very similar features. 
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Figure 98. Stability dia9rams ,for ti:me series of horizontal veloci ty 
gradients estimated from current meters at 4.6 m depth 
at moorings B, D and E on 27 February, 1981 (Figure A), 
28 February, 1981 (Figure B), 1 March, 1981 (Figure C) 
and 2 March, 1981 (Figure D). Range of abscissa is 
-4.36Xl0-4s-1to+4.36-x l0-4S-1j range of ordinate is 
-1. 54 xlO-7 s-2 to +1. 54xlO- 7 s -2 (see text). 
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Figure 99 . stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth at 
moorings B, D and E on 3 March, 1981 (Figure A) , 
4 March, 1981 (Figure B), 5 March, 1981 (Figure C) and 
6 March, 1981 (Figure D). Range of abscissa is 
-4 . 36xlO- 4s-1 to +4.36 xlO-4S-1 j range of ordinate is 
-1.54xlO- 7s-2 to +1.54x lO- 7s-2 (see text). 
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Figure 1 00. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings B, D and E on 7 March, 1981 (Figure A), 
8 March, 1981 (Figure B), 9 March, 1981 (Figure C) and 
10 March, 1981 (Figure D). Range of abscissa is 
-4.36 x10-4s- 1 to +4.36x 10-4s-1 i range of ordinate is 
-1.54 x10- 7s- 2 to +1.54 x10- 7s-2 (see text). 
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Figure 101. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings B, D and E on 11 March, 1981 (Figure A) and 
27 February through 11 March, 1981 (Figure B). Range 
of abscissa is -4.36x lO-4s- 1 to +4.36 ~10-4s-1; range of 
ordinate is -1.54 xlO- 7s- 2 to +1.54 xlO-7s- 2 (see text). 
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Figure 102. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings C, D and E on 27 February, 1981 (Figure A), 
28 February, 1981 (Figure B), 1 March, 1981 (Figure C) 
and 2 March, 1981 (Figure D). Range of abscissa is 
-4.36xlO-4s-1 to +4.36 xlO-4s- 1 i range of ordinate is 
-1.54xlO-7s- 2 to +1.54xlO-7s-2 (see text). 
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Figure 10"3. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth at 
moorings C, D and E on 3 March, 1981 (Figures A), 
4 March, 1981 (Figure B), 5 March, 1981 (Figures C) and 
6 March, 1981 (Figure D1. Range of absicssa is 
-4.36xl0-4s-1 to +4.36 Xl0-4s-1 ; range of ordinate is 
-1.54xl0-7s-2 to +1.54~10-7s-2 (see text). 
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Figure 104. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings C, D and E on 7 March, 1981 (Figure A) , 
8 March, 1981 (Figure B), 9 March, 1981 (Figure C) and 
10 March, 1981 (Figure D). Range of abscissa is 
-4.36 xl0-4s-1 to +4.36x l0-4 s -1; range of ordinate is 
-1.54')(10-7s- 2 to +1.54')(10-7s-'2 (see text). 
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Figure 105. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings C, D and E on 11 March, 1981 (Figure A) and 
27 February through 11 March, 1981 (Figure B). Range of 
abscissa is -4.36x10-4s- 1 to +4.36 xlO-4s- 1 ; range of 
ordinate is -1.54X10- 7s- 2 to +1.54 X10- 7s- 2 (see text). 
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The magnitude of these velocity gradients is considerably smaller than 

those estimated for the July deployment. This is certainly due at 

least in part to the difference in scale. They are highly variable 

and characterized by aperiodic events lasting several hours. On 4, 5 

and 6 March (Figure 99), for example, there were a number of 

events characterized by strong divergence (or convergence) 

and strong stretching and shearing. Similar to the events in July, 

-
these events were characterized by a monotonic increase in the 

divergence and the stretching and shearing to a maximum value, and 

then a monotonic decrease. 

