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INTRODUCTION 

The circulation in natural bodies of water such as the Great 

Lakes are generally very complex turbulent motions. Superimposed on 

the mean flow circulation patterns are eddy-like motions of varying in- 

tensity and scales. These eddy—like motions exist in both horizontal 

and vertical directions.’ The scale of horizontal eddies, however, are 

much larger than the vertical eddies because the Lakes are many times 

wider than they are deep. A direct consequence of this is the large- 

scale water movements and the associated transport and dispersion of 

chemical and biological species from one area of the lake to another. 

The practice of discharging municipal and industrial wastes including 

waste heat from thermonuclear power plants provided impetus for exten- 

sive theoretical and experimental studies of turbulent diffusion pro- 

cesses in natural bodies of water. However, turbulent diffusion pro- 

cesses are complex and theoretical predictions of transport and dispersion 

of these wastes are far from satisfactory. Thus, an understanding of 

the various manifestations of turbulent diffusion processes is largely 

dependent on the empirical approach of conducting field diffusion ex- 

periments. In this report we will discuss in some detail the instru- 

mentation, field equipment, experimental network and procedure widely 

used for conducting large-scale diffusion experiments. The data ana- 

lysis and interpretation of experimental results of continuous dye plume 

and instantaneous dye patch diffusion experiments are also presented.
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FLUOROMETRIC TECHNIQUE 

.

Q

‘



1. Fluorescence 

Fluorescence is a physical phenomena, essentially instan- 

taneous emission of light from a molecule or atom which has absorbed 

light- It is a type of radiant energy emission which is produced when 

a substance returns to a normal state after having been raised to an 

excited condition by the absorption of energy. One of the first sub- 

stances observed to produce a visual radiation after it has been excited 

by a high-energy source was the mineral fluorspar, and hence, the term 

“fluorescence”. If the emission persists over lO'8 to lO_9 seconds after 

the exciting source is removed, the phenomenon is called "phosphorescence", 

sometimes loosely called “delayed” fluorescence. The exciting source and 

the emission may be in any part of the spectrum. 

Turning to fluorescence in general, in the brief period of l0'8 

to l0'9 seconds before the emission can occur, some energy is lost, so the 

emitted light (fluorescent light) is of longer wave length than the light 

that was absorbed (exciting light). For example, if UV light is absorbed, 

the emission may be in the longer wave lengths, UV, blue, green, yellow or
. 

red region of the spectrum. If blue light is absorbed, the material may 

fluoresce in green, yellow or red, etc. 
I 

Fluorescence, therefore, is essentially an electronic phenomenon 

and is primarily concerned with the light of wavelengths in the region of 

200 to 800 mu. Some compounds when illuminated with light of this region 

only absorb specific wavelengths of this light and the wavelengths absorbed



are characteristic of the particular compound being examined. The extent 

to which the light of these wavelengths is absorbed constitutes the absorp- 

tion spectrum of the compound. As a consequence of the absorption of light, 

some of the molecules of the compound become excited because certain electrons 

in the molecule are raised to a higher energy level. This is shown diagram- 

matically in Figure l by horizontal lines and the directions of the energy 

transitions by vertical and inclined arrows. On absorption of light, the 

molecule is raised from the ground state G to the excited state E as indicated 

by the vertical arrow A. The molecule returns to the ground state, emitting 

some of its absorbed energy as fluorescence, as indicated by the arrow marked F. 

An electronic transition due to light absorption is almost instantaneous (l0'15 

second), whereas the lifetime of the excited state is about l0'8 second and, 

therefore, the whole process of light absorption and fluorescence emission 

takes place in about l0'8 seconds. Now some of the energy absorbed is lost 

partly by collisions with other molecules and partly by other means, so that 
. less energy is emitted as fluorescence than was absorbed from the exciting 

light. According to the quantum theory, light is absorbed in discrete units 
called quanta and the energy (E) of a quantum is related to vibrational fre- 

quency (Y), thus: - E 
'= 

hy, where h = Planck's constant. Frequency is 

related to wavelength (A) according to the expression, v = C/A, where c is 

the velocity of light. From these two equations, E = ggi, and, since h and c 

are constants, E varies inversely as A. As mentioned above, the energy emitted 
as fluorescence is less than the light energy absorbed and,_therefore, from_the 
last equation, the wavelength of fluorescence is longer than that of the absorbed 

‘light.
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The mechanism of phosphorescence is also illustrated in Fig. l. 

This phenomenon is distinguished from fluorescence by the much longer 

lifetime of the excited state (which may be up to several seconds). To 

understand the reason for this difference, one must consider the spin of 

the electrons of a molecule. Electrons in most molecules are found in 

even numbers and are paired. In each pair, the two electrons spin about 

their own axis in opposite directions (anti-parallel spins) and for reasons 

which need not be considered here, such molecules are said to have a “singlet” 

electronic level. when the molecule is raised to the excited state, two 

things could happen; (l) the electrons may remain “singlet” and the molecule 

can then return to the ground state with the emission of fluorescence (path F)? 

or, (2) one electron, by some internal energy transition, may have its spin. 

reversed (parallel spins) and the molecule is then said to have a "triplet" 

electronic level.
H 

In Figure l, this change is indicated by the top inclined arrow t 

and the “triplet” excited state is indicated by the horizontal line T.‘ Such 

a molecule is regarded to be in a metastable state. The lifetime of the 

triplet excited state is longer than that of a singlet excited state, for the 

molecule has to return to the ground singlet state by what is known as a" 

“forbidden transition” which has a low probability. During this return, there 

is emission of phosphorescence as indicated by the inclined arrow P. In the 

transition from the singlet excited state to the triplet state, there is loss
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of energy, for the energy level T is lower than E. Therefore, there is 

less energy emitted in the transition from T to G, so that the wave- 

length of phosphorescence is longer than the wavelength of the fluorescence 

that would have been produced by the same excitation. Fluorescence.is thus 

an emission from a singlet excited state (electron spin paired) whereas 

phosphorescence is emission from a triplet excited state (electrons unpaired). 

Phosphorescence persists longer than fluorescence and this persistence is 

prolonged and the intensity enhanced by low temperatures.
A 

with this fundamental concept, let us consider how we can use 

fluorescence technique-for water tracing problems. Any given fluorescent 

molecule in a given environment has two characteristic spectra. These are 

the excitation spectrum (the relative efficiency of different exciting 

wavelengths to cause fluorescence) and the emission spectrum (the relative 

intensity of light emitted at various wavelengths). Each molecule also has 

a characteristic number called the quantum efficiency which is the ratio of 

total emitted light to total absorbed light. 

‘ 

2, Fluorometry 

Fluorometry is the measurement and use of fluorescence. The 

filter fluorometer.is an easy to use instrument in which the wavelength 

of exciting light and emitted light are selected by coloured filters. The 

desired wavelengths of exciting light are selected by a filter (called the



A path. 

primary filter) between the light source and the sample.- The wavelengths 

of light to be measured are selected by a second optical filter (called 

the secondary filter) between the sample and photo-detector. The output 

of the photo-detector, a current which is proportional to-the intensity of 

the fluorescent light, is amplified to give a reading on a meter or a 

recorder. “In a spectrofluorometer, the filters would be replaced by 

infinitely variable.monochrometors and an x—y recorder would be used, dis- 

played wavelengths as well as fluorescence. 

