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ABSTRACT 

During July and August of 1980 our research group measured nearsurface 

water velocities near the eastern coast of Lake Huron by tracking drogues 

using acoustic travel time and compass sighting techniques. The velocity 
fields appeared to consist of two components. These have been termed: a 

sub-current, which varied slowly with depth (compared to the deepest drogue 
depth of 5.2 m) and, in most cases, was apparently in geostrophic balance with 

the cross shore pressure gradient; and, a surface layer-current (defined by 

the relative velocity from deeper to shallower drogues) which decayed rapidly 

with depth and was directed nearly parallel with the wind and waves. There 

was no discernable relationship between wind speed and relative velocity. 

There was, however, a direct dependence of relative velocity with estimated 

surface roughness, suggesting that Stokes drift may have been primarily re­

sponsible for the shear. The magnitudes of the observed relative velocities 
were approximately equal to Stokes drift magnitudes calculated from represen­

tative wave energy spectra. Also reported are measurements of current and 
temperature structure made prior to and following a coastal upwelling. 
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2d. Experimental Error 

The primary sources of error contr ibuting to uncertainty in drogue posi­

tion and velocity were compass errors and inaccuracy in measuring the baseline 

l ength. 
A shorebased check of the range finders used to measure th e baseline 

distance indi cated an accuracy of about 10 percent. 

The compass error was variable depending on the location from wh ich the 

bearings were taken and the existing lake conditions. A major source of con­

cern was the effect of the s teel from which both boats were constructed. 

An assembly was mounted aboard the Punt which allowed bearings to be 

taken while stan~ing atop one of the seats. With the Punt at dockside, bear­
ings were taken from this position to various points on shore, and from t hese 

shore locations to the Punt. Th e results indicated that bear ings made from 

the Punt were not magnetically biased. 

Drogue bearings from the Grebe were taken at three locat ions. On calm 
days sightin gs were made while stand ing atop the bow. Stud i es simil ar to that 

described above have indicated that such bearings had very little magnet ic 

effect from the ship . 

On rough days in August sightings were taken while standing atop a box 

mounted near the bow. The ship had a marked effect on bear in gs taken from 

thi s position as was s hown in Figure 5. For all such runs, however, post 
retrieval correct ion data was used to correct for the magnetic bias. 

In July rough weather bearings were taken while standing on the deck at 
t he bow. The effect of the ship on these bearings was signif i cant. Unfortu­

nately, no post retrieval compass correction runs were conducted. In August 
attempts were made at col l ecting data to apply to the July runs. However, no 

satisfactory data was obta in ed with the Grebe at th e same heading as during 
t he Ju l y runs . 

Table 1 tabu lates magnitudes of the vari ous errors di scussed above. 
Another source of bearings • error was a shift in baseline during a run. 

For al l runs which were eventuall y processed this was very smal l, most com­
monly ±1° or ±2o about the average. 
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Table 1 

Estimates of Errors Contributing to Drogue Velocity Uncertainty 

Instrument 

Range finder 

Compass 

Compass 

Compass 

Compass 

Location of 

Measurement 

Punt/Grebe 

Punt 

Top of Grebe • s 
bow 

From atop box 
at Grebe • s bow 

From deck at 
Grebe's bow 

Errors 
Calm 

Weather 

10° I o 

%30 

%30 

%50 

%1 2° 

Rough 

Weather 

10° fo 

%50 

Not 
attempted 

%80 

%15° 

Comments 

No magnetic bias 

No magnetic bias 

Compass correction 
applied 

Magnetically biased 
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Ship to shore and vice versa bearings have indicated that the Grebe•s 

ship compass, used for the wind direction measurements, was unbiased by the 

ship•s mass. The wi nd direction measurement has an estimated uncertainty of 

±10°. This figure would be slight ly less on days when the Grebe•s heading was 

stead~ which was common ly the case when the wind and current were strong and 
in line. It would be slightly greater on days when heading varied erratically. 
The accuracy of the wind speed measurement was about 10 percent, with most of 

the uncertainty due to gustiness. 

The speed and direction of the current meter measurements were accurate 

to about 5 cm/s and 10 deg. The temperature measurement had an uncertainty of 

0.2 deg. 

2e. Uncertainty in Drogue Speed Due to Baseline Length Error and Sighting 

Angle Error 

As noted the baseline length has an uncertainty of about 10 percent. As 

can be seen from equations (1) and (2) this trans l ates to a 10 percent error 

in drogue speed. This uncertainty has no effect on the drogues• heading; and, 

for a particular run, al l speeds are affected i n t he same proport i on. 

The contribution to speed uncerta inty due to an uncertainty of value ~A2 

in the sighting angle A2 can be expressed as a Taylor series. A first term 

only approximation is: 

(4) ( aSP 
~SP)A2 ~ aA2 ~A2 

The uncertainty estimate in speed due to a 1 degree uncertainty in A2 will be 
termed ERR2 and is given by: 

aSP n 1 n aD1d 
ERR2 = aA2 180 = T 180 aA2 

Using equation (1): 

( 5) n D12 sin(A1) 
ERR2 = I8U -r- sin2(A1+A2) 
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This expression was examined as a function of A1, A2 and distance from point 

of release by Churchill and Pade (1980). 

The estimate of speed uncertainty due to a 1° uncertainty in A1 is given 

by: 

( 6) ERR1 = __ n __ 012 sin(A2) cos(A1+A2) 
180 T 2 sin ( A1 +A2) 

A computer program has been developed which, for each sighting, calcu­

lates: the drogue's geographic position (coordinate origin at the Punt), the 

velocity since release, ERR1 and ERR2 by use of equations (1), (2), (5), and 

(6). A plot of drogue and ship positions, such as that of Figure 6, is also 

generated. 

It was observed that, typically, ERR1 and ERR2 were proportional with 

ERR2 being greater. As demonstrated by Table 1 the uncertainties in bearings 
from the Grebe were greater than those from the Punt. The dominant contribu­

tion to speed uncertainty due to compass related error was thus that resulting 

from the uncertainty in bearings from the Grebe. 

For cases where the magnetic bias of the Grebe is either poorly or not 

corrected, the uncertainty in relative veloc~ty magnitude between drogues of 

different depths may be better than would be inferred by the uncertainty of 
the respective speeds. 

Very commonly, all bearings from the Grebe during a cycle (this refers to 
a period during which all drogues are sighted in succession) have about the 

same value. This is demonstrated by Figure 6 which shows drogue positions 

during each cycle to form a cluster. The uncertainty in A2 can be separated 

into two parts: one due to magnetic bias, 6A28; and the other due to the 

accuracy at which the compass can be read, 6A2c· Consider sightings dur-
ing a particular cycle on drogues a and b. The possible range of the measured 
speed of a can be approximated by: 

SPMa ~ SPTa + ERR2a 6A2Ba ± ERR2a 6A2c ± 6a 



s 
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sa ea 

Figure 6: Drogue and ship pos itions for July 31 run 2. The coordinate oriqin 
is at the punt's location. The Grebe 's position is marked by a cross 
labeled G. 
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where SPTa is the true speed since release and 6a is the uncertainty 
from sources other than errors in the bearing from the Grebe. Similarly for 

drogue b: 

SPMb ~ SPTb + ERR2b 6A2Bb ± ERR2b 6A2c ± 6b 

If the drogues are sighted at about the same bearings (Ala~ Alb, 

A2a ~ A2b) then ERR2b z ERR2a . The values of magnetic bias 

would also be about equal (6A2Bb z 6A2Ba) . The ran ge of measured 

speed difference cou l d thus be approximated by: 

SPMa - SPMb ~ SPTa - SPTb ± (2ERR2b 6A2c + 6a + 6b) 

which states th at the contribution to speed shear uncertainty resulting from 
the Grebe 's bearings is mostly due to compass reading errors (-*5°). 

2f. Averaging Speed , Direction and ERR2 Values of a Particu l ar Cluster 

As ment ioned, a cluster of drogues of one depth were sighted up t o 5 times 

during a run. Representat ive speed and direction of the cluster have been 

taken as averaged values. 

For a singl e run al l direction measurements (bearings from the Punt) have 
about equal reliability. The mean direction of a cluster and its standard 
deviation have therefore been calculated without weights. 

The reliability of a speed value is considered inverse ly proportional to 

the corresponding value of ERR2. For this reason, the mean speed of a cl uster 

i s ca lcul ated with weights equal to the reciprocal of the ERR2 values, or: 

i=l 
L: SP. W. 
N 1 1 

(7) s-P"=. 1 w. 1= 
L: 1 

N 
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JULY 23 RUN 5 

23 KM/HR 

JULY 24 RUN 2 

20 KM/HR 

10 ... 

10 

,.-"" 

c 

30 .......... 

/ 
/ 

................ 

15 CM/S 

', 
c ', 

', 

Figure 7: At right are hodographs of drogue velocities labeled according to 
Table 2 The vectors at the left represent concurrent wind velocities. 
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JULY 25 RUN 2 

20 KM/HR 

1121 

JULY 25 RUN 3 

24 KM/HR 

2121 ...... , 

6 
78\ .. \ 
'10 \ 

\ 
\ \ 
\ 

1121 2121 CM/S 

Figure 8: Hodographs of drogue and wind velocities . 
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JULY 29 RUN 2 

10 CM/5 

JULY 3121 RUN 1 

17 KM/HR 

JULY 3121 RUN 2 

5 

/ 
/ 

/ 
1 

h~ I~ 5CM/S \ . 

g\~-
8 5-

.... :)-.... ............ ____ __.,. 

12 KM/HR 

Figure 9: Hodographs of drogue and wind velocities . 
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AUG 6 RUN 1 

c 

' 
30 CM/ S 

'\ 
10 KM/HR '\ 

20 

10 

AUG 6 RUN 2 AUG 6 RUN 3 

30 
........ ....... 

....... , 
' 

17 KM/HR 

20 

12 KM/HR 

10 

Figure 12: Hodographs of drogue and wind velocities. 
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AUG 7 RUN 1 

18 KM/HR 

AUG 14 RUN_ .1 

27 KM/HR 

AUG 14 RUN 2 

23 KM/HR 

30 CM/S 

20 ..... , 
' 

10 I 

10 CM/S 

I 
I 

20 CM/S 

Figure 13 : Hodographs of drogue and wind velocities. 
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the direction of the 4 to 10 m current of the morning current meter profile . 

(Due to instrument failure, no reliable current meter measurements were made 

in the afternoon.) There was a well-defined relative velocity between drogues 

which was roughly parallel with the wind. (In this report relative velocity 

is defined as the vector difference between velocities directed from the deeper 
to the shallower velocity. The magnitude and direction can be roughly deduced 

from the hodographs . ) 
The confetti velocity of this and most other runs should be treated with 

suspicion. The confetti was generally sighted only once or twice during a run 

at locations relatively close to the Punt. Because of this and because the 

cluster tended to spread, the uncertainties of confetti bearings are greater 

than those of the drogues. Also, the ERR1 and ERR2 values associated with 

confetti velocities were comparatively high. 
During July 24, the wind shifted back towards the northeast (a southwest 

wind). All drogue velocities measured on this day were nearly parallel with 
the wind. Current meter measured velocities in the mixed layer were also 

roughly aligned with the wind, with very little difference in bearing. 
On July 25, the wind continued to blow from the southwest. The drogue 

measured velocity field was roughly in the wind direction near the surface and 
rotated clockwise with increasing depth. As observed on July 23, there was a 

relative velocity approximately parallel with the wind. 

The wind speeds recorded at Baie Du Dore were relatively small from July 

26 to July 29. On July 29, two runs were conducted at Flag Station 4 (4 km 

from shore). The wind was from 226°; but was too slight to be measured . For 

both runs a relative velocity profile, roughly aligned with the wind, can be 
deduced by velocities of drogues with mean depth in the range 1.2 em - 60 em 

(vectors 1-8 of Figure 9). 