Velocity gradients estimated for the small scale array (Figures 

106 through 109) show an increase in magnitude from the gradients for 

the larger scale arrays although they remain considerably smaller 

than the July gradients (note the scale change on the diagrams) . 

They also show features which are remarkably different from those 

for the larger scale arrays. They are highly variable and not 

characterized nearly as much by the occasional large event. They 

show also some increase in the relative magnitude of vorticity 

over stretching and shearing. 

In summary, some of the most noteworthy feat1:lres of the Eulerian 

velocity gradients are the temporal variability, the tendency for 

large disturbances to be both divergent (or convergent) and character-

ized by stretching (and shearing) rather than rotation, and the 

strong scale dependency of the magnitude of the gradients. Not 

only does the gradient magnitude change with array scale, but also 
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Figure 106. stability. diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings B, C and E on 27 February, 1981 (Figure A), 
28 February, 1981 (Figure B), 1 March, 1981 (Figure C) 
and 2 March, 1981 (Figure D). Range of abscissa is 
-4.36 xl0-4s-1 to +4.36 xl0-4s-1 ; range of ordinate is 
-1.54 xlO- 7s- 2 to +1.54xl0- 7s-2 (see text). 
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Figure 107. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth at 
moorings B, C and E on 3 March, 1981 (Figure A), 
4 March, 1981 (Figure B), 5 March, 1981 (Figure C) and 
6 March, 1981 (Figure D). Range of abscissa is 
-4.36xlO-4s- 1 to +4.36x lO-4s- 1 ; range of ordinate is 
-1.54xlO- 7s-2 to +1.54xlO-7s-2 (see text). 
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Figure 108. stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings B, C and E on 7 March, 1981 (Figure A), 
8 March, 1981 (Figure B), 9 March, 1981 (Figure C) and 
10 March, 1981 (Figure D). Range of abscissa is 
-4.36 X10-4s-1 to +4.36-xlO-4s- 1 ; range of ordinate is 
-1.54xlO- 7s- 2 to +1.54xlO~7s-2 (see text). 
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Figure 109. Stability diagrams for time series of horizontal velocity 
gradients estimated from current meters at 4.6 m depth 
at moorings B, C and E on 11 March, 1981 (Figure A) and 
27 February through 11 March, 1981 (Figure B). Range 
of abscissa is -4.36xlO-4s- 1 to +4.36xlO-4s-1 ; range 
of ordinate is -1. 54xlO- 7 s-2 to +1. 54x lO- 7 s-2 (see text). 
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apparently the structure may change significantly. Our observations 

also suggested that velocity gradients were considerably lower in 

winter than in summer at comparable scales. 

A significant percentage of the measured velocity gradients 

fall within the first quadrant of the stability diagram, and these 

gradients should be most dispersive. The temporal variability and 

the dependence of both the magnitude and structure of velocity 

gradients on spatial" scale would, however, complicate the application 

of simple formulas (Okubo et ale (1983» to describe the areal 

change, elongation and orientation of a patch in terms of measured 

horizontal divergence and stretching and shearing deformation rates. 

We should mention that both speed and direction calibration 

problems could certainly produce spurious velocity gradients. 

However, the rms value of our velocity gradients at 4.6 m depth 

during the July deployment is greater than 5X10-4s- 1 • For the 

spatial scales involved this represents a velocity difference of 

10 cm s-l which should be appreciably greater than any difference 

which might arise from uncertainties in speed and direction 

calibrations. 

Limited comparisons can be made between the Eulerian and Lagrangian 

velocity gradients. Figures 110 through 112 show stability diagrams 

for Lagrangian velocity gradients estimated for drogue cluster 

experiments in July. These experiments are inventoried in Table 5. 