A filter fluorometer measures the ratio of the intensities of the 

fluorescent light and a constant proportion of the light from the light 

source. (See Figure 2 for details.) Essentially a fluorometer is an optical 

bridge which is analogous to the accurate-wheatstone Bridge used in measuring 

electrical resistance.‘ The optical bridge detects the difference between 

light emitted by the sample (fluorescent light) and that from a rear light 

A single photomultiplier surrounded by a mechanical light interrupter 

sees light alternately from the sample and the rear light. Path photomultiplier 

output is alternating current, permitting a drift—free AC amplifier to be used 

for the first electronic stages. The second stage is a phase—sensitive detector 

whose output is either positive or negative, depending on whether there is an 

excess of light in the sample or rear light path respectively. Output of the 

phase detector drives a servo-amplifier which is, in turn, connected to a 

servo—motor, The servo—motor drives the light cam (and the fluorescence dial)
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until equal amounts of light reach the photomultiplier from the sample and 

from the rear light path. The quantity of light required in the rear light 

path to balance that from the sample is indicated by the fluorescence dial. 

Each of this dial‘s l00 divisions adds equal increments of light to the 

rear light path by means of the light cam. 

3. Fluorescence Intensity as Related to Concentration 

A filter fluorometer is an instrument which gives a relative 

measure of the intensity of light emitted by a sample containing a fluor- 
' 

escent substance. The intensity of fluorescent light is proportional to 

the amount of fluorescent substance present. However, a fluorometer read- 

ing by itself is a number having little meaning until it is compared with 

readings for samples of known concentrations on the same fluorometer under 

the same instrumental and environmental conditions. 
i 

The fluorescence intensity of dilute solutions is a straight-line 

_ 

function of concentration. 

The application of Lambert—Bouguer-Beer law to fluorescence may 

be formulated as follows. 

From the absorption law: 

Ti- 
= lO'ecd = fraction of light transmitted 

where I = the intensity transmitted
0 

Io = the incident intensity 

e = the molar extinction coefficient



the concentration0 ll 

0. II the ce11 thickness 

Fraction of 1ight absorbed: 

_ _ -ecd 
1 a 1/10 - 1 10 

'10 — I = 10 (1 - io'e°d) = amount of Tight absorbed. 

The intensity of the f1uorescence is proportiona1 to the amount of 1ight 

absorbed: 

1 (1 - 1o'e°d) F = K1 0 

By expansion of the term in the parenthesis 

:§;§_§E§§2 _ (2;§,e29)3
_ F = K110 [2.3 ecd - 

( 2 
‘ (3-3 ecd 

)
" 

3 ... 

If (ecd) is sma11, the 1atter terms can be dropped and 

F = K_Io 2,3 ecd 

or, since e and d are constants for one ce11, and one compound and the 

1ight source may be kept constant, 

F = k c 

The straight—1ine re1ationship is the one common1y used. 

4. F1uorescent Tracers 

Some essentia1 properties of tracer dyes for water tracing prob- 

1ems are: 

1) water so1ub1e ‘ 

2) high1y detectab1e by their f1uorescence 

3) harmiess in 1ow concentrations

\



4) inexpensive, and 

5) reasonably stable in natural surface water movement and 

environment. 

Some dyes commonly used are: Fluorescein, Rhodamine.B, Pontacyl 

Brilliant Pink B. Other dyes specifically developed for water tracing needs 

are Rhodamine BA, and Rhodamine WT. 

Rhodamine B, a commercial organic pigment used in lipstick and 

children's pink birthday candles, is an excellent tracer material in that 

it fulfils the above characteristics adequately. It is non-toxic to human 

beings and fish can survive for at least two months in l0O ppm solutions. 

It is quite soluble in water and is usually available commercially in 30 or 

40 percent by weight solution in acetic acid. Adjustment of the specific 

gravity is necessary since solutions are heavy in these concentrations. It 

is highly soluble in methanol, so that concentrated solutions may be adjusted 

to the same density as that of the receiving waters, to prevent undesirable 

settling or stratification in the receiving bodies of water. 

For oceanographic work, solutions are available at the specific 

gravity of sea water; approximately l.03. For most fresh water tracing, l.03 

is low enough. Rhodamine B solutions with specific gravities ranging from 

l.0O to l.09 are available. However, Rhodamine B solutions with specific



gravities of 1.00 to 1.03 are recommended for most water tracing problems 

such as time of travel of streams, groundwater movement (hydrology) and 

dispersion studies, primarily because of the cost factor. Other dyes 

(although superior in some respects) are not economical for large scale use. 

Rhodamine B dye is readily detected by its fluorescence. The 

absorption spectrum of this dye has a maximum at 550 mu so that the molecule 

is strongly excited to fluoresce by the green (546 mu) line of mercury. The 

green mercury line may be isolated by simple optical filters, so that the 

nearly monochromatic exciting light is easily filtered from the emitted path 

and the effects of scattering almost completely eliminated. The fluorescence 

spectrum of Rhodamine B has a maximum at 575 mu. Figure 3 shows the excita- 

tion and emission spectra for Rhodamine B dye solution (0.1 mg/mt) when 

excited by the 546 mu line of a xenon lamp. The principal component of 

fluorescence background might be expected to be chlorophyll and its deriva- 

tives. The Rhodamine B light is easily separated from that of plant pigments, 

which occurs from 650 mu to 700 mu. 

Rhodamine B (NT) and Pantacyl Brilliant Pink (or equivalent) have 

nearly the same spectral properties making them all highly detectable with 

the 546 mu and 590 mu filter fluorometer. Selection of the proper filters 

is very important in fluorescence measurements. Some of the essential steps 

to be followed in filter selection for a particular fluorescent dye are:
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a) the excitation and emission spectra of the particular dye used; 

b) the useful output spectrum of the exciting lamp; 

c) potential interference from fluorescence of background materials 
' (background fluorescence); 

d) potential interference from light scattered in the.water sample. 

A particular new dye may require an entirely different set of 

. 
filters from that used for Rhodamine B. Failure to recognize and determine 

this in advance may result in false conclusions about the detectability, or 

even the presence of the dye. 

The fluorometer could detect Rhodamine dye concentrations as low 

as 2 x l0'10. with the use of ND filters, concentrations up to 2 x lo'7 

could be measured. ,Above this concentration, the solutions started to become 

opaque to the exciting light —— "quenching", 

Calibration of the fluorometer should be made with in4situ water 

in the fields with temperatures kept constant during calibration. The procedure 

to calibrate Turner Model III fluorometer is described in Appendix. 

Radioactive Tracers 

The use of radioactive tracers for water movement studies in large 

bodies of water such as lakes, although restricted at the present time, is no 

doubt a potentially useful technique for future studies. Evaluation of eddy 

diffusivities from the dispersal of dye introduced into the lake is highly 

laborious and expensive, and involves frequent sampling of dye concentrations. 