During July 30 the wind shifted towards the southeast. The drogue veloc­

ities of both runs on this day were characterized by significant clockwise 

rotation with depth. As for previous runs the very near surface velocity and 

the r elative velocity were approximately parallel with the wind. The wind 
diminished between runs 1 and 2 and the velocity field appeared to respond to 

the reduction. The near surface velocity of run 2 was less than that of run 1 
and the deeper velocity was more clockwise. 
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During July 31, all drogues moved with high velocity in the wind direc- · 

tion (northward). Submerged drogue velocities of run 5 were 10-15° clockwise 

of the corresponding velocities of run 1, which was 3 hours earlier (possib ly 
a manifestation of inertial motion). Tracking was halted abruptly at 13:00 

EDT due to an impending thunderstorm from the south. 

The wind during the first run of August 6 was slight (10 km/hr) and to­

wards the northeast. Despite the light wind there were long and high swells 
traveling towards the northeast, likely the result of the strong winds during 
August 5. During succeeding runs the wind increased slightly and the wave 

height decreased. All drogue velocities and mixed layer current meter mea­

sured velocities were approximately in the wind and wave direction. This 

day's results are particularly noteworthy because they represent a near sur­

face current field under the influence of light but increasing winds and sig­

nificant but decreasing waves. 

On August 7, one run was completed just before the arrival of a violent 

storm from the south. Drogue and mixed layer current meter measured veloci­

ties were of high magnitude and towards the northeast . 

On August 14, simultaneous acoustic and sighted drogue tracking experi­

ments were conducted. Acoustic drogues were released and tracked from stat ion 
8, while s ighted drogue tracking was done from station 7. The wind and all 

sighted drogue velocities were approximately onshore, eastward. 

On Augus t 21, two sighted drogue experiments were conducted at station 6 

in conjunction with acoustic drogue tracking from station 8. As can be seen 
from Fiqure 14 the sighted drogue profiles were markedly different. Veloci­

ties of run 1 rotated clockwise, whereas those of run 2 rotated significantly 
counterc lockwise. During both runs, however, the relative velocity was 

roughly parallel with the wind. 
To summarize: from the results of most runs a well-defined relative 

velocity profile, roughly parallel with the wind direction, has been observed. 
The velocity of the shallowest drogue (1.2 em) was also most often parallel 

with the wind. Drogue runs from July 23 to August 7 were all carried out 
within 4 km from shore. During this period and for a few weeks prior strong 
winds were predominantly from the south. Drogue velocities of runs conducted 
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during northward winds were all towards the north. For runs during southward 
winds the velocity of the shallowest drogue was approximately parallel with 
the wind , and velocities rotated clockwise , towards the north (the direction 

of previous strong winds), with increasing depth. 

From August 12 to August 17, strong winds were predominantly towards the 

south. During the August 21 experiment, the wind was towards the north. The 

shallowest drogue•s velocity was nearly parallel with the wind . Deeper veloc­

ities rotated towards the south with increasing depth. 

2i. Discussion 
The above summary suggests that the observed drogue velocities consisted 

of two components. One component varied slowly with depth and was nearly 

parallel with strong winds of previous days. For convenience this component 

will be referred to as the sub~urrent. Superimposed on .this was a current 

which varied rapidly with depth (on the observation scale of 2 m) and was 
nearly parallel with the existing wind. This component will be called the 

surface layer-current . 

The fundamental question to be addressed is : what were the causes of 

these two components 

The sub-current was likely set up by previous winds and was presumably in 
geostrophic balance with the cross-shore pressure gradient. On the eastern 

shore of Lake Huron a persistent north wind generates a southward current near 

the coast . Geostrophic balance is maintained by the elevation of the iso­

therms close to shore. For a wind of sufficient strength and duration a 

coastal upwelling results . Conversely, a wind from the south produces a 

northward flow and downward tilt of the nearshore isotherms. Such currents 

have been observed at this location in Lake Huron [Cs anady and Pade (1968)] 

and are manifested by the temperature and current meter data presented in 

section 4. 
For currents generated on the time scale of one inertial period, transient 

inertial oscillations may be expected . It has been frequently noted that at 

large distances from shore, currents following a strong wind event generally 

oscil l ate at close to the inertial period (= 17 hrs at Baie Du Dore). Due to 
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the coasta l constr ai nt cross-shore inertial excursions are reduced cl ose to 

shore. As a consequence t here is a coas t al zone, t ypically 5 to 10 km wide, 

where relatively hi gh currents are forced to flow predominantly in a longshore · 

direction (Csanady, 1981; Murthy and Blanton, 1975). Thus, within 4 km of 
shore (where most experi ments were conducted) a cur rent in geostrophic equi ­
librium wi th the coastal pressure fi e l d should be directed roughly paralle l 
with the longshore componen t of s trong winds during prev ious days; this was 

the case for th e observed sub-currents. 
The behavior and causes of the sub-currents should be further cl arified 

when concurrentl y r ecorded data from current meter moorings of the Canada 

Centre for Inland Waters becomes available. 

The surface l ayer-current may be def ined as the rel ative velocity between 

drogues. Table 3 li s t s the relative vel oc ities between the 1.8 m and 1.2 em 

dr ogues together with the corresponding wind velocities. As can be noted from 

the Tab le, the relative velocities (surface layer-currents) were directed 

r oughly paral l el with the wind. (The relative ve locity between the 1.8 m and 

1.2 em drogues was an averag e of 10° counterclockwise of the wind with a 
standard dev iation of 18.5 °.) These surface layer-currents were most likely 

driven by a comb inat i on of s urface wind stress and wave action (Stokes drif t ), 

with one factor or th e other possibly dominating. 

Nearsurface currents produced by surface wind stress were first studied 

mathematica ll y by Ekman (1905) in his c l assic paper. In Ekman•s model momen­

tum from the wind was transferred through the water co l umn by turbulence, or 

more preci sely, Reynolds stresses. The str esses were parameterized by an eddy 

viscosity coeffi cient which was cons i dered everywhere constant. Ekman ob­

tained a steady state solution describing the vel ocity fie ld resulting·from a 
constant wind blowing over an inf initely deep ocean with no hori zonta l bound s. 
Since Ekman •s origi nal paper a vas t number of theoretical models have been 

advanced based on his genera l reasoning. Agreement wi th veloc i ty profiles 
measured in the f ie l d, however, has been margin al at best. One prob l em is 

that there is no accepted value of the eddy viscosity coefficient or its de­

pendence with depth. Another difficulty is the specifi cation of the lower 
boundary condit i on (at t he bottom and at t he t hermoc l ine). Also, because the 
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Table 3 

1. 2 em and 1.8 m Drogue Velocities, 
Relative Velocities (1.8 m to 1.2 em) 

With Corresponding Wind Velocities and Estimated Surface Rough ness 
of all Processed Sighted Drogue Runs 

VELOCITY VELOCITY REL. VEL. 
WI ND VEL 1.2 CM DROGUE 1.8 M DROGUE 1.8 M-1. 2 CM 
SP DIR* SP DIR SP DIR SP DIR ESTI MATED 

DAY RUN M/S DEG CM/S DEG CM/S DEG CM/S DEG ROUGHNESS** 

Ju l 23 5 6.3 159 12.1 155 - - 10.3 129 T R+ 
Ju l 24 2 5.6 25 25.8 30 18.0 27 7.9 36 M 
Ju l 25 2 5.6 31 25.3 46 17 .7 59 9.5 22 R 
Ju l 25 3 6.7 44 26.4 48 17 .7 70 12.0 15 R+ 
Jul 29 1 - 46 18.8 63 13.2 71 6.1 46 c 
Ju l 29 2 - 46 16.5 65 11.4 71 5.3 51 c 
Jul 30 1 4.7 144 10.2 147 2.7 206 9.1 132 R 
Ju l 30 2 3.3 136 5.6 128 4.3 251 8.8 104 R 
Jul 31 1 7.2 4 33. 1 10 24.9 14 8 .5 - 2 M 
Ju l 31 2 6.9 -6 31.2 3 26.8 13 6.6 - 40 M 
Ju l 31 3 8.1 4 39 .1 14 32.3 16 6.9 5 M 
Ju l 31 4 6.9 4 37.9 19 31.7 25 7.4 -11 M 
Ju l 31 5 7.7 -6 33.6 14 28.7 29 9.5 -38 M+ 

Aug 6 1 2.8 34 26.7 38 
Aug 6 2 3.3 54 30.4 12 20.7 12 9.7 12 M+ 
Aug 6 3 4.7 20 27.0 18 18.7 14 8.5 29 M 
Aug 7 1 5.0 11 37.8 36 29.8 41 7.6 16 M+ 
Auq 14 1 7.5 74 23.5 104 
Aug 14 2 6.4 64 14 .1 99 
Aug 21 1 2.8 - 36 12.9 7 8.3 32 6.4 -27 c+ 
Aug 21 2 4.4 -26 5.8 335 3.6 189 9.0 -12 M 

* Direction towards wh i ch the wind was blowing 
** C - cal m, M - moderate, R - rough 
T Relative velocity at 1.8 m obtained by l ogarithmi ca ll y extrapolati ng the 

relat ive velocity profi le. 
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wind seldom blows at a constant speed and direction for a long time, the time 
dependence of the solution is important • 

All solutions do have common features. All predict clockwise rotation of 
velocity vectors with depth, and a surface current directly related to the 

wind stress and to the right of the wind (northern hemisphere). 

Very nearsurface wind driven flow has been considered by Jones and Kenney 

(1977) and Csanady (1979) to be analogous to wall layer flow over a rough 

surface. For such a model the surface shear is given by : 

(10) 

where: 

du I dzo func (u*, y -1) 

y is a roughness length 

u* is the friction velocity= T
0

/p 

T
0 

is the surface wind stress 
p is the water density. 

The simplest form of the above relationship is given by: 

( 11) du 
az I o = 

u* 
con st. 

y 

In this model, as in all Ekman-like models, the nearsurface relative 

velocity i s directly related to the wind stress. The relative velocities 

observed in these experiments (Table 3) are graphed as a function of wind 
speed in Figure 17. There i s no apparent dependence of relative velocity with 

wind speed. 

The roughness length of equation (10) can be considered proportional to 

the height of breaking surface waves (or waves more accelerated at the crest 

than at the trough). Due to th e limited fetch in Lake Huron, a large propor­

tion of waves observed during these experiments were breaking or clearly ac­

celerated at the crest by the wind. For model s in which Reynolds stresses are 

parameterized by the eddy viscosity coefficient the shear is inversely propor­

tional to the eddy viscosity coefficient. It has been argued by Huang (1979) 
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1121 

Figu re 17 : Magnitudes of rel ative velocities between the 1.8 m drogue and 
the 1.2 em drogue graphed as a fun ction of wind speed at 3m. 
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and Csanady (1978) that eddy viscosity in nearsurface water is approximately 

proportional to surface roughness . Thus , for such models , as for equation 
(10), the nearsurface relative velocity is inversely related t o surface rough­

ness. 

Unfortunately, no quantitative measurements of the wave fi elds during the 

sighted drogue experiments were made . However, qualitative assessments of the 
surface roughness during each run have been fit into the following categori es : 

C = calm 

M = moderate 

R = rough 
with '+' indicating the rough extreme of each category . The roughness esti­

mate increased with increasing wave height and decreasing wave length. The 

roughness values of each run are listed in the last column of Table 3 and are 

graphed against relative velocity in Figure 18. Although the roughness scale 

is admittedly crude , there does appear to be a direct (rather than inverse) 
dependence of shear with surface roughness. 

This dependence of relative velocity on roughness suggests that the ob­
served relative velocity profiles may have been primarily a manifestation of 

Stokes drift, a second order effect of surface waves . Stokes drift for a one­
dimensional, single frequency wave field [observed in the laboratory by Lange 

and Huhnerfuss (1978) and Alofs and Reisbig (1972)] is directed parallel to 
the wave motion and given by: 

( 12) vs 

where : 

H 2 
(~) C exp (-4n Z/A) 

H = wave he i gh t 
A = wave length 

C = phase speed . 
Due to the limited fetch , the wind and wave directions during these ex- · 

periments were approximatel y equal. As already noted the relative velocities 

were approximately in the wind direction; thus , the relative velocities were 
roughl y aligned wi th the wave directions . According to (12) the surface 
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c C+ M M+ R R+ 

SURFACE ROUGHNESS 

Figure 18: Magnitudes of r elative velocities between the 1. 8 m drogue and 
the 1. 2 em drogue graphed as a function of estimated surface roughness. 
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velocity is proportional to (H/A) 2 and is thus approximately proportional to 

surface roughness. 