Summer drogue experiments with horizontal scales comparable to that 

of the Eulerian array are Experiment 1 (Figure 110a), Experiment 3 
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Figure 110. Stability diagrams for time series of horizontal 
velocity gradients estimated from drogue cluster for 
Experiment 1 on 21 July, 1980 (Figure A), Experiment 3 
on 24 July, 1980 (Figure B), Experiment 4S on 25 July, 1980 
(Figure C) and Experiment 4L on 25 July, 1980 (Figure D) . 
Range of abscissa is -1.34X10- 3s- 1 to +1.34X10- 3s- 1 ; range 
of ordinate is -1.39X10- 6s-2 to +1.39X10-6s-2 (see Table 5). 
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Figure Ill. Stability diagrams for time series of horizontal velocity 
gradients estimated from drogue cluster for Experiment 5S 
on 25 July, 1980 (Figure A), Experiment 5L on 25 July, 1980 
(Figure B), Experiment 6S on 25 July, 1980 (Figure C) and 
Experiment 6L on 25 July, 1980 (Figure D). Range of 
abscissa is -1.34xlO- 3s-1 to +1.34 XIO- 3s- 1 ; range of 
ordinate is -1. 39xlO-6 s-2 to +1. 39xlO-6s-2 (see Table 5) . 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

263 

A B 

c 

Figure 112. Stability diagrams for time series of horizontal velocity 
gradients estimated from drogue cluster for Experiment 8S 
on 26 July, 1980 (Figure A), Experiment 8D on 26 July, 1980 
(Figure B) and Experiments 1 through 8D (Figure C). Range 
of abscissa is -1. 34xlO- 3s-1 to +1. 34 xlO- 3s- 1 ; range of 
ordinate is -1.39xlO-6s- 2 to +1.39X10-6s- 2 (see Table 5). 
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(Figure 110b) and Experiments BS and BD (Figures l12a and l12b). 

Comparison of these Lagrangian gradients with Eulerian gradients 

for the same days in Figures 9ld, 92c and 93a, respectively, show 

generally extremely good agreement for the magnitude of the gradients. 

Gradients for drogue Experiment 3 (Figure 110b) show large convergent 

and divergent events accompanied by shearing and stretching which 

was characteristic of many of the summer Eulerian gradients. 

In general the velocity gradients for summer drogue experiments 

showed very large scale dependence. Experiments 4L and 5L, for 

example, both had horizontal scales of the order 10 3 m. Comparison 

of the velocity gradients for these experiments (Figures 110d and 

lllbl with those for Experiments 4S and 5S (Figures 110c and lllc) 

which had horizontal scales of the order 102 m shows the strong 

scale dependence. 

Winter drogue experiments had horizontal scales comparable to 

that of the smallest winter Eulerian array. The velocity gradients 

for these drogue experiments (Figures 113a, ll3b, ll3cl show the 

same order of magnitude decrease in magnitude for a given scale from 

summer to winter as did the Eulerian gradients. Velocity gradients 

for the smallest winter Eulerian array (Fiqures lOBe, 10Bd, 109a) 

show excellent agreement in both magnitude and general structure 

with the gradients for the drogues. In .general, time series for 

individual Lagrangian and Eulerian gradients did not show good 

agreement. Such agreement should probably not have been expected 

because of the apparent small scale variability in the gradient field 

and because drogues were often not precisely within the Eulerian array. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
,I 

I 
I 
I 
1 
I 

I 

265 

A B 

\ 

c D 

/ ' \ / IV 

.Figure 113. Stability diagrams for time series of horizontal velocity 
gradients estimated from drogue cluster for Experiment 10 
on 9 March, 1981 (Figure AJ, Experiment lIon 10 March, 1981 
(Figure B), Experiment 12 on 11 March, 1981 (Figure C) and 
Experiments 10 through 12 (Figure oJ. Range of abscissa 
is -4.36XIO-4s- 1 to +4.36x IO-4s-1 ; range of ordinate is 
-1.54xlO- 7s-2 to +1.54 xl0- 7s-2 (see Table 5). 
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Esti-mation of Variance from Current Meter Records 