Radioactive tracer sources and the detectors are relatively inexpensive compared 

to a conventional dye source and instruments currently employed.» Dulution and

.
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residence time studies of the effluents discharged into receiving waters have 

been successfully carried out in certain European waterways using radioactive 

. Bromine-82. 

Radioactive nuclide Pb2]2 has been suggested as one of the possible 

tracers for diffusion studies in lakes. It's half-life is only l0 hours, 

rather too low for time scales encountered in the Great Lakes. Radioactive 

BR—82 (half-life 36 hours) has been used by Klas Cederwall and Jens Hansen 

(1968) in Swedish waterway Investigations. The choice of a radioactive 

tracer for Great Lakes diffusion studies is critical. some desirable 

characteristics are: 

a) Half-life should be comparable to the time scales of the Great 

Lakes diffusion processes. A tracer with a half-life of about 

5-l0 days is rather ideal to replace the currently popular ' 

fluorescent tracers. (Halfélife of some of the fluorescent 

tracers currently used are Rhodamine B -- 65 hours; Pontioyl 

Brilliant Pink-- 460 hours). 

b) Produces no radiation hazards. 

c) Decay through short half—lives to end stable and easily detectable 

end product.
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212 The radioactive nuciide Pb has the characteristics which’ 

indicate that it may be highiy usefui in the measurements of eddy diffusivity: 

a) » Pb 212 has been successfuiiy used in the studies of atmospheric 

turbuienceg
‘ 

it's ha1f—1ife is 10.6 hours; 

it produces no radiation hazards (decay through short haif-1ives 

to the stabie end-product Pb—208); 
212 Pb-212 forms.from the gas Radon¥220 which decays to Pb with 

the half-life of 56 sec. Rn-220 is one of the intermediate products 

of the decay of Th-228 (haif-iife 1.9 yrs); 

Th-228 source, reieasing the gas Rn-220 into the water, is the 

primary source of Pb-212, the dispersai of which is to be measured. 

Th-228 sources are inexpensive. 

The method of measurement:_ with a Th-228 source immersed in the 

iake, the equiiibrium activity of Pb-212 can be recorded at different dis- 

tances from the source. Pb—212 has a strong gamma 1ine at 2.61 MeV which is 

virtua11y free of naturai background. Measurements can be done with one NaI 

crystai, moving it at certain time intervais to different positions reiative 

to the source (three detectors wou1d, of course, make the procedure more rapid).
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Some calculations have been made on the suitability of Pb—2l2 for 

eddy diffusion measurements in lakes and ocean: it's half-life'is just right 

for the magnitude of eddy diffusivity in lakes. 

Keeping a Th-228 source for up to a few days in a lake should be, in 

principle, possible. One difficulty may arise —- the first daughter of Th-228 

is Ra—224; the latter decays to Rn-220 which should diffuse into the water.‘ 

However, radium, being more soluble than thorium, might also escape from the 

source into the lake water. If this happens, additional amount of Pb-2l2 

would be generated in the water. Such a process would either have to be cor- 

vrected for in the calculation, or Ra-224 would have to be prevented from escap- 

ing from the source. “Air or inert gas blown at a slight pressure differential 

over the source should remove Rn-220 from it and transfer it by slow bubbling 

at a controlled rate into the lake water. Ra-224 would remain on the source, 

which would not be in contact with the lake water. 

The length of time it would take to have the method work greatly 

depends on the facilities available: Th-228 source would have to be purchased
V 

i(probably custom designed). A machinist and an electronics technician and/or 

engineer would have to be employed during different stages of the assembling 

and testing of the equipment. The basic components of the gamma counting assem- 

bly and NaI detector for underwater work can be purchased from manufacturers.
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APPENDIX 

-FLUOROMETER CALIBRATION 

(Prepared by K.C. Miners) 

Introduction 

The accurate determination of quantitative relationships 

between instrument output and sample concentration is somewhat more 

difficult for high volume continuous—flow fluorometers than for 

laboratory instruments equipped to process samples contained in small 

cuvettes. A system was devised whereby eight Turner Model III fluor- 

ometers and a Zone Research i situ fluorometer were calibrated for _._._.__*_.. 

continuous flow operation at a total of 16 different concentration 

levels of rhodamine between T x 10-10 and 4 x l0'7. 

In order to cover such a broad concentration range, nine 

sensitivity ranges were created for the Turner instruments by using 

combinations of from zero to two each 50% and l0% neutral density 

filters over the secondary colour filter with the built-in range 

aperture set for maximum sensitivity. 

The Zone Research instrument was equipped to measure con- 
-10 7 

centrations from about l x 10 to 2 x 10' , with response propor- 

-tional to the log of the concentration over a single range. 

The actual calibration system consisted of a sample reser- 

_ 

voir, pump, and all of the fluorometers,coupled together in series
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creating a closed circuit. The dye concentration in the circuit 

could be raised by adding solution to the reservoir, where baffles 

over the sample return caused sufficient turbulence to quickly bring 

the concentration in the system to a new equilibrium. 

Procedure 

The system was charged with an accurately measured volume 

of distilled water. The instruments and pump were run for about an 

hour to purge all air and achieve thermal and electrical stability. 

Initial readings were taken, and calibration continued with the step- 

wise addition of solutions of known concentration. with each addition, 

time was allowed for thorough mixing before the readings were taken. 

Cumulative errors in the determination of amounts added were 

minimized by using an accurately calibrated burette as a metering 

device. Individual increments were obtained by subtracting the read- 

ing before the addition from the reading after it; however, for total 

amounts added, only initial and final volume readings were used. The 

concentration in the system was computed for each increment of solution 

added; and for each concentration level, instrument readings were taken 

with any of the nine filter ranges producing on-scale results. 
I 

As the procedure progressed, the incremental additions were 

made from standard solutions of increasing concentration, such that the
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size of the increments added varied little throughout the calibra-i 

tion process. 

Upon completion of the calibration, the data were used to 

prepare graphs showing instrument output plotted against concentra- 

tion for each range where applicable. Graph sets for every instru- 

ment made possible complete reduction of field data to actual concen- 

trations. Typical calibration graphs for Turner Model lll fluorometer 

are shown in Fig. 4.
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CHAPTER 2 

DYE RELEASE AND SAMPLING TECHNIQUES
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PROPERTIES OF MEAN CONCENTRATION PROFILES 

Experimental data from continuous dye plumes in coastal cur- 

rents have been extensively used to study "relative" diffusion, neglecting 

the random movements of the centre of gravity. For example, the statistical 

properties of "relative" mean concentration distributions in the wake of 

continuous diffusing dye plumes in coastal currents are known to a fair 

degree of accuracy both from theoretical (0kubo and Karweit, l969) and 

experimental (Murthy and Csanady, 197 ; Bowden et al., l974; and Sullivan, 

197 ) studies. "Relative" mean concentration profiles have been approxi- 

mated to be Gaussian with some theoretical justification (Fig. 2). However, 

quite often the cross-plume "relative" mean concentration distributions con- 

structed from repeated observations exhibit skewness with depth and with dis- 

tance from the source, presumably due to current shear in the horizontal and 

"vertical directions. Gaussian approximation is therefore an exception rather 

than a rule in steady and uniform currents (Murthy and Csanady, l97_; Murthy, 

1972).
’ 

The above discussion has been concerned with the relative diffusion 

of the dye plume about its centre of gravity, neglecting the random movements 

of the centre of gravity ("meandering"). In reality, "meandering" is a domi- 

nant diffusion mechanism caused by turbulent eddies typically comparable to 

or larger than the plume itself. The net effect of meandering is to shear 

the mean concentration profile. we will attempt to delineate the differences
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part of the system. This, in turn, would result in shut-down of the main 

pump and simultaneous start-up of the auxiliary pump. A three-way solenoid’ 

valve on line with the auxiliary pump opened to flow from the auxiliary and‘ 

closed to flow in the main pump outlet, thereby preventing back-flow into 

the main pump if the failure were due to faulty valves or ruptured diaphragm. 