Stokes drift is more accurately computed using the wave energy spectrum. 

For a 1-dimensional spectrum the Stokes drift is given by: 

00 

(13) 2 J 3 2 VS =- a W(a) exp (-2 a z/g) 
g 0 

da 

where: a is the frequency in rad/s 

W is the wave energy spectrum 
g is the gravitational acceleration. 

(This equation is still only an approximation of Stokes drift because the ef-

fects of directional spreading and wave breaking are not included.) 

Wave energy spectra, each computed from a 20 minute record of a waverider 

accelerometer buoy moored in 11.3 m of water off Port Elgin, Ontario (approxi­

mately 20 km from the project site), have been provided to us by the Marine 
Environmental Data Service of the Canadian government. Two of these spectra 
are shown in Figure 19. Stokes drift profiles have been computed from ten 
digitized spectra by numerically performing the integration of equation (13) 

from the Nyquist frequency of 0.5 hz (rather than infinity) to 0 hz. Also 

computed was the significant wave height of each spectrum, which is calculated 

as four times the square root of the area under the energy spectrum and, ac­

cording to the analysis of Longuet-Higgins (1952), is approximately equal to 
the mean of the highest 1/3 number of the waves. The significant wave height 
roughly corresponds to the visual estimate of wave height. 

The computed relative velocity was greater for ·spectra with higher sig­

nificant wave height. For spectra with the same significant wave height the 

relative velocity increased with decreasing peak period (period of maximum 

spectral density) . Thus, for the 10 digitized spectra the relative velocity 
due to Stokes drift increased with surface roughness. 

The magnitude of the computed relative velocity between 1.8 m and 1.2 em 

ranged from 0.6 cm/s to 12.6 cm/s . For most spectra, the ca lculated relative 

velocity magnitude was approximately 1/2 the magnitude observed during periods 
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Figure 19 : Two examples of wave energy spectra. The dashed line of spectrum (a) 
is a contrived extrapolation of the spectral density to 0 m2 /hz at 1 hz . 
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of similar wave heights . For example, the relative velocity between 1.8 m and 

1.2 em calculated from spectra with 0.6 m to 0.8 m significant wave height 
ranged from 2.4 cm/s to 6.9 cm/s, as compared with a range of 6.6 cm/s to 
9.5 cm/s observed during a lake state of approximately 0 .6 to 0.8 m. 

The computed Stokes drift was probably significantly lower than that 
given by equation (13) because the upper limit of integration was only 0.5 hz . 

As indicated by Figure 19 there is appreciab le wave energy at 0.5 hz. The 

waverider spectra have been extrapolated to higher frequencies using t wo 

methods: extrapolation to 0 m2s at 1 hz; and extrapolation using the Phi l­

lips (1958) form of the equilibrium spectr um , W(cr) = 8 g2 a-5, with 8 

calculated from spectral values near 0 .5 hz. Both techniques yielded Stokes 

drift profiles of nearly identical magnitude which were approximately equal to 

the observed profiles. Profiles of similar magnitude were also calculated 

using spectra from a wave capacitance recorder (Simpson, 1969) which included 
the frequency range 0.1 hz to 1.0 hz . 

Figure 20 displays examples of calculated and observed profiles with 

nearly equivalent associated values of significant wave height and sea state. 
These profiles indicate that Stokes drift likely comprised a major portion of 

the near surface relative velocity. 
It should be noted that for all digitized spectra the calculated Stokes 

drift was confined to the very near surface. For example,the Stokes velocity 
at 10m computed from the spectra of Figure 19a was 0.07 cm/s. 

Thus the magnitude and direction of the observed relative velocities as 
we ll as their dependence on surface roughness are all consistent with the 

notion that the surface layer-currents were primarily due to Stokes dr ift. 
The results of runs 2 and 3 on August 6 during which the shear decreased while 

the wave height lessened and the wind speed increased are also indicative of 

Stokes drift. In view of the uncertainties of the drogue velocities and the 

crudeness of the surface roughness estimates, these results cannot be con­

sidered conclusive . They are, however, supportive of studies by Bye (1967) 

and Kirwan et ~· (1979) which construed Stokes drift as being the primary 
factor driving nearsurface currents . 
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Figure 20: The solid line is the velocity profile relative to 1.8 m cal­
culated using equation (13) and the spectrum of Figure 19a (solid line 
only) . The dashed l ine is the profile calculated with the dashed line 
portion of Figure l9a included. The dots and +'s are relative velocity 
magnitudes from Jul y 25 run 3 and August 6 run 3 respectively . 
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Ekman-like drift was not necessarily absent even if Stokes drift was 

predominantly respons ible f or the observed shear . Ekman currents may have 

decayed on depth scale greater than the depth of the deepest drogue , 1.8 m. 

3. ACOUSTIC DROGUE EXPERIMENTS 
3a . Introduction 

In these experiments drogues , equipped with sonobuoys , were tracked us ing 
a shipboard acoustic navigation system which measured travel times of pulses 

transmitted from three bottom mounted transponders to a drogue attached hydro­

phone . Also recorded were simultaneous wind speeds at three levels and wind 

direction. A similar experiment which measured nearsurface velocities at deep 
water dumps i te No. 106 (DWD-106, - 200 km SE of New York City) was carried out 

in April of 1979 and is reported by Churchill et ~· (1981) . Multiple reflec­
tions caused by ray bending in the shallow, highly stratified water of Lake 
Huron made drogue tracking more troublesome than at DWD-106. The influence of 
multiple reflections on velocity determination and acoustic tracking range 
will be briefly discussed in this report. A detailed examination is given by 
Churchill (1981). 

3b . Acoustic Navigation System 

Th e acoustic navigation system used in these experiments has been em­
ployed by Woods Hole Oceanographic Institution investigators for a number of 

years a.nd is well documented . Hunt et ~· (1974) and Peal (1974) have pro­
vided an overall description of the system•s design and operation. In addi-

tion to the study at DWD-106 , sonobuoy tracking has been reported by Spindel 
and Porter (1974} and Spindel , Davis, MacDonald, Porter and Phillips (1974) . 

The system will be briefly described in this report . 

The geometry of the system as used in Lake Huron is diagrammed in Figure 
21 . The fundamental components are: 

a transducer lowered from the tracking ship (R/V Coot) 

three bottom-mounted transponders 

a drogue connected to a li stening hydrophone and transmitting VHF 
antenna 
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a receiving antenna aboard ship 

a shipboard master timing clock, and minicomputer system which con­
trols operation, processes incoming data, and displays computed posi­
tions 
a cassette tape recorder for data storage. 

Two phases of navigation •ship• and •sonobuoy• are performed as separate 

cycles. 

The ship cycle is initiated with the transmission of a .pulse (7.5 khz, 

10 msec) from the ship•s transducer. Immediately following the detection of 

this pulse each bottom transponder generates a reply pulse at a specific fre­
quency (11.5, 12.5 and 13.5 khz). These reply pulses are detected by the 

ship•s transducer. The acoustic round trip travel times between the ship and 
each bottom transponder are thus determined and logged by the shipboard com­

puter. Slant range between the ship and each transponder is found by multi­
plying the one-way trave l time by the average sound velocity of the water 
column. The position of the ship relative to the transponder net is computed 
using an operator se lected pair of slant ranges together with the known depth 

of the sh ip•s transducer, the previously measured length of the baseline be­

tween the chosen transponder pair, and the transponder depths. The third 

slant range, if available, is used to resolve the ambiguity as to which side 

of the baseline the ship is on. (Otherwise the side of the baseline is speci ­
fied by the operator.) 

The sonobuoy cycle al so begins with a pulse transmission from the ship •s 
transducer. The reply pulses from the bottom transponders are received at the 

drogue and transmitted (via radio) to the ship . Assuming the travel time from 

the drogue to the ship is negligible, the elapsed time between the initial 

pulse transmission and a reception at the ship is the acoustic travel time 
from the ship to the respective transponder to t he drogue. The travel time 

from each transponder to the drogue is found by subtracting the ship to tran­
sponder travel time determined by the most recent ship cycle. These travel 

times are converted to slant ranges and used to calculate the position of the 
droque with respect to the transponder net in the same manner as for the ship 
position during the ship cycle. Ship and drogue positions are displayed i n 
real time on an x-y plotter. 
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The baseline lengths between transponders and transponder depths are 

determined by a survey in which travel times are collected from a number of 
locations and analyzed using a least-squares technique. Geographic position­
ing of the transponder net is accomplished using the ship's navigation system, 

as will be discussed in section 3f. 

The procedure of alternating between ship and sonobuoy cycles yields a 

drogue position one to two times a minute . The normal practice is to track 

each drogue for about five minutes at a time. The present system can concur­

rently track 16 drogues, each transmitting at a different frequency. Constant 
attention is required. The operator must, among other duties, select which 
drogue is to be tracked and the transponder pair to be used for position cal­

cu lation . An unpublished report on the system operation and the computer 

programs used has been prepared by Loud (1981). 

3c. Acoustic Drogue Assembly 
The acoustic drogue assembly, recently developed at W.H.O.I., consists 

of: a drogue made from matted packing material, waterproofed sonobuoy elec­

tronics enclosed within the drogue, attached hydrophone, and float-anntenna 

assembly. The drogues have been designed to drift either submerged at a spe­
cific depth or with the top face just at the water's surface . 

Typica l assemblies of submerged drogues are shown in Figure 22. The 
drogue is constructed of a wire mesh (1 11 x 211

) frame formed into a block with 
a padding of 5 em thick, densely entwined, synthetic horsehair (material also 

used for sighted drogue construction, see section 2a) fastened to the exterior. 

Ethafoam strips are attached to the interior of the wire frame for positive 

buoyancy. With appropriate counterweights the drogue constitutes a sl ightl y 

negative buoyant , stable body with extremely high drag . The drogue depth is 

specified as the distance between the center of the support float, which is 
presumed to be at the water's surface, and the center of the drogue. The 

dimensions of the drogues that were used depended on the weather conditions: 

larger drogues were deployed during rough weather. 

The float-antenna assemb ly for submerged drogues consists of a support 

float for the drogue connected by 1.3 m of antenna wire (RG-174/U) to an an-
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support 
float 

drogue 

counterwe i ght 
hydrophone 

support 
f loat 

antenna and 
float 

antenna and 
f l oat 

counterweight 
hydrophone 

Figure 22: Assemblies of submerged drogues: (a) calm weather drogue; 
(b) rough weather drogue. 
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tenna bearing float. The assembly used in calm weather is displayed in Figure 

22a. Both floats are made from 10 em diameter x 15 em lon g copper floats and 

drift with approximately 7 em above the water surface. The antenna carrying 

float, designed to freely ride the waves, is stabilized by a 10 em long rod 
with attached zinc counterweights. The VHF electronics have been modified to 
permit the use of a 1/4 wave antenna (0.16 em diameter x 41 em l ength). 

The assemb ly for use in rough weather is shown in Figure 22b. The float 

supporting the drogue is a 15 em diameter PVC sphere. The antenna supporting 

float is a PVC 11 lobster pot 11 buoy through which 3/4 11 EMT pipe, with appropri­

ate stee l counterweights, is inserted . The 1/4 wave antenna, with built-in 

ground plane, is extended above the float by a wooden dowel inserted into the 
EMT pipe (to facilitate better transmission when used in high waves). 

The electronics consist of a modified Magnavox AN/SS041~ sonobuoy. The 
boards and alkaline batteries have been packaged into a 46 em long by 13 em 

diameter sea led aluminum housing which is incorporated into the interior of 

the drogue. The piezo-electric ceramic hydrophone (5 em length , 4.5 em dia.) 

has an omni~directional pattern and is suspended 0.3 m below the counterweight 
by its original compliance cable and shock absorber assembly. The present 

alkaline battery package provides an operating life of nine hours at a trans­

mitting power of 1 watt. 