Customarily Taylor's formula (Taylor (1921» is used to estimate 

turbulent diffusion from current meter records. According to Taylor, 

the variance of particle displacements a 2 (t) can be expressed as 

where v,2 is the mean squared turbulent velocity and RL(T) is the 

Lagrangian velocity autocorrelation coefficient, which is defined by 

~ (T) = v' (t) v' (t+T)/Vl2 

In Taylor's formula the turbulent flow field is assumed to be 

stationary. (47) can be rewritten as 

Because of the assumption of stationary turbulence, Taylor's 

formula should be applied to absolute diffusion. For relative 

diffusion, the velocity field relative to the centroid of a cluster 

of particles cannot be assumed to be stationary, and Taylor's formula 

needs certain modifications. As mentioned in the preface to this 

section, diffusion from a continuous (fixed) source may be classified 

as either absolute or relative diffusion depending upon how we observe 

or sample the plume of substance. 

Ogura (1957, 1959) presented a detailed analysis of the depen-

dence of diffusion from a continuous source on the observation 

interval. Here we summarize Ogura's analysis. 
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Let vet) be the random velocity of a particle. The sample mean 

value of v over the time interval, t , i.e., sampling or observation 
s 

time, centered at a diffusion time"l< t is 

<v(t» 't 
s 

v(t')dt' 

Then the turbulent component referred to this mean velocity is 

v~ (t) 
s 

v(t)- <v> 
ts 

and the Lagrangian autocorrelation coefficient, R
t 

(T), for a finite 
s 

sampling time, t , is given by 
s 

v' (t' ) 
ts 

1 It+t /2 
v' (t'+T)dt'/- s 
ts t 

s t-t /2 
s 

where the overbar denotes the ensemble average of meandering plumes 

observed for an interval t . 
s 

Taylor's formula (49) can now be applied to diffusion from a 

continuous source for a finite sampling time, t , by using (52) in 
s 

place of RL(T) and v~2 in place of v, 2 . It is expressed as 
s 

0'2 (t) 
t 

s 

-- t 
~ 2 v' 2 f (t-T)R (T)dT t . t 

s 0 s 

Eq. (53) can be used to calculate the variances for various sampling 

intervals, t , on the basis of sufficiently long current meter data. 
s 

There is a serious problem in the calculation, however. That is, 

R
t 

(T) in (53) is the autocorrelation coefficient in a Lagrangian 
s 

* Identical to previously defined age, t • 
a 
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sense whereas the current meter data provide only the Eulerian 

autocorrelation coefficient. 

The Hay-Pasquill hypothesis (Hay and Pasquill (1959» provides 

a relation between the Lagrangian (~) and Eulerian (R
E

) autocorrelation 

coefficients as 

where B is a factor representing the ratio of the Lagrangian to th~ 

* Eulerian time scales. Substitution of (54) into (53) gives a basic 

expression for the variance in terms of the measured Eulerian 

autocorrelation coefficient 

-lt/B ry2 (t) = 2B v,2 (t-BT)R (T)dT 
t t E 

s s 

A typical Eulerian autocorrelation coefficient calculated from 

one of the LEDS current meter records (unfiltered) is shown in 

Figure 114. Its principal feature is a pronounced periodicity due 

to the strong semidiurnal tidal oscillations in the velocity record 

superposed on a longer period oscillation (of which somewhat less 

than half a period is shown) arising from low frequency current 

fluctuations. 

* TL (Lagrangian integral time scale) -

co 
TE (Eulerian integral time scale) = b ~(T)dT 
From (54) we obtain 

co co 
TL = ~ ~(~)d~ = ~ ~(BT)dBT = 

Therefore 

(3 

co 
Sf R (T)dT 
o E 

(54) 

(55 ) 
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Figure 114. Typical Eulerian autocorrelation calculated from a LEDS 
current meter record #174107. 

269 



270 

In previous attempts to compute dispersion from current meter 

records (Callaway (1974), Jackson et ai. (1979» this calculated 

autocorrelation coefficient was inserted in Taylor's formula (55) 

and the integral evaluated numerically. Several overlooked factors 

combine to render this apparently straightforward calculation 

unacceptable. 