Low pressure conditions also activated the timed relay. If auxiliary start—up 

failed to restore operating pressure within fifteen seconds, the entire system 

would shut down. High pressure conditions immediately shut down the entire 

system on the assumption that switching to auxiliary would not alleviate the 

fault.
V 

Indicator lights on the control panel remained lit upon failure to 

show what component had failed and whether pressure had gone too high or too 

low; and a twenty-four hour digital clock stopped with the system to indicate 

time of failure. These features aided trouble-shooting immensely. 

System failures nearly always originated in the dye metering net- 

work. The metering pumps were very reliable but at such low flow rates a 

very small amount of sludge or gas would halt.flow. These contaminants 

were minimized by the installation of fine strainers and vapour traps on the 

pump inlets. In addition, the stock 40% dye solution was further diluted in 

the tank by adding methanol in the ratio of l part to 2 parts dye. This 

served to redissolve most sludge present and also allowed a higher flow



I

/ 

5

’ 

V’ 

'

~

-

u 

-19-- 

rate to be used without net increase in dye concentration. The solution 

in the tank had a concentration of 27% rhodamine by weight and was pumped 

at a rate of 12 litres per hour. when mixed with water in the feedline,
3 

the concentration dropped to 2.35 x l0‘ with a total flow rate of l370 

litres per hour. 

Figure 2 shows schematically the dye release system used for 

continuous release experiments. The dye release system was designed to 

simulate on a small scale—point source pilot dye plumes or line source 

dye plumes at any depth ranging from 3 m_to 20 m mostly in coastal waters 

of the dreat Lakes.» On occasions, the dye release system was used success-i 

fully to generate line source dye plumes 3 m off the lake floor about 1 
-‘lg 

km offshore to simulate the discharge of waste effluents through multi-port 

submarine diffusers commonly used by many municipal and industrial coastal 

sites». ’ 

whereas an actual system would be fixed, the simulator was made 

to rotate such that the tail fin would keep the bar perpendicular to the 

flow, with the nozzles pointing downstream. This was done so that the 

’plume width at source would not be.a function of the diffuser's attitude 

to the flow. Dye solution entered the hollow centre-link of the diffuser 

bar through.a free rotating, '0'-ring sealed, coupling. It then flowed 

out into the arms of the device which were constructed of 5 metre lengths 

of 38 millimeter stainless steel pipe. From here, the dye entered the 

water through the ten l.6 mm diameter nozzles mounted at 1 metre intervals 

along the length of the bar.
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The solution to the problem of mooring the souree in the open 

lake for several months would have been fairly simple had it not been 

necessary for the feeder hose to run from the platform to the diffuser. 

Exposure to bad weather ruled out anchoring the platform from four corners 

which would have simplified the feeder hose installation; and mooring on a 

single line with sufficient scope to allow the platform to ride out heavy 

seas head—on would have provided endless opportunity for the hose to foul‘ 

on the anchor, boulders on the bottom, etc., if it were simply laid out 

from the deck to the diffuser mooring. Many of the difficulties were a 

eliminated with a unique anchor consisting of a 2 metre square steel plat- 

form with a l7 cm diameter steel leg extending above and below the platform 

at each corner and in the centre. A rugged triangular frame was secured to 

the taller centre leg with two steel rings which allowed the frame to rotate
V 

about the leg. The mooring line from the injection platform was attached to 

the outer corner of the frame while the feeder hose attached to a pipe running 

along the top of the frame to a rotating union in the centre of a top cap on v 

the leg. From the bottom fitting of the union, a hose ran down the inside of 

the leg and out to one_corner of the anchor. From here a final length of hose 

ran across the lake bottom and up to the diffuser some 60 metres away —- well 
outside the scope of the moored platform. 

Anchor line lengths at least five times the water depth are desirable; 
however, the feeder hose and anchor line for this application were only about 
twice the water depth to reduce the opportunities for fouling. Additional
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measures were taken to keep the lines off the bottom, and below the plat- 

form, even when maximum slack developed with the platform drifting over 

the anchor —- a situation which was observed with surprising frequency. 

The anchor line was made up of l5 metres of 9.5 mm chain at the platform 

_ end and the remaining 25 metres of 22 mm floating polyproplene rope. 

The feeder hose was l3 mm nylon reinforced vinyl garden hose, buoyed up 

over the lower l5 metres with styrofoam rings. At the platform, the hose 

entered the water from a reel mounted on the starboard rail near the bow. 

Several metres of extra hose were wound on the reel which was stopped 

off with light line such that excessive strain on the hose would party 

the line and free more slack hose. In spite of all precautions, the 

lines did foul a few times during four months of service; however, damage 

and down time attributable to this cause were minimal. 

b) Instantaneous Release 

In our earlier experiments, the catamaran used for continuous 

release experiments was equipped to generate instantaneous dye patches
A 

at a fixed depth. A high volume centrifugal pump was used to release the 
'' 

dye. The dye solution from the storage tank was pumped through a vertically 

mounted discharge pipe 4 cm dia. extending 5 m below the surface with a difs 

fuser section consisting of l25 cm holes uniformly distributed. The diffuser 

pipe was supported by four cables connected to the bottom of the deck. The 

release time for 500 f 750 litres of dye solution was about l00 secs and, thus,
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the dye patch could be treated as instantaneous. Figure 3 shows schemati- 

cally the dye release system_with diffuser section in position. 

b 

In our latter experiments during the l972 International Field 

Year for the Great Lakes, a specially built jn_§jtu_instantaneous 

release system was used.- The system consists_of fibre glass cylinder and 
an aluminum end-plate assembly with a release mechanism. The jn_§itu prepar- 
ation of dye release system consists of positioning the end-plate assembly 

in the cylinder and.sealing it with inflated bicycle inner tubes. The entire 

assembly is supported by cables from a winch during preparation. The cylinder 
is lowered to the water and filled with dye solution via hydraulic connectors 
at the top. ‘when full, the cylinder is lowered to the desired depth. A mes- 

senger weight dropped down the cable triggers the air valve to the seals. 
when the seals deflate sufficiently, the cylinder drops down and the dye 
solution is released almost instantaneously. The dye patch.thus generated 
is allowed to drift away from the area of release before recovering the 

‘ dye release system.‘ In Figure 4, the dye release system is sketched illus- 
trating the three phases of jn_situ preparation for generating an instantaneous 

‘dye patch. 