Three designs of surface drogues were used during the experiments. Each 
type is displ ayed in Figure 23. 

The slab surface drogue is of the same design as the submerged drogue 
except that a 2.5 em thick sheet of ethafoam has been fastened to the interior 
of the wire frame's top s ide. During ca lm weather the slab shown in Figure 23a 

was released. This drogue is of dimensions: 0.7 m l ength, 0.7 m width, 0.3 m 

thickness. The antenna and support floats are mounted in ethafoam rings and 

attached to the wire frame. During rough weather a slab of dimensions: 0.9 m 

length, 0.9 m width, 0.6 m thickness (Fig. 23b) was released. The manufac­

turer's sonobuoy package (80 em length x 12 em diameter cylinder with a folded 

monopole antenna) is mounted within the drogue. During the experiments both 
of these slabs drifted with the top side slightly· above the water surface. As 

wi ll be discussed in section 3h this resulted in excessive wind drag on the 
drogue. 
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(a) (~) 

{ .. 

(c) (d) 

-

Figure 23: Surface drogue assembli es: (a) calm weather slab; (b) rough 
weather slab; (c) cylinder; (d) diamond. 
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Th e cylindri cal surface drogue (Figure 23c) consists of a cylinder (41 em 

diameter x 28 em thickness ) of synthetic horsehair into which sonobuoy elec­

tronics have been incorporated. The lower half of the copper antenna bearing 

float is mounted within an ethafoam ring (21 em outer diameter x 5 em thick­

nes s ) which is inserted within the horsehair . The hydrophone is suspended 

10 m below the drogue. 
The electronics of the diamond-shaped drogue (Figure 23d) have been en­

capsulated in a BUD Corporation rectangular aluminum chassis (28 em x 18 em x 

5 em) waterproofed with G.E. silicon glue and seal. The chassis is surrounded 

by 5 em thick padding of horsehair . A copper float, used for both drogue and 

1/4 wave antenna support, is secured to the top of the padding. Counter­

weights, attached to the bottom of the padding, cause the drogue to float with 

just the top half of the antenna float above the water surface. 
Experiments have been conducted to observe the relative motion between 

the drogue and the s urrounding water. During these experiments dye was re­

leased from the center of a calm weather submerged drogue drifting in a near­

shore current. The experiments were not sufficiently elaborate for quantita­

tive determination of relative motion. However, photographs and motion pic­

tures showed no appreciable velocity between the dye plume and drogue . 

3d. Wind Measurement 

Wind speeds at 1.0 m, 4.3 m and 6.7 m above the l ake surface were mea­

sured aboard the R/V Coot using climatronic WM-111 recording anemometers. The 

wind direction at a height of 6.7 m was recorded using a WM-111 wind vane. 
Each anemometer was mounted on an arm (of length 1.7 m or greater) attached to 
a tower which could be pivoted about its base . During wind measurement the 

tower was turned so that the arms were perpendicular to the ship's length. 

Th e dimens ions of the assemb ly in this orientation are displayed in Figure 

24. The upper two arms were permanently fastened to the tower. The lowest 

arm was attached for measuring winds during periods of calm to moderate lake 

state. When not in us e for wind measurement the tower was secured with the 

arms parallel to the sh ip's heading. 
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1-7M 

• •I 

6.7M 

4.3M 

2.5M 

~· ·----- ·-· ---

Figure 24: R/V Coot as equipped during the experiments. Distances of the 
anemometers from the water and tower are shown. The antenna tower on the 
port s ide i s for receiving the acoustic drogue transmission. 
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The wind speeds and direction were recorded on strip chart. At the oper­

ator's request, the values were also recorded on cassette tape, once during 

each navigation cycle, together with the acoustic navigation data. 

The wind direction was measured with respect to the ship's heading. 
During wind measurement a written log of the ship's heading was kept. This 
was combined with the wind vane data to determine wind direction in geographic 

coordinates. 
I 

3e. Effects of Ray Bending 
To the authors' knowledge, the acoustic navigation system had never been 

used in shallow, highly stratified water such as Lake Huron. In such an en­

vironment acoustic ray bending is pronounced. Sound transmitted from a bottom 

transponder, for example, will bend away from the surface, resulting in a 

shadow zone where reception of the direct ray is impossible . The effects of 

ray bending on acoustic tracking during these experiments have been examined 
in detail by Churchill (1981) . This section very briefly summarizes that 

report. 
Ray diagrams, ca lculated using temperature profiles measured during the 

experiments, have indicated that pulses could not be transmitted by a direct 

ray path between a bottom transponder and a nearsurface receiver separated by 

a distance of greater than 1. 4 km. All drogue and ship positions were more 

than 1.4 km from at least one transponder. Thus1 a travel time of a reflected 

pulse was likely used in every positi on calcu lation. 

For previous applications of the acoustic navigation system, the slant 

range between a particular transponder and the hydrophone of the ship or a 
drogue was calculated by applying the travel time into formula whose coeffi­
c ients were determined using ray analysis and the local sound velocity profile 
[Hunt et ~· (1974)]. Such a method can only be meaningfully applied using 

travel times of direct pulses. The Lake Huron data was processed using the 
most straightforward alternative method . Slant range was computed as the 

product of travel time and the average sound velocity of the water column; 

which is equivalent to assuming that the pulses traveled in a straight line at 

constant velocity. 
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Prior to the experiments a simple model was developed to predict the 
error in slant range due to receiving reflected pulses and assuming straight 
line travel. For the conditions encountered in Lake Huron the error values 
were approximate ly 2 percent. The error associated with drogue velocity 

determination was predicted to be about 1 percent. 
Ship cycle travel times recor~ed during the experiments, combined with 

ray diagrams, have strongly suggested that pulses transmitted between the 

ship•s transducer and a transponder, which was greater than 1.2 km from the 

ship, traveled by ray paths trapped below the thermocline. The error in slant 

range and velocity determination of such rays (due to assuming straight line 
travel) was shown to be from 1 to 2 percent. Because these presumed errors 

were very small, no attempt was made to correct for slant range error. 
Shortly after the second transponder deployment on July 14, the reception 

range between the ship and the transponder was measured by steaming away from 
it until the reply pulse was not consistently detected. The range of 8 km was 

about equal to that noted during the exper iment at DWD-106 [Churchill et ~­
(1981)]. During the drogue tracking experiments, roughly one month later, the 
reception range was approximately 4 km. During these experiments the mixed 
layer was about 14 m deep, whereas on Ju ly 14, the mixed layer was only 4 m 
deep. 

As previously stated, pulses transmitted between the ship•s transducer 
and a transponder separated by more than 1.2 km likely traveled by ray paths 

reflected at the thermocline and bottom. Because of the shallower mixed layer, 
a ray trapped below the thermocline on July 14 traveled a longer horizontal 

distance between bottom reflections and reflected at a smaller grazing angle 
than did a simi l ar ray during the acoustic drogue experiments. The signal 
attenuation due to bottom reflection wou ld thus have been less for thermocline 
reflected pu l ses on July 14. Churchi ll (1981) presents a rough ca l culation 

which indicates that the increased bottom ref l ect ion signal loss due to in­
creased mixed layer depth during the drogue tracking experiments approximately 

accounted for the difference between the reception range measured during the 
experiments and on July 14. 
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Again, this section is only a brief summary of the report by Churchill 

(1981) which deals, in detail, with the problems and findings concerning ray 

bending. 

3f. Determination of Transponder Position 

Each transponder was suspended about 15m above the bottom by glass ball 
flotation which was attached to the transponder by 15m of line. 200m of 
cable connected the transponder's anchor to a second anchor which supported a 

marker buoy used for eventual retrieval. Transponders were deployed on July 

11, 14, and 15. 
During July 15 and 16, travel times were measured at a number of loca­

tions in the vicinity of the transponder net. These were used by program 

SWURV for calculating relative transponder locations. SWURV, whose theory and 

operation is described in Hunt et ~· (1974), determines transponder locations 

so as to minimize the sum of the squares of the difference between the slant 

ranges calculated from the travel times and those calculated using the ship 

and transponder positions. Computed and printed also are the standard error 
of the slant ranges and the survey error, which is the sum of the variances of 
the transponder locations normalized by the slant range standard error. 

For the survey of July 15 and 16, the slant range and survey errors were 

11.7 m and 10 ,860 m respectively. Although this survey error was unsatisfac­

tory the transponder locations were used for real time processing during 

drogue tracking. A more systematic survey, for determining transponder loca­

tions to be used for data reprocessing, was conducted on August 13. The error 
of this survey was 106m; again extremely high, mostly due to variances of 

the transponder depths. The minimization algorithm appeared to have diffi­

culty with the shallow transponder depths. With successive iterations the 

depth s decreased, tending towards the ship's transducer depth. This problem 
was circumvented by modifying SWURV to treat the transponders• depths as con­
stants (their values were measured using the ship's depth finder) . The slant 

range s t andard error and survey error resulting from use of the modified pro­
gram were 11.5 m and 6.5 m respectively. The calculated transponder posi­

tions were used for data reprocessing as will be described in section 3g. 
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The geographic orientation of the net was determined as follows. On July 

18, the Coot was tracked while steaming in a straight line from station 8 to 9 
(Figure 1). After the ship was turned about, a compass bearing was tak en on 
the line from station 9 to 8. The Coot then steamed back to station 8 while 
being tracked . The net was orientated such that the bearing of the ship track 
matched the compass measurement (+the local magnetic deviation). 

3g . Data Analysis 

Initially, drogue and ship positions were calculated by a deterministic 

formula using two of the three available travel times. Despite the effort 

made in determining transponder locations (section 3f), drogue positions cal­

culated using different pairs of travel times differed significantly, often by 

more than 100m. Because of this, it was decided to employ a nonlinear re­

gression method, which used all three travel times, for computing drogue and 

ship positions. Each position calculated by this method minimizes the follow­
ing formula : 

(14) 
3 

S S = E 
i=1 

(SL . -sr . )2 
1 1 

where S Li is the slant range between transponder i and the drogue or ship 
hydrophone, as determined from the travel time. sri is the computed sl.ant 
range , given by: 

where : 

1/2 
sr. = [(Xsd- Xt.) 2 

+ (Ysd- Yt.) 2 
+ (Zsd- Zt.) 2] 

1 1 1 1 

Xsd and Ysd are the east and north position components of the ship or drogue . 

Zsd i s the known depth of the hydrophone of the drogue or ship . 

Xti , Yti , Zti are the coordinates of transponder i. 
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The minimization was done by subroutine LSQF which was created by Dr . 
Woollcott Smith as part of program SWURV (Hunt et ~. , 1974). Drogue positions 
calculated using this method had less scatter about the apparent trajectory 

than did corresponding positions calculated using only two travel times . 

Tne square root of SS defines the slant range standard error for the 

particular fix. Values of the slant range standard error were used to iden­

tify and reject questionable fixes . The average value was approximately 40 m 
for drogue fixes and 10 m for ship fixes. 

For the experiment at DWD-106, drogue velocity components were calculated 

as the slopes of linear regressions relating position component with time. 

For such a calculation each drogue is assumed to travel in a straight line at 

constant speed. Thi s assumption is valid for the drogue track of the August 

14 experiment (Figure 27). However, drogue trajectories during all other 
experiments were markedly curved (Figures 25, 29, 31, and 33). Drogue veloci­
ties of these experiments were determined from quadratic regressions relating 

position component with time. 

East position component, for example, was fit, by least-squares, to the 

following formula: 

( 15) xd = B2x t2 + B1x t + Box 

where t is the time since the release of the drogue. 

At a particular time, the eastward velocity component is: 

(16) ud = 2 B2x t + B1x 

The standard error of this velocity is given by: 

( 17) ST ERR (ud) [V (ud)]1/2 

where V(ud) is the variance of ud which is given by: 

V (ud) = 4 t 2 V (B2x) + V (B1x) + 4 t cov (B1x' B2x) 
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The variances and covariances of the regression coefficients were determined 
using the variance-covariance matrix according to a method described by Draper 

and Smith (1966). 