The measured frequency spectrum of oceanic velocity fluctuations 

has always been found to be "red", that is it contains oscillations 

longer than the record length and with progressively greater variance 

at lower frequencies. These comparatively energetic low frequencies 

dominate the autocorrelation with the result that wavy autocorrelations 

will always be obtained from oceanic current meter records. 

The problems that the wavy autocorrelation function and the 

high energy at low frequencies cause can be appreciated if we consider 

modeling the autocorrelation as a decaying exponential, 

~ (T) 

-TIT 
E 

e 

where T is the Eulerian integral time scale of the turbulence 
E 

defined as 

It is apparent from an examination of Figure 114 that the integral 

(57) does not converge over the period shown and TE would in fact 

oscillate around zero as the integration limit is extended. Previous 

investigators have extended the integration only to the first zero 
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crossing of ~(T), a practice which leads to underestimates of the 

integral time scale. The use of the exponential function, however, 

allows Eq. (55) to be integrated, yielding an analytical form for 

the growth of variance with time. 

(J~ (t) = 2S v,2 T t - 2S2 ~ T2 {l- exp(-t/S T
E

)} 
t E t E 

s s s 

Nuemann (1978) has pointed out that this form yields good results 

in atmospheric diffusion studies. 

The practical application of this analytical form was done by 

making a least squares fit of the decaying exponential to the actual 

autocorrelation coefficient (Figure 115) which yielded an integral 

time scale. This parameter and the lateral velocity variance 

determined from current meter records was substituted into Eq. (58) 

yielding the uppermost curve in Figure 116. The essential elements 

of this theory of plume diffusion are exhibited in this figure. Two 

diffusion regimes exist connected by a transition zone whose position 

depends on the integral time scale for the particular flow. For 

times small compared to TE the lateral variance, y2 or (J~, increases 

at t 2 while at long times y2 grows as t. The center of the transition 

zone occurs at t'V 2T
E

. For diffusion times up to at least a day and 

probably longer depending on the distance to the nearest boundaries 

we do not expect to see y 2 'Vt behavior since this can only occur 

when the distance from the source of diffusant is large compared to 

the integral space scale of the turbulence. Since we expect scales 

of motion up to the size of the ocean basin we expect then that plumes 

(58) 
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Figure 115. Least squares fit of Eq. (56) to autocorrelation of 
LEDS data (current meter #174107). 
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Figure 116. 
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The growth of lateral variance .. "ith time, t (Eq. (58» 
for LEDS data. The two straight line segments illustrate 
y2 'Iv t2, y2 'Iv t. The top curve was calculated from an 
unfiltered record while those below it were calculated 
from high pass filtered records with 12, 6, 4, 3, 2, 1 
hour filter cutoff periods respectively. The LEDS dye 
plume data (6, 07/24/80, +, 07/25/80, CJ, 07/26/80) are 
also shown for comparison. 
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in the ocean should remain in the initial period and diffuse as t 2 . 

support for this conclusion comes from aerial photographs of the 

LEOS plume diffusion experiments examples of which are shown in 

Figures 83-85. Diverging lines or envelopes (not shown) show the 

lateral extent of the plume growing linearly in time and thus the 

lateral variance grows at t 2 in accordance with the initial period 

prediction of the model. 

* The data from the LEOS plume experiments is also shown in 

Figure 116. The prediction from the raw current meter record 

(uppermost curve) passes above the data. There are two reasons for 

this discrepancy. First, the lateral variance of the plume was 

measured for sampling periods approximately equal to the transit 

time, i.e., age from the source to the measuring position while the 

theory strictly requires that the sampling period be long compared 

** to the transit time This means that the lateral plume variance 

-
is underestimated though probably not more than a factor of two. 