Samplinggsystemz 

Throughout our diffusion studies, Canadian Survey Launch ‘Aqua’ 

served as the principal dye sampling vessel and was equipped to sample from 
( . 

three depths simultaneously. The continuously pumped sample from each depth
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passed through a Turner Mode1 111 f1uorometer equipped with high vo1ume 

f1ow ce11.’ The f1uorometer output ... a Tinear function of dye concentra- 

tion ... was recorded on an ano1og recorder. 
I 

Submersib1e pumps were mounted at 1, 3, and 6 metres on a 5-metre 

1ong, foi1-shaped, extruded a1uminum sai1boat mast. During samp1ing, this
I 

boom hung vertica11y tram a bracket on the port gunwha1e of the samp1ing 

Taunch. A cab1e running from a handwinch mounted near the bow to the 1oweri 

end of the boom served as a brace and a means of raising and 1owering the 

Boom. when not in use, the boom was drawn up horizonta11y and pu11ed in board. 

Neoprene covered cab1es supp1ying 110 V. A. C. power for the pumps 

and ny1on reinforced viny1 garden hose to carry the samp1es passed through 

-the ho11ow core of the boom. The upper ends of the hoses 1ed into the cabin 

and attached to the instruments. A second hose on each instrument exhausted 

samp1e waste over the side. 

The system on the Aqua (Figure 5) was arranged such that the portion 

of the samp1e path from the gunwha1e near the top of the boom to an instrument 

cabinet inside the cabin consisted of permanent1y mounted copper pipes. The 

instruments were mounted on ro11—out she1ves in the cabinet. Each compart-I 

ment had its own door making it possib1e to protect the instruments from 

direct sun1ight which might have entered the detector compartment of the 

instruments.
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The instrument cabinet which was buiit to accommodate up to six 

instrument systems had a separate rack to ho1d anaiog recorders at a conven- 

ient height to monitor their operation and enter handwritten information} 

A switch pane1 be1ow the recorders provided contro1 over instrument power 

in addition to individual and ganged event marker and pen—1ift control. To 

further reduce the maze of wires and hoses, a co11ector manifo1d for sampie 

waste was insta11ed in the back of the cabinet reducing the effiuent to a 

sing1e pipe. In order to prevent overheating of the confined instruments, 

two fans were insta11ed in the cabinet to maintain airf1ow.



CHAPTER 3 

COASTAL ZONE DIFFUSION STUDIES



Experimental‘Methods: 

To study turbulent diffusion processes in the coastal zones 

of large natural bodies of water such as the Great Lakes, pilot fluorescent 

dye plumes generated in the wake of a continuous release source are often 

convenient. They can be studied with relative ease from small boats fitted 

with sampling instruments. Experimental procedure generally considered of 

generating a dye plume by releasing rhodamine B dye solution at a specified 
3 sec']. depth and at a constant rate of 12 cm Continuous plume experiments 

were conducted in coastal waters l — 2 km from the shore in water depths 

ranging from l5 - 20 m. In a typical experiment, the dye was released in 

the early hours of the day and the plume thus generated due to lake currents 

is allowed to develop for 2 — 3 hours. The early stages of diffusion are 

idifficult to sample since the dye plume is slender and has high concentra- 

tions beyond the measurability range of the fluorometers. Moreover, any 

significant disturbance of the plume by the sampling vessel would drastically 
alter the diffusion further downstream. 

while the dye plume developed, the sampling system described earlier 

was prepared. The instruments were turned on for pre—warming and zero-checks 

were made on the fluorometers and strip chart recorders by pumping ambient 
lake water through the sampling system. Once the dye plume was developed 

sufficiently, the first crossfsection was established at a fixed distance 
‘from the source by anchoring flag-buoys on either side of the plume such 
that the line joining the two flag-buoys is perpendicular to the mean plume

T



IIIII-‘IIII 

IIIII 

IIIII 

flllll 

Ill 

VIIIH 

IIII 

IIII 

IIIII 

IIII 

IIIII 

IIII 

IIIII 

IIII 

IIII 

IIIII 

IIII 

IIII 

-26- 

direction. The sampling was carried out by criss—crossing the dye plume 

several times between the anchored flag-buoys. The positions of these 

flag-buoys and the dye source were established for each experiment from 

;shore-based transit stations. 

Samples were drawn at the leading edge of the boom and pumped 

through the fluorometers on the deck of the boat. The output signal 

from the fluorometers was recorded on strip chart recorders. A flow 

rate of approximately 70 cm3 sec—1 was maintained to minimize the lag 

time in the tubing and to obtain good response characteristics from the 

sampling system (typical response time of the system was l0 - l2 sec). 

Because of the time lag between the sample intake and the fluorometer 

response, sampling was extended well past the visible extent of the dye 

plyme. The extra time so taken up was sufficient for the mean current to 

displace the disturbed plume section before the next (return) crossing. 

with a boat speed of l - 2 m sec'1 , very good resolution of the 

spatial coordinate on the strip chart recorder was achieved. The average 

boat speed was determined by knowing the distance between the anchored 
marker flags from the shore-basedsurveysand the average time taken to 
cross them in a number of runs. The time base of the fluorometer traces 
was converted to a distance scale knowing the average boat speed and the 
chart speed.
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During the course of the experiment, measurements of current 
' velocity profiles and temperature profiles were undertaken at the location 

-of the dye source. 

An adequate quantative description of the dispersal of a dye 

‘plume generated in the wake of a point source requires that concentration 

yprofiles be obtained along several equally spaced cross-sections of the 

plume; Concentration profiles obtained simultaneously from several depths 

provide the basis for a reasonable reconstruction of the plume in three 

dimensions. Moreover, the acquisition of several sets of profiles at each 

cross—section facilitates statistical treatment of the data, and the con- 

struction of a "mean" plume free from random features, prevalent in the 

'instantaneous' picture derived from individual profiles. 

A schematic diagram of the experimental technique is shown in 

Figure 1. In order to obtain adequate data, it was necessary to spend 

?about l0 - l2 hours for each experiment. 

Data Analysis: 

when fluorescent dye is released continuously into turbulent 

coastal currents, the subsequent transport and diffusion may be studied 

either in a frame of reference moving with the centre of gravity of the‘
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p1ume or in a frame of reference fixed to the stationary source. Con- 

ventiona11y, the former is referred to as "re1ative" diffusion and the 

A1atter as "abso1ute” diffusion. The inter-1ink between the two concepts 

is exp1ained by the random movements of the centre of gravity of the 

diffusing p1ume usua11y referred to as the "meandering". Fo11owing r 

Gifford (1959, 1960) and Csanady (1963), one may regard "abso1ute” 

diffusion (that which is measured at a fixed point) as a superposition 

of the two component processes of "re1ative" diffusion, i.e., diffusion 

re1ative to the centre of gravity of the p1ume and "meandering" or bodi1y 
' disp1acements of the diffusing p1ume parce1s. 