(18) 

The variance-covariance matrix is given by: 

V (B0) cov(B0,B1) 

cov(B0,B1) V (B1) 

cov(B0,B2) cov(B1,B2) 

cov(B0,B2) 

cov( Bl' B2) 

V (B
2

) 

-1 SSR 
= [T•T] n::-3" 

where: 

SS = sum of squares about the regression equation (15) 
n = number of positions 

T i s a matri x of the times (since the release of the drogue) of each fix, 
given by: 

1 

1 

T = I 1 

1 

t1 

t2 

t3 

t 
n 

t 2 
1 

t 2 
2 

t 2 
3 

t 2 
n 

The necessary terms of the [T•T]-1 matrix were calculated by Cramer•s 
rule. 

3h. Results 
Dr ogue tracking exper iments were conducted on five days from August 12 to 

August 21. Drogues were released and tracked from the R/V Coot (15 m LOA) 
which was moored at Flag station 8 (Figure 1). After completion of tracking, 
drogue retrieval from the Coot was accomplished with the aid of the navigation 
sys t em . 
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Ship and drogue positions of each exper iment are shown in Figures 25, 27, 

29, 31, and 33. East and north components of position , velocity and velocity 
standard error, calculated at specific times from least squares regressions of 

position components vs. time [equations (15)-(18)], are listed in Tables A23-

A27 of the Appendix . The corresponding velocity vectors together with the 

wind velocity measured at 6.7 mare displayed in Figures 26, 28, 30, 32 and 

34. Temperature and current meter profile~ ] measured at Flag station 8 during 

acoustic drogue tracking, are listed in Table A28 in the Appendix. 

As noted in section 3g, all drogue tracks , except for those of August 14 , 

are markedly curved. Most drogues curved clockwise. For a particular time 
period, the rate of rotation of a drogue•s velocity vector may be defined by: 

where 92 and 91 are the bearings of drogue velocity at times t 2 
and t 1. For clockwise rotation, the time necessary for a 360° rotation at 
the rate , R (given in deg/s), is simply: 

(19) 1 t--=2_-_t_1 
TR = 10 92 - 91 hr 

These times have been calculated from the velocities of all drogues which 

curved clockwise and are listed in Table 4. They may be compared with the 

inertial period, which at the Lake Huron latitude is 17 hr (keep in mind , how­

ever, that drogues were tracked for 1/4 inertial period or less). 
A summary of each drogue tracking exper iment follows. 

On August 12, a surface slab of 30 em mean depth and three submerged 

slabs were released. Th e wind was moderate from the north , but the lake state 

was relatively high (1m or more) . As can be seen in Figure 25 , the surface 

slab was tracked to the south (windward) of the other drogues . The motion of 
this drogue may have been influenced by the wind as will be demonstrated by an 
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10. 
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2- ~.9 M SUBM. SLAB 
3- 1. 5 M SUBM. SLAB 
4- 2.75 M SUBM. SLAB 

Figure 26: Drogue and wind ve locities of the August 12 experiment. 
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Figure 28: Drogue and wind velocities of the August 14 experiment. 



lS
I 

lS
I 

V
l I lS
I 

lS
I 

lS
I 

N
 

xx
J 

X
 

X
 

)(
X

 
X

 

~
*
 

* 
**

~~
 SH

IP
 

FI
X

ES
 

I 
+
-
-
-
-
-
-
-
~
-
-
-
-
-
-
~
-
-
-
-
-
-
~
-
-
-
-
-
-
~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
1
5
~
~
 

-
1
~
~
~
 

-
5
~
~
 

EA
ST

-M
ET

ER
S 

Fi
gu

re
 2

9:
 

D
ro

gu
e 

an
d 

sh
ip

 p
os

it
io

ns
 o

f 
th

e 
A

ug
us

t 
15

 e
xp

er
im

en
t.

 

, 

* 
14

 C
M 

SU
RF

AC
E 

CY
LI

ND
ER

 

x 
3
~
 

CM
 S

UR
FA

CE
 S

LA
B 

+
 
~
.
9
 

M
 SU

BM
ER

GE
D 

SL
AB

 

¢ 
2

.7
5

 M
 SU

BM
ER

GE
D 

SL
AB

 

o 
5

.2
 M

 SU
BM

ER
GE

D 
SL

AB
 

· 
SH

IP
 

I Q
)
 

"-
.1

 
I 



-68-

12: J2JJ2J 
12: 30 13:J2Jl21 

/ 

/4 
,/ 1~ CM/S 

/ 3 
2 ........ '-...... "-v/ 5 

22 KM/HR 24 KM/HR 24 KM/HR 

13: 3J2J 14:00 

24 KM/HR 25 KM/HR ___ _!--; 1 ~ CM/S 

1 - 30 CM SURFACE SLAB 2- 0.9 M SUBM. SLAB 

3- 2.75 M SUBM. SLAB 4- 5.2 M SUBM. SLAB 

Figure 30: Drogue and wind velocities of th.e August 15 experi.ment. 
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Figure 32: Drogue and wind velocities of the August 20 experiment . 
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11: 35 

15 KM/HR 

12: 30 
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16 
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4- 2.45 M SUBM. SLAB 

5 

4 

14: 30 

14 
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3- 1.2 M SUBM. SLAB 
5- 5.2 M SUBM. SLAB 

Figure 34: Drogue and wind velocities of the August 21 experiment. 
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Tab l e 4 

Rotation Periods Ca lculated by Equati on 19 from the 

Velocit i es of Aco ust i c Drogues whi ch Curved Clockwise 

A) AUGUST 12 

DROGUE 9 1 - DEG 9 2 - DEG TR - HR 
(MEAN DEPTH} (t 1 = 15:45) (t2 = 16 :30} 

30 em Surface Slab 273 .0 313. 2 6.7 
0.9 m Submerged Slab 288.4 326.2 7. 1 
1.5 m Submerged Slab 303.4 329.7 10.3 
2.75 m Submerged Slab 294.3 320.6 10.3 

-
B) AUGUST 15 

DROGUE 9 1 - DEG 9 2 - DEG TR - HR 
(MEAN DEPTH} (t1 = 12:00) (t2 = 14:00} 

0.9 m Submerged Sl ab 298.9 49.4 6. 5 
2.75 m Submerged Sl ab 306.2 43.0 7.4 
5. 2 m Submerged Sl ab 311. 6 43.6 7.8 

-
C) AUGUST 20 

DROGUE 9 1 - DEG 92 - DEG TR - HR 
(MEAN DEPTH} (t 1 = 12:30) (t2 = 14:00} 

46 em Submerged Slab 136. 2 173. 7 14. 4 
1.2 m Submerged Sl ab 168. 7 179. 6 49.5 
2. 45 m Submerged Slab 175.2 185. 2 54 . 0 
5. 2 m Submerged Sl ab 184.1 197.8 39.4 

-
D) AUGUST 21 

DROGUE 9 1 - DEG 9 2 - DEG TR - HR 
(MEAN DEPTH} (t1 = 11 :35} (t2 = 14:30) 

46 em Submerged Sl ab 188.0 230 .1 25 .0 
1. 2 m Submerged Sl ab 182.0 228.5 22 . 5 
2. 45 m Submerged Slab 177.5 222 . 6 23.3 
5.2 m Submerged Slab 187 .0 230 . 2 24 . 3 
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ensuing experiment. As shown in Figure 26, the velocities of the submerged 

drogues were initially perpendicular to the wind . They rotated clockwise at a 

somewhat greater than inertial rate . 
On August 13, data was collected to examine the effect of the ship's 

transducer depth on acoustic tracking. The results are discussed by Churchill 
(1981) . 

On August 14, a surface cylinder and two submerged drogues of mean depths 

0.9 m and 1. 5 m were tracked while simultaneous sighted drogue experiments 
were conducted at station 7. The designated VHF channels on which the drogues 

transmitted to the ship were: 14 em cylinder- ch 5, 0.9 m slab- ch 10, 

1.5 m slab- ch 9 (channels labelled 1-16 correspond to frequencies of 162.25 

- 173.50 mhz in steps of 0.75 mhz per channel). On two occasions, the cylin­

der was tracked while the ship's receiver was erroneously set to channel 4. 

The positions associated with channel 4, which are circled in Figure 27, are 

markedly out of line with those associated with channel 5. The drogue clearly 
could not have traveled by the path outlined by both sets of fi xes. The 

velocity necessary to travel from the last channel 5 fix to the ensuing chan­
nel 4 fi x is 74 cm/s. The drogue was retrieved in the vicinity of the last 

channel 4 fixes. The channel 5 associated positions were nearly coincident 

with those of the 0. 9 m slab . It is our hypothesis that the signal received 

on channel 5 was actually 11Splash 11 from the 0.9 m drogue transmission on chan­
nel 10; and, for some reason, the cylinder's sonobuoy was actually transmit­

ting on channel 4. 

The August 14 drogue tracks were nearly straight lines . For this reason, 

linear regressions were used for velocity determination . Only the circled 

positions of Fiqure 27 were included in the regressions which determined the 
cylinder's velocity . The acoustic drogue velocities are in close agreement 
with th ose of the sighted drogue experiments given in Tables A18-A19 and 
Figure 13. 

On August 15 drogues of the following mean depth and channel number were 

tracked: 14 em cylinder- ch 5, 30 em surface slab- ch 16, 0.9 m slab- ch 

10, 2. 75 m s lab- ch 12, 5. 2 m slab- ch 14. The signal from the cylinder 

began to squeal shortly after release. As can be seen in Figure 29, the track 
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of the cylinder was nearly identical to that of the 5.2 m drogue. At any time 
the locations of the two drogues, as determined by the least squares regres­

sion equations of position as a function of time, were within 50 m (Table A25). 

The cylinder was, however, retrieved significantly west of the 5.2 m drogue. 

It is thus likely that the pulses received on channel 5 were actually 11Splash 11 

from the signal of the 5.2 m drogue on channel 14. Because the track of the 

cylinder is suspect its velocity has not been included in Figure 30. 

With the exception of the surface slab all drogues initially traveled 

perpendicular to the wind and curved clockwise. The velocity of the surface 

slab was initially parallel to the wind and rotated counterclockwise. The 

motion of this drogue was likely influenced by wind because the shallower 

cylindrical drogue was retrieved north (upwind) of the release location. The 

velocity of the slab can be thought of as being comprised of two components, 

that due to wind drag and that due to water drag. Because of the steady wind 

during tracking the wind drag velocity component would have been nearly con­

stant. The acceleration of the surface slab would thus have been mostly due 

to the acceleration of the water drag component, and should be roughly equal 

to the acceleration of the submerged drogues. The surface slab and all sub­
merged drogues did accelerate to the southeast by about the same amount. 

The hodograph at 1200 EDT on August 15 {Figure 30) shows a well-defined 

relative velocity between the 0.9 m, 2.75 m and 5.2 m drogues. This velocity 

is directed at 180°, about 35° to the left of the wind. As the experiment 

progressed all drogue velocities rotated clockwise at a somewhat greater than 

inertial rate. The relative velocity direction, however, changed very little. 

During these first three drogue tracking sessions the lake state was 

relatively high and large slabs (0.9 x 0.9 x 0.6 m) were deployed. The wind 

was recorded on strip chart, not on magnetic tape, and the ship headings were 

sparsely noted. The wind directions of Figures 26, 28, and 30 are accurate to 

20°. During the final two tracking experiments (August 20 and 21) the lake 

was relatively calm and smaller slabs {0.68 x 0.68 x 0.3 m) were deployed. 

Anemometer data was recorded both on strip chart and magnetic tape, and the 
ship's heading was frequently noted. The reported wind directions are accu­
rate to 10°. 
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On August 20, four submerged drogues and a surface cylinder were released. 

The s ignal from the cylinder (on channel 12) began to squeal shortly after 

deployment; no meaningful fi xes were obtained . Hodographs of the submerged 

slabs (Figure 32) indicate that as the experiment progressed all drogue veloc­

ities increased in magnitude and rotated clockwise at a slower than inertial 
rate . At all times the relative velocity was rough ly aligned with the wind . 

The wind speed and direction recorded by the top anemometer during the 
August 20 experiment are shown in Figure 35 together with the shear between 

the top and mid-anemometers . 