The second, and more influential reason is that the current meter 

records are two weeks long and thus contain low frequency as well 

as tidal fluctuations which are very energetic compared to the higher 

frequencies. For the short diffusion times in this experiment these 

* 

** 

Plotted are values of the lateral variance (absolute) from Table 12. 
for a depth of 0.9 m and various downstram distances between 0.52 km 
and 3.32 km on 7/24/80 (~), 7/25/80 (+), and 7/26/80 (0). 

Hhen t is smaller than the transit time, we replace t by t in 
s . s a 

calculat~ng the lateral variance. 
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energetic low frequencies act as mean flows and do not contribute 

to the diffusion of the plume. Thus the velocity records must be 

appropriately filtered to exclude the nondispersive low frequency 

fluctuations. 

High-pass filtering the velocity records before calculating 

the lateral variance as a function of time has two effects which 

are shown in the family of curves in Figure 116. Shorter filter 

cut off periods reduce the predicted variance and the transition 

from initial (t2 ) to final (t) period behavior shifts to shorter 

and shorter. times. This shift exacerbates another discrepancy 

between the prediction and the data. As stated previously we expect 

the plumes to be in their initial period of diffusion whereas the 

final period of the predicted curves pass through the points. Thus 

the calculated integral time scales are too short. The same problem 

arises when using the actual autocorrelation functions directly in 

(55). Results are shown in Figure 117. Note the short times at 

. which the predictions become spurious. These negative examples 

275 

have been included because they illustrate the previously unappreciated 

problems involved in calculating the spread of material from current 

meter records and to emphasize the importance of our simultaneous 

Eulerian and Lagrangian measurements in detecting the discrepancies. 

We have shown that high pass filtering cannot eliminate wavy 

autocorrelation functions and that the underestimate of the integral 

time scale (which results either from direct integration or fitting 

a decaying exponential to such functions) leads to erroneous predictions. 
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I 
I These problems can be eliminated, however, by fitting a decaying 

I 
wavy form to the autocorrelation. The simplest possible form is 

given by 

I 
'U -aT 
RE ( T ) = e co s m T (59) 

where a:: litE' an inverse of an Eulerian correlation time scale, t
E

. 

I If (59) is inserted into (55) the integration yields 

I 
at S(a2-m2) tiS 2S -a tiS 

y2 (t) = 2Sv'2 {+ (e ~a cos m tiS -1) - am e sin m tiS} 
t a 2+m2 (a2+m2)2 (a2+m2)2 

s 
(60 ) 

I for the.growth of lateral variance with time. Note the similarities 

to (58) which is recovered for m = O. The integral time scale for 

I (59) is a/(a2 +m2 ). It is apparent that waviness in the autocorrelation 

I 
can reduce the calculated integral time scale substantially. The 

time scale for the decay of correlation is lla and might more properly 

I be considered the integral time scale for the process in place of 

I 
al (a2 +m2). tE = lla will be called the Eulerian correlation time 

scale. 

I 
The practical implementation of this approach consists of least 

squares fitting (59) to autocorrelation coefficients calculated from 

I filtered records for fixed m and then varying m to achieve the minimum 

square error. Table 21 shows the variation of correlation time scale 

I and cosine period with filter cutoff frequency while Figure 118 shows 

I 
(59) fitted to an autocorrelation coefficient computed from a band 

pass filtered current meter record (#174107). 

I Smoothing the highest frequencies in the velocity records was 

necessary due to the current meter data sampling scheme. This 

I 
I 
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Table 21 

Variations of correlation time scale and cosine period 
with filter cutoff frequency. 

Filter Cutoff 
(bandpass), hours 

12 - 1 
6 - 1 
4 - 1 
3 - 1 
2 - 1 

Correlation Time Scale 
t e , hours 

4.3 
1.9 
1.4 
1.11 
1.28 

Period of 
cosine fit, hours 

8.2 
4.2 
2.6 
2.1 
1.4 

scheme, which is common to many types of current meters, entails 

averaging the speed over the sampling period but recording one 

instantaneous measurement of direction which is subsequently used 

to compute the velocity components. Sampling in this fashion aliases 

frequencies higher than one-half the sampling rate in the direction 

record and thus the velocity components. The effect of this aliased 

energy is to cause a very rapid fall-off in the autocorrelation 

function in the first few lags. This effect becomes progressively 

more severe as the low frequencies are removed to generate the 

filtered records. Satisfactory autocorrelation functions were 

obtained from records smoothed with a low pass filter with a half 

power point at 1 hour. 