The gross physica1 factors invo1ved in the dispersa1 of a 

diffusing c1oud (or a continuous p1ume) of marked f1uid in a turbu1ent 

if1ow fie1d can be e1ucidated reasonab1y we11 from a description of the 

'mean' concentration distribution. A 1arge number of cross-p1ume instan- 

taneous concentration profi1es obtained at a constant depth, 2, and at a 

fixed distance, x, from the dye source were used to construct the "abso1ute” 

and "re1ative" mean concentration profi1es. In order to construct "re1ative" 

mean concentration profi1es, the individua1 concentration profi1es were over- 

1apped such that their centres of gravity coincided. The profi1es were then 

averaged at each Tocation, y, measured from the centre of gravity. The 

"abso1ute” mean concentration profi1e was constructed by mere1y averaging 

»the individua1 concentration profi1es in the abso1ute coordinate system.
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Dye Release Systems: 

a) Continuous Release 

A 3 m by 8 m catamaran with a 2 by 3 m deck-house served as a 

surface platform for the dye injection system with ample reserve space 

for storage of service equipment and spare parts. A 3 KVA (ll0 V, 60Hz) 

air-cooled diesel generator supplied the necessary power for the injection 

system with plenty to spare for lighting and other auxiliary equipment. 

The dye release system was designed for uninterrupted, accurate 

delivery of dye-solution for periods of up to several days. Figure 1 shows 

a schematic diagram of the dye injection system used in Great Lakes diffusion 

studies. The dye solution delivered through the main feeder hose was the 

combined output of two subsystems: a high pressure, low volume injecting 

system which metered the dye from the storage tank; and a low pressure, 

high volume water pumping system. The main and auxiliary metering pumps 

were capable of accurate metering of dye solution over a precisely adjust- 

able range of 0 to 64 litres per hour, to inject dye into the feed line. 

A submersible well pump was employed to supply water to the feed line. 

A control circuit consisting of four double pole—double throw 

(DPDT) relays, a timed relay, and two pressure gauges equipped with adjus- 

table high and low pressure limit switches, continually monitored the 

injection system's operation. Normally, the pressure of the metering pump 

outlet was maintained above feedline pressure by a needle valve. Failure 

of the metering pump would allow the pressure to fall to feedline pressure 

which would close the low pressure limit switch on the gauge monitoring that
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in "relative" and "absolute" mean concentration distributions constructed 
‘ 

gfrom a large number of cross-plume instantaneous concentration profiles 

obtained from a carefully conducted experiment during the International 

Field Year for the Great Lakes in coastal waters of Lake Ontario, off 

Oshawa (30 miles east of Toronto).
‘ 

Figures 3 and 4 show the individual concentration profiles from 

48 crossings at 3 m depth and at 375 m from dye source plotted against 

cross-plume distance y perpendicular to the mean axis of the plume. The 

individual profiles showed pronounced variability. The "relative" and 

“absolute” mean concentration profiles constructed from the 48 profiles 

are also shown. It is of interest to note the differences in the spread 

(as measured by some factor of standard deviation) and centre line concen- 

tration of the two profiles. The spread of the plume in absolute diffusion 

is greater than in the case-of relative diffusion. The centre—line concen- 

tration is correspondingly less in relative diffusion than in the absolute 

diffusion. 
'

V 

In "relative" diffusion the size of the "patch" or "plume" sets a 

clear limit to the eddy size and the effect of sampling time on the growth 

of the variance (or its square root, the standard deviation) is not particularly 

a problem. However. the sampling time has considerable effect on the growth of 

rthe variance of meandering. Csanady (l963) has shown that the variance of
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meandering at a fixed distance of 750 m from dye source increases with 

sampling time before attaining a constant value in about 3 hrs. or so. 

The above arguments lead to the conclusion that the sampling-time effects 

are particularly important in "absolute" diffusion, where the combined 

effects of "relative" diffusion as well as "meandering" are responsible 

‘for concentrations observed at fixed points. 

Properties of Concentration Fluctuation Profiles: 

while a great deal is known about the properties of the mean 

concentration prfiles, very little is known about the properties of con- 

centration fluctuations. In this section, some experimental data on the 

properties of concentration fluctuations in the wake of a continuous point 

source_in coastal currents are discussed. 

A statistical quantity which is used as a measure of the magni-. 

:tude of concentration fluctuations is the variance or the mean square fluc- 

tuations. The mean square fluctuations can be calculated from the observed 

individual profiles C(y) and their mean Eiy), 

a2<w = Ito)-fwnz 

A convenient non-dimensional parameter in characterizing fluctu- 

ations is the "relative intensity" of fluctuations defined as the ratio of
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root mean square-(rms) value to the local mean: 

icm = 
I 

6120) I1‘ / 60) 

Figs. 5 and 6 show typical distribution of ic(y) from detailed 

experiments carried out in coastal currents of Lake Ontario. The cross- 

plume distance is normalized with Sy, the standard deviation of the mean 

nconcentration distribution Ely), (a measure of the horizontal length scale). 

The centre value ic(o) is an important parameter and of practical interest. 

In Table l.a summary of iC(o) from several experiments is given. Such wide 

gvariation of the intensity of concentration fluctuations, from experiment 

“to experiment, is attributed to day—to-day variation in turbulence level 

in coastal currents. The centre value ic(o) varied from as low as 0.l to 

as high as l.0 and near the edges of the plume, it was still higher, of the 

order of 3 to 5. Such high rms to mean ratios indicate that the concentration 

fluctuations are comparable in magnitude to the mean concentration unlike 

velocity fluctuations, 
: 

Csanday (l067) and Juhat (1969) by solving a balance equation for 

msf predict quasieself-similar cross-plume ic(y) profiles with centre value 

ic(o) being a floating parameter. Asymptotically this analysis yields
I 

iC(o) ” 0.7. Their theoretical results are qualitatively correct insofar as 

to predict the shape of self-similar cross -plume iC(y) profiles.
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From a.practica1 point of view, the mean concentration distri- 

bution C'(y) is only a good predictor of observab1e concentrations (parti-‘ 

cuiariy the maximum concentration) if ic(y) is sma11. Near the centre 

with ic(y) < 1, the mean distribution is a fair—to—good predictor of obser- 

-vabie maximum. Near the edges of the piume, it is entireiy useiess since 

ic(y). >_1. 

DETERMINATION OF DIFFUSION CHARACTERISTICS 

It is often difficuit to interpret meaningfuiiy diffusion data and 

resuits from fieid experiments obtained under compiex environmentai conditions. 