On August 21, a surface slab, a surface diamond, and four submerged slabs 

were tracked. The drogues were re l eased from 1000 to 1100 EDT . A$ shown in 

Figure 36, during this time the wind was strong and from the south. Both 

surface drogues initially move windward while all submerged drogues traveled 

against the wind . The surface s l ab moved at a greater speed in the wind 

direction than did the shal lower diamond. This s lab was of the same design as 

that deployed on August 12 and 15 and its velocity is likewise suspect of 

excessi ve wind drag . Its velocity has thus not been included in the hodo­
graphs of Figure 34. From 1100 to 1200 EDT the wind considerably increased. 

The surface drogues, however, continued to accelerate opposite to the wind 
direction . 

A relative ve locity, roughly parallel wi th the wind direction, is defined 

by velocities labeled 1-4 (7.6 em- 2.45 m) of the 1135 and 1230 hodographs in 

Figure 3~. At 1330 and 1430 the relative velocity is defined only by vectors 

labeled 2-4. By those times the 7.6 em drogue (vector No . 1) was approxi­

mately 1 km from the submerged drogues, as indicated by Table A27. Also, the 
velocity of the 7.6 em drogue rotated counterclockwise with time , whereas the 

submerged drogues• velocities rotated clockwise. 

As on August 20, the submerged drogues• velocities increased in magnitude 

and rotated clockwise at a less than inertial rate , while the relative veloc­
ity profi le remained nearly unchanged. The coincident current meter profiles 

of Tables A28e and A28f showed a simi lar rate of increase and rotation . 

The velocity profile of sighted drogue run 2 (Figure 14) which commenced 

at 1120 at station 6 is sign ificantl y different from the nearly concurrent 
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Figure 35 : Wind data recorded during the August 20 drogue tracking experiment . 
The top and mid-anemometers were 6.7 m and 4.3 m, respectively, above the 
lake surface . 
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Figure 36: Wind data recorded during the August 21 drogue tracking experiment . 
The top, mid- and bottom anemometers were 6.7 m, 4. 3 m and 1.0 m above the 
l ake surface . Gaps in the records are due to interruptions of data re­
cording after an end of file mark was put on the cassette tape data . 
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acoustic drogue profile at 1135 (Figure 34). Sighted drogue velocities were 

to the north and northeast and rotated clockwise with increasing depth. Only 

the shallowest acoustic drogue velocity was to the north, all others were to 

the south, and the velocities rotated counterclockwise with increasing depth. 

The sighted drogue velocity profile of run 2, which started at 1310, was mark­
edly different from the run 1 profile, but similar to the 1135 acoustic drogue 

profile. 

The above observations can be explained by assuming that during run 1 

there was a front between the sighted drogues at station 6 and the acoustic 

drogues near station 8. The passage of the front over station 6 at some time 

between runs 1 and 2 would account for the difference between the two sighted 

drogue profiles and the similarity between the second sighted drogue profile 

and the acoustic drogue profile at 1135. 

The wind speed, direction and the shear between the top and mid anemom­
eters, recorded during the August 21 experiment, is displayed in Figure 36. 

During the final 1 1/2 hours of tracking the wind speed from the bottom ane­

mometer was recorded . T~e shear between the mid and bottom anemometers is 

also displayed in Figure 36. Note that the top to mid shear is nearly con­

stant throughout the experiment except for a brief 11 high spot 11 from 1345 to 

1410. This corresponded to a time when the wind was broads ide to the ship, 

and was thus likely due to the influence of the ship . At all other times, 

however, the shear was independent of the angle between the wind and the ship's 
heading. It, therefore, appears that the shear between the top and mid ane­
mometer was onl y affected by the ship's presence when the wind was nearly 
broadside to the ship. Note that the shear during both the August 20 and 
August 21 experiments was independent of wind speed. During the August 21 

experiment, the lake state was slightly greater and , as would be expected, so 

was the shear . 

Dur ing August 21,from the start of tracking at 1000 until 1400, the ship 

location changed very little (maximum speed 1 cm/s) . From 1400 to 1500 the 

ship moved at a relatively high speed (- 12 cm/s) in a counterclockwise arc 
about the mooring (likely the result of a shift in wind direction shown in 

Figure 36). During this period , the slant range standard errors of the ship 
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and drogue fixes were roughly a factor of 2 higher than those of fixes from 

1000 to 1400 . The accuracy of the navigation system thus appears to signifi­

cantly worsen with increasing ship speed. 

3i. Discussion 

The acoustic drogue velocities clearly consist of two components. Using 

the terms of section 2i these are: A sub-current which varied slowly with 
depth (compared with the deepest drogue depth of 5.2 m) and rotated clockwise 

with time; and, a surface layer-current which was directed roughly parallel 
with the wind and waves. 

Within 12 hours of the .August 12 and August 15 experiments, the wind had 

shifted dramatically (Figure 16). These experiments were characterized by a 

rough lake surface, sub-currents rotating at high frequency, and relatively 

low nearsurface shear. The winds were more steady prior to the August 20 and 

21 experiments. During these experiments the lake state was moderate. The 
sub-current rotated at low frequencies and were directed roughly alongshore, 
in the direction of previous strong winds. The surface currents of August 20 
and 21 were particularly well-defined and of approximate magnitude expected 

for Stokes' drift [as calculated using equation (13) and a typical spectrum)]. 
The shears of August 12 and 15 were lower than expected for Stokes drift (con­

sidering the rough lake surface). The nearsurface dynamics of these experi­
ments may have been further complicated due to the sudden wind shift, as sug­
gested by the high frequency of the sub-currents. 

As evidenced by these experiments the nearsurface velocity field is ex­

tremely complicated. Just recently have theories been advanced which collec­

tively consider the effects of waves, Reynolds stresses and inertial currents 

[Craik and Leibovich (1976}, Leibovich (1977), and Huang (1979)]. Field mea­

surements are necessary to test these theories and to provide insight for 

future models. These experiments have demonstrated that the acoustic and 
visual drogue tracking techniques can be employed to measure nearsurface La­

grangian velocities unobtainable using conventional current meters. Future 
droque tracking experiments combined with precise measurement of the wave 
field should provide additional understanding of nearsurface dynamics. 
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4. MEASUREMENTS OF WATER VELOCITY AND TEMPERATURE STRUCTURE PRIOR TO AND 

FOLLOWING A COASTAL UPWELLING 
On August 16 observations of nearshore surface temperature indicated that 

a coastal upwelling had occurred, the result of strong north and northwest 
winds during August 15 and 16, and possibly during August 12 (see Figure 16). 
This section reports on measurements of water velocity and temperature struc­
ture four days prior to and 12 days following the upwelling . 

Acoustic drogue experiments were conducted during the strong NW wind 
events of August 12 and August 15. The results are given in Tables A23 and A25 
and Figures 26 and 30. As noted in section 3h, all drogue velocities (sub­

currents) rotated clockwise at a greater than inertial rate (keep in mind, 

however , that drogues were tracked for 1/4 inertial period at most). Particu­

larly noteworthy is that on August 15 the drogue velocities directed offshore 
(at 12:00 in Figure 30) were about 5 cm/s faster than velocities of the same 
depth directed longshore (at 13:30) or onshore (at ~4:00} . Figure 26 indi­
cates that the drogue velocities of August 12 also decreased in magnitude as 
they rotated away from the offshore direction . 

During August 14 the wind shifted briefly towards the north and northeast . 
The velocities of acoustic and sighted drogues tracked on that day were all 
onshore (Tables A18, A19 and A24 and Figures 13 and 28). 

By August 17 the wind had diminished to a slight breeze. On the morning 
of August 17 two crews set out from Baie Du Dore to study the upwelled front. 

One crew, aboard a fast outboard, was to follow the progress of the front 
(which could be identified by a slick of scum and debris, and an approximate 
temperature difference of 2°C), and make temperature and current meter mea­
surements in the front•s vicinity. The other crew departed in two boats. It 
was their duty to carry out sighted drogue experiments on either side of the 
front. Measurements were made at moored flag stations labeled 1-10 in Figure 

1. Throughout the day the wind was very slight (< 5 cm/s). 
The onshore speed of the front appeared to vary. At approximately 12 :00 

it was estimated to be moving at roughly 300 m/hr . The temperature profiles 
to be presented are thus subject to some error due to movement of the iso­
therms during measurement (the magnitude probably isn•t very great though) . 
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Water velocity vectors and temperature structure measured at three sta­

tions from 9:30 to 10:45 are displayed in Figure 37 . Note the reversal in 

current direction between 5 m and 20 m depth. Current meter and temperature 
measurements taken between 12:00 and 14:00 are displayed in Figure 38. The 

velocity field, which does not appear to be consistent with the shoreward 
movement of the front , is characterized by significant clockwise rotation of 

vectors with depth and time, and counterclockwise rotation with increasing 
offshore distance. 

Sighted drogues were tracked on the shoreward side of the front at flag 

station 4 during the morning of August 17. During the afternoon sighted 

drogues were tracked on the lakeward side of the front at station 5. The 
averaged velocities of these experiments are displayed in Figure 39 and listed 
in Tables A29 and A30 of the Appendi x. 

During the morning experiment bearing of the 1.8 m drogues was approxi­
mately 120° counterclockwise from that of the surface slabs. After tracking 

was completed the slabs drifted into the slick and were retrieved signifi­

cantly to the south (counterclockwise) of their last bearing. 
During the afternoon experiment there was no perceptable wind and the 

lake was glassy calm. As shown in Figure 39 all velocities were approximately 

to the southwest (as were the nearsurface current meter measured velocities 

shown in Figure 37) , and the relative velocity was directed onshore. 

It should be noted that although the slick in Figure 39 is depicted as 
being midway between stations 4 and 5, during tracking at station 4 the slick 
was about 250 m offshore from station 4; during tracking at station 5 the 

slick was more than 1 km shoreward of station 5. 

At 15:30, while the s ighted drogue crew was returning to camp, they en­

countered the slick in the vicinity of site S shown in Figure 1. 10.2 em 

slabs were deployed on either side of the slick. They converged on the slick 

cyclonically as shown in the following diagram: 
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Debri s within the s lick was also observed to be moving in cyclonic eddi es. 

Current and temperature measurements were made at flag stations 1, 2, 3, 

4, 5, 6, 8, and 10 (Figure 1) on seven days from August 18 through August 28. 
Th e res ulting profiles are displayed in Figures 41-47. When viewing the near­

shor e temperatur e structure one should keep in mind t hat t he thermal outflow 
of the Bruce Nuclear Power Generating Station is located at the shore slightl y 

to the south of th e dome s hown in Figure 1. Dye and thermal studi es, however , 
have indi cated that the thermal plume is generally confined to a strip approx­
imately 500 meters from the shore [Csanady, Crawford, and Pade (1970)]. 

The profile s measured on August 18 (Figure 41) indicate that the iso­

therms were still tilted upwards towards the shore . The water velociti es at 
5 m and 10 m were in approximate geostrophic equilibrium with the pressure 

fi eld as deduced from the i sotherms . These are equivalent to the s ub-currents 

discussed in section s 2i and 3i. The coastal velocities at 20m were directed 

offs hore suggesting downward movement of the isotherms near the coast. 
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measurements taken from 9:30 to 13 :30 EDT on August 18. 
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Figure 43: Temperature profi le and horizontal velocities at 3 depths from 
measurements taken from 9: 10 to 11 :20 EDT on August 22. 
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By August 19, three days after the initial observation of the upwelling, 

the isotherms were nearly horizontal as shown by Figure 42. During that three 

day period wind forcing on the lake surface was relatively slight as indicated 

by the low wind speeds of Figure 16. 
Figure 43 displays prof il es measured on August 22 during a strong north­

west wind event (Figure 16). The current field suggests that the generation 
of an upwelling was in progress; i.e., the nearsurface current was offshore 

and the deeper current flowed onshore. 

By August 23 the wind had abated. The temperature profile of that day 

(Fiqure 44) indicates that the isotherms had tilted upwards towards the shore 

slightly. Noteworthy in the current field is the apparent divergence between 
3 and 4 kilometers. 