The growth of variance with time computed from (60) using band 

passed records is shown in Figures 119 and 120. Some important 

features should be noted. i) For a given Sand t, the calculated 

variance increases with the period of the high pass filter cutoff. 

Obviously a larger cutoff period incorporates more turbulent energy 
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in the calculation of variance. ii) For a given S, the t 2-regime of 

variance extends to larger values of t as the period of filter 

cutoff increases. Since the transition zone (from t 2- to t~regimes) 

occurs at a time of the order of T
E

, this behavior is expected. 

iii) For a given filter cutoff period, the transition zone extends 

to larger values of t as S increases whereas the variance in t 2_ 

regime is invariant with respect to S. In the t 2-regime the variance 

depends only on v~2 which in turn depends on the period of filter 
s 

cutoff but not on S. Since S is a ratio of Lagrangian to Eulerian 

correlation time scales, an increase in S means that for a given 

Lagrangian correlation time scale we increase the Eulerian correlation 

time scale t by that factor and thus increase the time of the 
e 

transition zone. iv) The wavy behavior of the variance is a reflection 

of the wavy behavior of the Eulerian autocorrelation coefficient. 

The waviness of variance does not occur in the early part of the 

t 2-regime. As seen in Table 21 the period of the cosine component 

is approximately equal to twice the correlation time scale which 

itself approximates the time of the transition zone. 

Another remark is that the calculated variance should not be 

valid beyond a certain diffusion time, which is of the order of the 

high pass filter cutoff period , simply because a portion of the 

energy spectrum whose period is larger than the cutoff period has 

been arbitrarily removed from the filtered records. In Figures 119 

and 120 the hatched curve indicates the invalid part of the calculated 

variance. 
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The wavy behavior of ~ is due to energetic low frequency 

fluctuations. Although they are energetic, these fluctuations in 

velocity act essentially as mean flows caus~ng plume meandering and 

contribute little to dye diffusion relative to the plume centerline. 

Aerial photography shows some examples of the action of low frequency 

velocity fluctuations. The upper plume in Figure 83 shows a sudden 

local shift in the plume axis. Apparently this is caused by a 

, localized action of low frequency fluctuations. Another example is 

seen in Figure 85, where the entire dye plume was translated from 

one direction to another within 4 hours. Again those low frequency 

motions have little effect on dye diffusion relative to the pl~e 

centerline. 

For proper comparison of the calculations to dye plume data, 

therefore, we need to eliminate the effect of the low frequency 

fluctuations on the variance calculated from current meter records. 

Since the LEDS plume diffusion is in the t 2-regime and the wavy 

portion of the calculated variance occurs around and beyond the time 

of transition zone, we are permitted to remove the waviness by using 

only the exponential component of the autocorrelation (Eq. (59», 

i.e" setting m=O. Note that in so doing we have preserved the 

same correlation timescale as the original exponential-cosine 

correlation. 

Figures 121 and 122 show the result of this calculation. The 

time behavior of the variance looks reasonable, and the comparison 

with plume data is improved. 
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Figure 121_ The growth of lateral variance with time, t, computed 
from Eq. (60) by setting m = 0 and using the previous 
value of a, which was evaluated from (59) by fitting 
to autocorrelation coefficients with band pass filtered 
records. Values of 8 (8 = 0.5, 1) are chosen in compu
tation. Low frequency cutoff periods are 12, 6, 4, 3, 
2 hours, respectively. The high frequency cutoff is 
1 hour period. The LEDS dye plume data (see Figure 116 
legend) are also shown for comparison. 
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Figure 122. The growth of lateral variance with time, t, computed 
from Eq. (60) by setting m == 0 and using the previous 
value of a, which was evaluated from (59) by fitting 
to autocorrelation coefficients with band pass filtered 
records. Values of B CB = 2, 8) are chosen in compu
tation. Low frequency cutoff periods are 12, 6, 4, 3, 
2 hours, respectively. The high frequency cutoff is 
1 hour period. The LEDS dye plume data (see Figure 116 
legend) are also shown for comparison. 
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Although Figures 121 and 122 are improvements of Figures 119 