,However, at Teast the gross physicai factors infiuencing the diffusion processes 

_can be eiucidated by constructing certain basic diffusion diagrams. One such 

diagram conventionaiiy used is a plot of the effective diffusivity versus a 

1ength scaie of diffusion (meaning eddies comparabie to this size are most 

effective in the diffusion of the dye piume). The effective diffusivity Ky 
was caiculated by a simple formuia, Ky = S§/2T , where Sy, the standard 

derivation of the observed mean concentration distribution CTy), is deter- 

mined by 

y2 CTy) dy and
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is the total amount of the dye at the depth of sampling, and T is the 

effective diffusion time approximated by X/U where U and X are the mean 

current and the distance from the dye source respectively. one can set 

arbitrarily a length scale of diffusion Ly = 3 Sy, assuming that the 

measured mean concentration distributions are Gaussian. A logarithmic 

plot of the eddy diffusivity Ky and the length scale of diffusion Ly, 

for data from several diffusion experiments in coastal waters of Lakes 

Erie, Ontario and Huron, is shown in Fig. 7. A least square analysis 

of the data yields the following empirical relationship 

K = 2.0 x 1o‘2 L1'2 Y Y 

‘A diffusion diagram of this type is quite useful for modeling coastal 

diffusion problems such as diffusion of effluents sewage of outfalls.
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TABLE 1 

OBSERVED MEAN VALUES 0F 1c(o) FROM DIFFERENT EXPERIMENTS 

Experiment 

June 6, 

. Aug. 

Aug. 

Aug. 

Aug. 

Aug. 

11, 

12, 

T3, 

24, 

28, 

June 4, 

June 9, 

June 11, 

June 18, 

1968 

1968 

1953 

1953 

1968 

1968 ' 

T969 

T969 

T969 

T969 

OCDCDOOOO 

1c (0) 

.30 

.80 A 

.60 

.55 

.35 

.40 

.80 

.00 

.30 

.10 

Remarks 

Coastal zone, Lake Huron 

‘Niagara River mouth, Lake Ontario 
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CHAPTER 4 

LARGE SCALE DIFFUSION STUDIES
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EXPERIMENTAL METHODS 

Instantaneous fluorescent "dye patches“ are convenient experi- 

mental targets to study large scale diffusion processes in natural bodies 

of waters such as the Great Lakes. The experimental method consisted of 

generating a "dye patch" at selected depths by instantaneous release of a 

slug of rhodamine B dye solution and following the subsequent diffusion of 

the dye patch as the lake currents and their eddies cause it to spread and 

dilute. The density of rhodamine B dye solution was adjusted to the in situ 

density by adding methanol and surface water. water samples taken at selected 

depths of dye injection were used to determine the in situ density. No attempt 

was made to adjust the temperature of the dye solution to the in situ tempera- 

ture, and usually the initial mixing during the injection was sufficient to 

compensate for the temperature difference. The methods of dye release and 

the fluorometric sampling of the diffusing patch have been discussed earlier. 

Generally, the dye release took place in the early hours of the day 

which constitutes the beginning of the experiment. The early stages of diffusion 

I 

are difficult to sample since the dye patch has small areal extent and high con- 

. 
centrations beyond the measurability range of the fluorometers. Moreover, any 

significant disturbance of the patch by the sampling_vessel could alter the 

dispersion characteristics considerably. The dye patch was sampled using 

shipborne fluorometers by a carefully chosen network of crossings across the 

patch. ,Launch based operation was used for sampling when the diffusing patch
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- was small (say, hundreds of metres). when the diffusing patch had grown 

to the size of a few kilometres, a ship was used for sampling the dye patch. 

"In order to obtain as rapid (quasi—synoptic) and accurate measurement of the 

diffusing patch as possible, the sampling procedure was discussed with the_' 

.crew of the sampling vessels. Their experience, particularly in the area of 

navigation, was no doubt very valuable. Besides, precision navigation of the 

sampling boats, accurate bookkeeping of all sampling courses, speeds and times 

are necessary for proper synthesis of the data. This, to a large extent, was 

provided by the crews of the sampling vessels involved. 

when the dye patch was small, during the initial stages of diffusion, 

the positions of the sampling launches were fixed relative to the anchored 

‘mother ship. The positions were marked at the beginning of the crossing and

c 

at the end when the fluorometer reading had dropped to zero or a very low value 

compared to the peak in that crossing. During later stages of diffusion when 

the ship was used for sampling, direct fixing of position on charts by using 

the log reading and the compass course was used. 

Large scale diffusion experiments were carried out in the general 

vicinity of a network of meteorological and current meter moorings to take 

advantage of the general environmental data to interpret diffusion data and 

results. 
‘I

. 

Experiments covered time scales ranging from 3 to 80 hours and the 

corresponding spatial scales ranged from lO0 m to l5 km in the horizontal and 

up to 6 m in the vertical.
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DATA ANALYSIS 

The horizontal scales of motions in the lakes and oceans are 

much greater than the vertical scales and, therefore, in many cases, 

their effect on mixing may be considered separately. This idea has been 

explored by a number of investigators with considerable success. In this 

approach, it is assumed that the introduced substance is subject to horizontal 

mixing within a sufficiently thin homogeneous layer so that all variations in 

both concentration and velocity may be neglected. However, the importance of 

vertical diffusion cannot be neglected even though the diffusing contaminant 

is, for-practical purposes, confined to a very thin layer. The combined action 

of vertical shear in the horizontal mean current and vertical diffusion may ‘ 

produce considerable effective horizontal diffusion. 

Horizontal distributions of dye concentration were prepared for each 

experiment from a good coverage of the dye patch during a reasonable sampling 

time interval and thus they could be treated as quasi-synoptic. The diffusion 

time is taken from the time of dye release to the middle of the time interval 

chosen for observing the horizontal distributions. The horizontal dye distri—v 

butions are generally relative tozadrogue (released with the dye) in a system 

moving with the mean current. It is usually not necessary to correct for trans- 

lation during the sampling interval since the analysis of the data is carried 

out in a moving frame of reference (relative diffusion). 

Typical horizontal concentration distributions constructed as lines 

of equal concentration are shown in Fig. l from a carefully conducted experiment
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-in Lake Ontario. The starting point in the analysis of field diffusion data 

is the calculation of the variances from the measured spatial concentration 

distributions of the dye patch. Often the measured concentration distribu- 

tions are converted to equivalent radial symmetric distributions from which‘ 

variances are calculated. It is implicit in such an analysis that the dif-' 

fusion of the dye patch is governed by two-dimensional homogeneous turbulence. 

The measured spatial concentration distributions are converted into 

equivalent radially symmetric distributions by defining the radius r = (Ac/n)% 

of a circle as a measure of the area Ac enclosed by a particular concentration 

_ 

contour C. Then the concentration distribution C (r, t), characterized by the 

equivalent radii r and diffusion time t (i;e., time elapsed since dye release) 

would represent approximately the equivalent radially symmetric distribution. 