The winds from August 24 through August 28 were from the south and south­

west. The isotherms measured on August 26, 27 and 28 (Figures 45-47) tilted 

downward towards the coast and progressively separated close t o shore. The 
August 26 profile displays a northeast current confined to 4 km from the coast. 

This flow evidently extended offshore with time. By August 28 it had widened 
to 8 km. The August 26-28 profiles demonstrate the formation of a coastal 

jet, a coastal shore-paral lel current. Coastal jets have been observed in the 

Great Lakes and have been described extensively in the literature [Csanady 

(1981), Csanady and Pade (1968), and Murthy and Blanton (1975) among others]. 

Presumably the sub-currents observed in the sighted drogue experiments were 

predominant ly jet currents. 
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Table A1 

Averaged Drogue Speeds, Bearings and Error Parameters for 

MEAN TYPE # OF 
DEPTH SGHT 

Confetti 1 
1.2 em Slab 3 
2.5 em Slab 3 
3.8 em Slab 3 
5.1 em Slab 2 

10.2 em Slab 3 
20.0 em Subm 3 
30.0 em Subm 3 
60.0 em Subm 4 

120.0 em Subm 2 

Wind: 23 km/hr from 339. 
Wave Height: 2-4 ft 

July 23 Run 5 

SPEED ST DEV BEARING 
CM/S CM/S DEG 

15.91 -- 156.0 
12.07 • 09 155.3 
9. 79 .30 164.0 
9.36 .54 164.7 

10.02 .23 167 .0 
8.76 . 76 172.7 
6.31 .69 182.7 
5.82 .36 187.0 
5.45 .52 200.3 
5.47 1.20 205.0 

Bearings from Grebe taken while standing on deck 
Location: Site P; starting time: 16:10 EDT 

Table A2 

ST DEV ER R2 
DEG CM/(S DEG) 

-- .29 
1.2 .25 
0.0 .17 
2.3 .15 
1.4 .16 
2.3 .12 
2.3 . 09 
0.0 . 09 
2.5 .04 
1.4 .55 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 24 Run 2 

MEAN TYPE # OF SPEED ST DEV BEAR ING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/ ( S DEG) 

Confetti 2 27.98 2. 99 36.5 3.5 .23 
1.2 em Slab 4 25.81 1.28 30.0 2.2 .37 
2.5 em Slab 4 25.11 .62 28.3 1.5 .38 
3.8 em Slab 4 24.79 .96 29.3 1.5 .35 
5.1 em Slab 4 25.26 1.18 29.0 2.4 .37 

10.2 em Slab 4 2 3. 07 . 73 29 .8 2.2 .32 
20. 0 em Subm 4 21.81 3.70 26.5 1.7 .37 
30.0 em Subm 4 21.25 2.54 27.3 1.3 .33 
60.0 em Subm 4 19.53 1.67 30.0 2.8 .27 

120.0 em Subm 4 18.98 1.27 26.8 2.1 .26 
180.0 em Subm 4 17.98 1. 03 27.3 2.5 .25 

Wind: 20 km/hr from 205. 
Wave Height: 1 ft, increasing 
Bearings from Grebe taken while standing on the bow 
Location: Site Q; start ing time: 15:40 EDT 
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Table A3 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 25 Run 2 

MEAN TYPE #OF SPEED ST DEV BEARING 
DEPTH SGHT CM/S CM/S 

1.2 em Slab 3 25.25 1.94 
2.5 em Slab 3 2 3.67 .89 
3.8 em Slab 3 23.79 1. 09 
5.1 em Slab 3 22.87 .65 

10.2 em Slab 3 20.93 3. 05 
20.0 em Subm 3 19.89 .64 
30.0 em Subm 3 19.42 1.45 
60.0 em Subm 3 18.16 1.10 

120.0 em Subm 3 17.34 1.71 
180.0 em Subm 3 17.07 .95 

Wind: 20 km/hr from 211. 
Wave Height: 2ft, increasing s l ow ly 
Bearings from Grebe taken whi le standing on deck 
Location : Site P; starting t i me: 11:10 EDT 

Tabl e A4 

DEG 

46.0 
47.0 
49.0 
46.0 
37.0 
49.6 
56.0 
58.7 
62.7 
59.3 

ST DEV ERR2 
DEG Ctvl/ ( S DEG) 

5.2 . 40 
2.7 .37 
1.0 .36 
0.0 .36 
0.0 .43 

.6 .31 
0.0 .26 

.6 .24 

.6 .22 

.6 .25 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 25 Run 3 

MEAN TYPE # OF SPEED ST DEV BEARING 
DEPTH SGHT CM/S CM/S 

1.2 em Slab 3 26.44 1.67 
2.5 em Sl ab 3 24.57 .72 
3.8 em Slab 3 24.63 .63 
5.1 em Slab 3 2 3.14 • 7 3 

10.2 em Slab 3 21.91 1.14 
20.0 em Subm 3 18.28 .85 
30.0 em Subm 3 18.02 .87 
60. 0 em Subm 3 18.28 1.88 

120.0 em Subm 3 17.09 .60 
180.0 em Subm 3 17.68 1.66 

Wind: 24 km/hr from 224. 
Wave Height: 2-3ft, increasing slowly 
Bearings from Grebe taken while standing on deck 
Location: Site P; starting t i me: 11:45 EDT 

DEG 

48.0 
52.7 
53.7 
55.3 
58.0 
60.0 
64.0 
68.3 
68.7 
70.0 

ST DEV ERR2 
UEG CM/ ( S DEG) 

1.7 .38 
2.3 .32 
.6 .32 
.6 .28 

0.0 .25 
1.0 .26 
0.0 . 21 

.6 .19 
2.3 . 20 
0.0 .19 
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Table A5 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 29 Run 1 

MEAN TYPE # OF SPEED 
DE PTH SGHT CM/S 

1. 2 em Slab 3 18.81 
2.5 em Sl ab 3 17.97 
3.8 em Slab 3 18.19 
5.1 em Sl ab 3 17.72 

10.2 em Slab 3 17.38 
20.0 em Subm 3 16.43 
30 . 0 em Subm 3 16.00 
60.0 em Su bm 3 15.51 

120 . 0 em Subm 3 14.22 
180.0 em Su bm 3 13.16 

Wind: very s li ght from about 226. 
Wave Height: < 1 ft 

ST DEV BEARING 
CM/S DEG 

.30 63.3 

.45 65.3 

.35 66.3 

.35 68.3 

.41 68.6 

.14 7 2. 0 

.32 73.3 

.34 7 5. 0 

. 59 72.6 

.60 71.3 

Bearings from Grebe taken while standing on th e bow 
Lo cat i o n : Stat i o n 4 ; start i n g t i me : 14 : 30 E D T 

Table A6 

ST DEV ERR2 
DEG CM/(S DEG) 

.6 .25 

.6 .25 

.6 .25 

.6 .24 

.6 .24 
0.0 . 25 
1. 2 . 27 
1. 0 . 29 
2.1 .34 
2.5 . 40 

Averaged Dr ogue Speeds, Bearings and Error Parameters for 
July 29 Run 2 

MEAN TY PE # OF SPEED ST DEV BEAR ING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/ ( S DEG) 

Confett i 2 16. 10 1. 24 64.5 3. 5 .50 
1. 2 em Sl ab 3 16.53 1.04 65.0 2.6 .32 
2.5 em Slab 3 16.56 .58 65.7 1. 5 . 31 
3.8 em Slab 3 15.73 .80 66 .0 3. 0 .28 
5. 1 em Slab 3 15.38 1. 26 65 .3 2. 5 .29 

10. 2 em Slab 3 14.66 1.38 65.7 1.5 . 30 
20 . 0 em Subm 5 15.14 . 57 68 . 2 1.1 . 22 
30.0 em Subm 5 14.96 . 50 71.0 1.0 .21 
60.0 em Subm 5 13.95 . 08 73.2 .8 .19 

120.0 em Subm 5 12.13 . 34 73 .4 2. 0 . 21 
180.0 em Subm 5 11.42 .39 71. 4 1.5 . 25 

Wi nd: very slight from about 226 . 
Wa ve He i gh t : < 1 ft 
Bearings from Grebe taken wh il e s tanding on the bow 
Location : Station 4; starting t ime: 15: 10 EDT 
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Table A7 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 30 Run 1 

MEAN TYPE # OF SPEED ST DEV BEARING 
DEPTH SGHT CM/S CM/S DEG 

1. 2 em Sl ab 3 10 . 16 .69 146.7 
2.5 em Slab 3 8.97 .90 148.7 
3.8 em Slab 3 8. 7 7 .31 148.3 
5.1 em Sl ab 3 8.84 .88 151.3 

10.2 em Slab 3 7.5 7 1.54 156.0 
20.0 em Subm 1 5.93 -- 164.0 
30.0 em Subm 1 4.08 -- 174.0 
60.0 em Subm 1 2.41 -- 212.0 

120 .0 em Subm 1 2. 54 -- 209.0 
180.0 em Subm 1 2.68 -- 206.0 

Wind: 17 km/hr from 324. 
Wave Height: 2-3 ft, with long swe ll s 
Bearings from Grebe taken whi le standing on deck 
Location: Station 4; starting t i me: 11:00 EDT 

Table A8 

ST DEV ERR2 
DEG CM/(S DEG ) 

3. 1 • OY 
1.5 • 09 

.6 • OY 
1.2 • 08 
2.0 .15 
-- . 02 
-- . 04 
-- . 08 
- - • 08 
-- . 08 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 30 Run 2 

MEAN TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/(S DEG) 

Confetti 1 6.42 -- 132.0 -- .25 
1.2 em Slab 4 5.61 .43 127.8 4.3 .14 
2.5 em Slab 4 5.44 . 22 135.0 6.8 .15 
3.8 em Slab 4 5.01 .67 136.0 3.3 .16 
5.1 em Slab 4 4.43 .57 142.7 3.1 .16 

10. 2 em Slab 1 3.60 -- 146.0 -- .17 
20.0 em Subm 4 -- -- 179.3 3.4 
30.0 em Subm 4 - - -- 211.0 2.0 
60.0 em Subm 3 4. 7 3 • 72 236.0 3.5 . 22 

120.0 em Subm 4 4.50 .80 241.8 3.1 . 22 
180.0 em Subm 4 4.32 1. 22 251.3 3.1 .23 

Wind: 12 km/hr from 316. 
Wave Height: 2-3ft, with long swel l s 
Bearings from Grebe taken whi le standing on deck 
Location: Station 4; starting time: 12:00 EDT 
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Table A9 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 31 Run 1 

MEAN TYPE # OF SPEED ST DEV BEARING 
DEPTH SGHT 

Confetti 1 
1.2 em Slab 3 
2.5 em Slab 3 
3.8 em Slab 3 
5.1 em Slab 3 

10.2 em Slab 3 
20.0 em Subm 3 
30.0 em Subm 2 
60.0 em Subm 3 

120.0 em Subm 3 
180.0 em Subm 3 

Wind: 26 km/hr from 184. 
Wave Height: 2 ft 

CM/S CM/S 

36.73 --
33.13 .83 
31.56 .70 
31.37 . 20 
29.5 7 1. 04 
28 .74 .46 
27.64 1.10 
26.09 .25 
24.64 1.17 
25.29 1.87 
24.88 2.00 

Beari ngs from Grebe taken while standing on deck 
Location: Stat ion 4; starting time: 9:35 EDT 

Tabl e AlO 

DEG 

10.0 
10.0 
7.3 
7.7 

10.0 
11.0 
12.0 
15.0 
17.0 
14.0 
14.0 

ST DEV ERR2 
DEG CM/(S DEG) 

-- .84 
0.0 .57 
1. 2 . 8 
2.3 . 7 
0.0 . 51 
0.0 .49 
0.0 .47 
0.0 .48 
0.0 . 41 
0.0 .47 
0.0 .51 

Averaged Drogue Speeds, Bearings and Error Parameters for 
July 31 Run 2 

MEAN TYPE # OF SP EED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/(S DEG) 