and 120, the method used is considered to be ad hoc. Nevertheless 

the method produces estimates of the correlation time scale and 

veloci ty variance which produce diffusion predictions. in accord with 

the simultaneous dye diffusion measurements. Note that there is 

little to choose between the curves produced from the 2-6 hour cut

off high pass filtered records. This arises from the fact that the 

velocity spectrum at shorter than tidal periods is relatively flat 

resulting in only a four fold increase in predicted variance for 

the six hour cutoff record compared to the 2 hour cutoff record. 

Data presented in Okubo (197l) shows scatter of an order of magnitude 

in the variance at any given diffusion time. Thus a useful prediction 

of variance can be obtained from a current meter record which excludes 

fluctuations of tidal period and longer . 

Figures 121 and 122 suggest that 8 is greater than two though 

how much greater cannot be determined given the relatively short 

diffusion times covered during the dye plume studies. This is in 

agreement with a value of approximately four obtained by Hay and 

Pasquill (1957) in the atmosphere. We attempted to determine 8 

following Hay and Pasquill (1957) but found that the current meter 

sampling scheme, as described earlier, produced data unsuitable for 

the determination. 

There are a number of areas in which future studies are required . 

These include the extension of this method to longer diffusion times, 

the direct measurement of 8, and the elaboration of a method to 
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predict patch (relative) diffusion from current meter data. 

Extending the predictions to longer times is problematical 

without concurrent measurements of diffusion extending over comparable 

times. The problem centers on determining the diffusive nature of 

tidal and longer period motions. These are very energetic but we 

do not know if they are as diffusive as the more random higher 

frequency motions. This question should be addressed with another 

LEDS type study with instrumentation and sampling procedures refined 

in light of the information acquired during this project. The direct 

measurement of Sf the ratio of the Eulerian and Lagrangian integral 

time scales could be done in the context of the experiment suggested 

above. The major requirements are a vector measuring current meter 

and measurements of the lateral plume variance over a sufficiently 

long observation interval. 

A scheme for the prediction of relative diffusion from current 

meter records does not currently exist. The fundamental problem 

arises because both plumes and moored current meters experience the 

entire spectrum of motions while the freely drifting particles in a 

patch are diffused relative to each other only by those scales of 

motion which are of a scale comparable to their separation. A number 

of approaches to this problem are possible. One is based on the 

Smith and Hay (1961) extension of the Hay and Pasquill (1957) model 

to patch diffusion which leads to a size dependent growth rate. A 

second considers the relative acceleration to be statistically steady 

as opposed to the relative velocity as in the plume model. Th{s 
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I 

yields functional forms for the variance which grow as t 3 and are I 
thus in better accord with patch diffusion data as presented in 

Okubo (1971). I 
A third entirely hueristic approach is to evalute the non-

stationarity of the velocity variance directly from current meter I 
records as a function of increasing averaging time which is equivalent I 
to increas~ng diffusion time. This can be combined with our evaluation 

of the variation of integral time scale with filter cutoff period I 
to yield an empirical extension of Eq. (58) 

t/ST (t) 
2Sv~2(t)TE(t)t + 2Sv~2(t)T~(t) (l';"e E ) 

s s 

I 
(61) 

I 
in which all the terms are obtainable from single current meter 

records . I 
The crucial element in evaluating these approaches is the 

availability of high quality current meter and dye diffusion data I 
taken for sufficiently long times. A data set meeting all these I 
criteria does not currently exist . . 
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