The variance Si (t) corresponding to the radially symmetric distribution C(r, t) 

is given by
i 

5” r2 C (r, t) 2hr dr 

$2 (t) = 
_ [ 

ii ’

' 

" §”'c (r, t) Znr dr 
(1) 

The elongated appearance of the dye patch and the asymmetry in the 

observed concentration distributions do not support the radially symmetric
I 

‘hypothesis. Anisotropic turbulence (i.e., turbulent eddies which are more 

intense in the direction of the mean flow than across it) combined with 
"shear diffusion” due to vertical shear in the horizontal mean current,
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gives rise to enhanced mixing in the iongitudinai direction. with these 

observed features in mind, the variances were computed by direct integration 

of the observed concentration distributions. Choosing a convenient rectan- 

guiar coordinate system through the center of the distribution with the x-axis 

in the direction of the mean current, the appropriate variances corresponding 

tova two—dimensiona1 concentration distribution C (x, y, t) are defined as 

foilowsz 

Longitudinal 
2 .5 

sx us) 15/ ; xzc (x. y, t) dxdy (2) 

Transverse 

Sf, (t) = %r°° f y2 C (x, y. t) dx dy 
V 

(3) 

where I 

Q = .fm I C (x, y, t) dx dy 

DIFFUSION CHARACTERISTICS 

(a) Horizonta1 

It is customary to interpret diffusion data and resu1ts from fieidg 
experiments by constructing certain basic diffusion characteristics (stommeigi 
1949; Okubo, 1971). Two commoniy used diffusion characteristics are the variance 
of the horizontai concentration distribution of the diffusing substance versusi
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the length scale of diffusion. A log-log plot of the variance against time‘ 

determines a straight line which provides the empirical law 

52 =v atm (4) 

_Assuming that the concentration distribution within the patch is 

isotropic, we can define an apparent diffusivity 

_ 151$ 

i 

Eliminating t from (4) and (5) yields 

K = cs" 
i 

(6) 

where 

c (m/2) a]/m and n = 2(m—l)/m 

Combining (4) and (6), some familiar theoretical diffusion char- 

acteristics can be deduced. From physical reasoning and dimensional consid- 

erations, m should be an integer. If m = l, then the variance grows linearly 
with the diffusion time scale which corresponds to the Fickian diffusion model 
with a constant diffusivity. If m = 2, then the variance grows as the square 

' 

of the time scale which corresponds to the shear diffusion model with a linear 
dependence of eddy diffusivity on length scale. If m = 3, then the variance 
grows as the cube of the time scale corresponding to the inertial sub-range’ 

diffusion with the familiar Richardson's "four-thirds" power law dependence of 
eddy diffusivity on the length scale. These diffusion laws are summarized in 
the following table:

F
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A Diffusion Diffusion Diffusion 
m n Law Parameters Model 

1 0 K = const. Const. diffusivity Fickian diffusion 

2 1 K ~ q L 

3 4/3 K ~ e]/3 L4/3 

q diffusion velocity 
L length scale 

6 energy dissipation 
rate 

L length scale 

shear diffusion 

inertial sub-range 
diffusion 

with this simple theoretical framework, we will present diffusion 

characteristics constructed from experimental data. Fig. 2 shows the log- 

log plots of variance as a function of the diffusion time scale. Regression 

equations defining the coefficient a and the exponent m in (4) are also given 

in Fig. 2. The exponent m lies between 2 and 3 ruling out the Fickian diffusion 

model. The eddy diffusivities were calculated using the corresponding values. 

of a and m from (6)- 

The standard deviation 5 of the horizontal concentration distribution 

_is a good measure of the length scale of diffusion (meaning that turbulent 

eddies of the size comparable to S are most effective in the diffusion of the 

dye patch). However; to be compatible with the published oceanic literature, 

we will define the length scale as three times the standard deviation of the 

observed concentration distribution. Figs. 3 and 4 show logarithmic plots of 

eddy.diffusivity as a function of the corresponding length scale. Regression 
equations defining.the coefficinet C and the exponent_n in (6) are also given 

in the figures.
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Since the exponent m in (4) lies between 2 and 3 and is not explicitly 

defined, the exponent n in (6) is not clearly defined in accordance with any 
theoretical model. 

As pointed out earlier, a wide spectrum of horizontal motions exists 

in the lakes. Thus, the horizontal eddy diffusivity usually increases with
I 

the scale of mixing considered. As expected, however, the deep water values 
are gradually one to two orders of magnitude smaller than those of the surface 

layer values. A plausible explanation for the smaller values at deeper depths 
could be that the available turbulent kinetic energy for diffusion decreases 
with depth. 

It may be of interest to compare the present data with oceanic data 
summarized by Okubo (l97l). Fig. 5 shows such a comparison and considering 
that the experiments were conducted in a wide variety of environmental condi- 
tions, the lake data compare favourably with the oceanic data. This would 
imply that the diffusion rate in the lake is approximately the same as that 
of oceans. 

An important conclusion that can be drawn from the experimental 
results is that the horizontal eddy diffusivity grows faster than given by the- 
fickian model and somewhat slower than in the "inertial sub-range”. Although 
these diffusion characteristics cannot be justified entirely from theoretical 
arguments, they could be viewed as a parameterization since they have been 
constructed from experimental data obtained in widely varying environmental

H
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conditions. The dependence of the horizonta1 eddy diffusivity on the 

’ 1ength sca1e provides usefu1 guideiines for modeiing practicai diffusion 

prob1ems. 

i(b) Verticai 

In contrast to the horizonta1 diffusion, the process of verticai 

diffusion is contro11ed primari1y by sma11 sca1e motions characteristic of 

stab1y stratified water column. And, wind mixing piays an important ro1e 

in providing turbu1ent energy to the epilimnion and possibiy down to the ther- 

moc1ine. Un1ike the horizonta1 eddy diffusivity, the verticai diffusivity does 

‘not depend uniqueiy on the scale of diffusion. Efforts have been directed to 

reiate the verticai diffusivity to the environmentai factors reievant to 

verticai mixing. 

Kuiienberg (1969) found empirica11y that K2 couid be reiated to the 

stratification of water, current shear, and vfind speed (to be specific, wind 

‘stress); he proposed a dimensiona11y correct formula: 

Kz 
=' 

(7) 

where c is a numericai constant, N2 is a measure of the wind stress at the ‘ 

surface, N is the Brunt Vaisala frequency defined by N7-= grgg-and E; is the ‘ ‘ o 
abso1ute va1ue of the mean current shear. Later, Ku11enberg gt_gl, (1973)
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summarizing data obtained from Lake Ontario found that, for persisting winds 

greater than 5 m/sec, the vertical mixing in the upper zone could be expressed 

as 
.

_ 

, -87 7-1:? 5 
I K2 (8) l0 N (N ) ldzl (8) 

where E3, E3, and |%§4 are the mean square of the wind speed, the mean Brunt 

Vaisala frequency, the mean current shear, respectively. 

For low and varying winds, vertical internal mixing is governed by 

local processes. The energy source is then the kinetic energy of fluctuations. 

In a later paper, Kullenberg gt_gl, (1974) proposed the following relation for 

weak local winds. 

K = 4.1 x 1o“’ F2_.(K2)'1 93 (9) 2 dz
, 

where 37‘ = ETE + $73} the kinetic energy of current fluctuations. Presumably, 

this relation may also be applicable to the deeper layer below the thermocline. 

Figs. 6 and 7 show the_empirical vertical diffusion characteristics correspond- 

ing to (8) and (9) and they can be used as guidelines in numerical calculations 
of dispersion in practice.
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