Confetti 2 33.28 1.66 3.0 0.0 .54 
1.2 em Slab 3 31 .19 .88 3.3 .6 . 50 
2.5 em Slab 2 30.6 7 .48 5.5 .7 .46 
3.8 em Sl ab 2 30.08 .30 7.0 2.8 .44 
5.1 em Slab 2 28.61 1.84 3.5 .7 .45 

10.2 em Sl ab 2 27.74 1.10 6.5 .7 . 40 
20.0 em Subm 2 26.49 .18 11.0 1. 4 . 34 
30.0 em Subm 2 26. 17 .34 13.0 1.4 .32 
60.0 em Subm 2 25.58 .36 13.5 . 7 . 33 

120.0 em Subm 2 25.06 1.46 13.5 . 7 .34 
180.0 em Subm 2 26.78 1.60 13.0 1.4 . 36 

Wind: 25 km/hr from 174. 
Wave Height: 2 ft 
Bearings from Grebe taken while standing on deck 
Location: Station 4; start ing time: 10:20 EDT 
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Tabl e All 

Averaged Drogue Speed s, Bearings and Error Parameters for 
July 31 Ru n 3 

MEAN TYPE # OF SPE ED ST DEV BEARING 
DEPTH SGHT 

1.2 em Sl ab 1 
2.5 em Slab 1 
3.8 em Slab 1 
5.1 em Sl ab 1 

10 .2 em Slab 1 
20.0 em Subm 1 
30 . 0 em Subm 1 
60.0 em Subm 1 

120 . 0 em Subm 1 
180.0 em Subm 1 

Wind : 29 km/hr from 184. 
Wave Height: 2 ft 

CM/S CM/S 

39.09 --
37.41 --
36.66 --
35 .69 --
34. 7 3 --
33.86 --
33.82 --
3 2.26 --
32.34 --
3 2.33 --

Bearings from Grebe taken wh ile stand ing on deck 
Locat ion: Station 4; starting time : 11 : 20 EDT 

Tab l e A12 

DEG 

14.0 
17 .0 
16.0 
17.0 
18.0 
2 3. 0 
14. 0 
15.0 
17 . 0 
16.0 

ST DEV fl<i{2 

DEG CM/(S DEG) 

-- .25 
-- .21 
-- • 21 
-- . 20 
-- .18 
-- . 12 
-- .22 
-- • 20 
-- . 18 
-- . 20 

Averaged Drogue Speeds, Bearings and Error Parameters for 
Ju ly 31 Run 4 

MEAN TY PE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM /S DEG DEG CM/(S DEG) 

Confetti 2 45.05 .77 10 . 0 0.0 .46 
1.2 em Sl ab 2 37.92 2.26 18 .5 2.1 . 30 
2.5 em Slab 2 36 . 02 1. 11 17.0 4.2 . 30 
3.8 em Sl ab 2 35.93 1.21 16.0 2.8 .32 
5.1 em Sl ab 2 35 . 36 1.82 15.5 .7 .33 

10. 2 em Sl ab 2 33.85 2.44 21.0 2.8 .22 
20.0 em Subm 2 33.21 3. 63 22.0 0.0 .23 
30. 0 em Subm 2 33.43 2.96 24.0 0. 0 .21 
60 . 0 em Subm 2 32 . 7 4 1.33 23.5 3.5 .22 

120. 0 em Subm 2 31.60 3.19 23.0 0. 0 .29 
180.0 em Subm 2 31.67 2. 94 25 . 0 0.0 .26 

Wind : 25 km/hr from 184. 
Wave He igh t : 2 ft 
Bearings from Grebe taken wh il e standing on deck 
Location : Station 4; starting time: 12:00 EDT 
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Table Al3 

Averaged Drogue Speeds, Bearings and Error Parameters for 
Ju ly 31 Run 5 

MEAN TY PE # OF SPEED ST DEV BEARING 
DEPTH SGHT 

1.2 em Slab 1 
2.5 em Sl ab 1 
3.8 em Slab 1 
5.1 em Slab 1 

10.2 em Sl ab 1 
20.0 em Subm 1 
30.0 em Subm 1 
60.0 em Subm 1 

120.0 em Subm 1 
180.0 em Subm 1 

Wind: 28 km/hr from 174. 
Wave Height: 2 ft 

CM/S CM/S 

33.5 7 --
32.74 --
30.76 --
30.76 --
30.56 --
29.46 --
28 .7 5 --
2 7.64 --
27.29 --
28.70 --

Bearings from Grebe taken while stand ing on deck 
Location: Station 4; start i ng time: 12:20 EDT 

Table A14 

DEG 

14. 0 
15. 0 
14.0 
19.0 
20.0 
24.0 
28.0 
28 .0 
28.0 
29.0 

ST DEV ERR2 
DEG CM/(S DEG) 

-- . 24 
- - .23 
-- .24 
- - . 20 
-- . 20 
-- .20 
-- .25 
-- .33 
-- .35 
-- .39 

Averaged Drogue Speeds, Bear ings and Error Parameters for 
Au gust 6 Run 1 

MEAN TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/(S DEG) 

Confetti 1 32.49 -- 38.0 -- 1. 09 
1.2 em Slab 2 26.68 1.82 38.0 1.4 .67 
2. 5 em Slab 2 25.40 1.85 38.0 1.4 .66 
3.8 em Slab 2 25.05 1.87 36.5 2.1 .67 
5. 1 em Slab 2 21.04 2. 41 35.5 .7 .71 

10.2 em Sl ab 2 2 2. 50 2.76 34.5 2.1 .68 

Wind: 10 km/ hr from 214. 
Wave Height: 2-4ft, with l ong swe ll s 
Bearings from Grebe taken while standing on the milkbox, compass corr. applied 
Location: Station 4; starting t ime: 10:00 EDT 
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Table A15 

Averaged Drogue Speeds, Bearings and Error Parameters for 
Au gust 6 Run 2 

MEAN TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/ ( S DEG) 

1. 2 em Slab 1 30.37 -- 12.0 -- .73 
2.5 em Slab 2 27.95 1.02 13.5 .7 .57 
3.8 em Slab 2 26.7 2 . 7 2 16.0 0.0 . 52 
5.1 em Slab 2 2 7.37 • 75 17.5 2.1 .52 

10.2 em Slab 2 23.94 1.64 19. 0 0.0 .41 
20.0 em Subm 2 23.02 .46 18.0 0. 0 . 40 
30.0 em Subm 2 22.23 . 09 18.0 0.0 .39 
60.0 em Subm 2 20.31 • 75 17.0 0.0 .3 7 

120.0 em Subm 2 20.80 2.42 16 . 0 0.0 .40 
180.0 em Subm 2 20.66 1.73 12.0 0.0 .43 

Wind : 12 km/hr from 234. 
Wave Height : 2-3ft, with long swel ls 
Bearings from Grebe taken while standing on the mi l kbox, compass carr. applied 
Location: Station 4; starting time: 10: 50 EDT 

Table A16 

Averaged Drogue Speeds, Bearings and Error Parameters for 
Au gust 6 Run 3 

MEAN TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/(S DEG) 

Confetti 1 28.24 -- 22 . 0 - - 1.15 
1.2 em Slab 3 26.97 . 73 18.3 4.7 .58 
2.5 em Slab 2 26.38 .58 19.0 4.2 .43 
3.8 em Slab 2 25.98 .49 21.0 2.8 .42 
5.1 em Slab 2 24.62 .27 21.5 .7 . 38 

10.2 em Slab 2 2 3.82 . 30 20.5 .7 .39 
20.0 em Subm 2 23.29 . 26 22.0 0.0 . 37 
30.0 em Subm 2 2 2.53 .09 20.0 0.0 .37 
60 .0 em Subm 2 20.49 .10 17.5 .7 . 37 

120.0 em Subm 2 19.87 .33 16.0 0. 0 .38 
180 .0 em Subm 2 18.65 1.52 13.5 .7 .39 

Wind : 17 km/hr from 200. 
Wave Height : 2 ft, with long swel l s 
Bearings from Grebe taken while standing on the milkbox, compass carr. applied 
Location: Station 4; starting t i me: 11:40 EDT 
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Table Al7 

Averaged Drogue Speeds, Bearings and Error Parameters for 

MEAN TYPE # OF 
DEPTH SGHT 

1.2 em Slab 2 
2.5 em Slab 2 
3.8 em Slab 3 
5.1 em Slab 2 

10.2 em Slab 2 
20 . 0 em Subm 2 
30 .0 em Subm 2 
60.0 em Subm 2 

120.0 em Subm 2 
180.0 em Subm 2 

Wind: 18 km/hr from 191. 
Wave Height: 2-3ft 

SPEED 
CM/S 

36.83 
35.68 
35.59 
34.87 
34.94 
3 3. 33 
32.25 
31.28 
30.31 
29.81 

August 7 Run 1 

ST DEV BEARING ST DEV ERR2 
CM/S DEG DEG CM/ ( S DEG) 

1.85 36.0 0.0 .39 
.66 38.0 0.0 . 3 7 
.48 38.0 0.0 . 37 
.42 38.0 0.0 .38 
.54 39.0 0.0 .37 
• 01 41.0 0.0 .36 
. 29 40.0 0.0 .37 
.56 42.0 0.0 .38 

0.00 41.0 0.0 .41 
.45 41.0 0.0 .45 

Bearings from Grebe taken while s tanding on the milkbox, compass corr. applied 
Locat ion: Stat ion 4; starting time: 11:15 EDT 

Tabl e Al8 

Averaged Drogue Speeds, Bearings and Error Parameters for 
August 14 Run 1 

MEAN 
DEPTH 

1. 2 em 
2.5 em 
3.8 em 
5.1 em 

10 .2 em 
20.0 em 
30.0 em 

TYPE 

Sl ab 
Slab 
Slab 
Slab 
Slab 
Subm 
Subm 

# OF 
SGHT 

1 
1 
1 
1 
1 
1 
1 

Wind: 27 km/hr from 254. 
Wav e Height: 2-3ft 

SPEED 
CM/S 

23.48 
14.29 
14.49 
14.53 
13.93 
13.45 
8. 7 5 

ST DEV 
CM/S 

--
--
--
--
--
--
--

BEARING 
DEG 

104.0 
94.0 
93.0 
97 .o 
97.0 
98.0 
99.0 

ST DEV 
DEG 

--
--
--
--
--
--
--

ERR2 
CM/(S DEG) 

. 31 

.55 
.49 
.51 
.53 
.54 
.88 

Beari ngs from Grebe taken while standing on the milkbox, compass corr. applied 
Locati on: Stat ion 7; starting time: 10:40 EDT 
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Table A19 

Averaged Drogue Speeds, Bearings and Error Parameters for 
August 14 Run 2 

TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/(S DEG) 

1.2 em Slab 1 
2. 5 em Slab 1 
3.8 em Slab 1 
5.1 em Sl ab 1 

10.2 em Slab 1 

Wind: 23 km/hr from 244. 
Wave Height: 2-3ft 

14.11 
14.55 
13.91 
13.09 
15.49 

-- 99.1 -- 1. 08 
-- 100.0 -- .96 
-- 103.0 -- 1. 09 
-- 104.0 -- 1.16 
-- 109.0 -- 1.51 

Bearings from Grebe taken while standing on the milkbox, compass corr. applied 
Location : Station 7; starting time: 11 :35 EDT 

Tab 1 e A20 

Averaged Drogue Speeds, Bearings and Error Parameters for 
Au gust 21 Run 1 

MEAN TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/(S DEG) 

1.2 em Slab 3 12.85 .56 7.0 3. 5 .11 
2.5 em Slab 3 12 .37 .84 4.6 2.3 . 09 
3.8 em Slab 3 11 .86 .20 8.0 1.7 . 11 
5.1 em Slab 3 11 .96 .24 8.6 2. 3 .11 

10.2 em Slab 3 11.45 .48 9.0 0.0 . 09 
20.0 em Subm 3 10 .44 .30 20.0 0.0 .12 
30 . 0 em Subm 3 10 .08 .20 19 .3 2.1 .12 
60 . 0 em Subm 3 9.45 .19 24.0 1.7 .12 

120.0 em Subm 3 8.74 . 31 30.3 3.8 . 14 
180.0 em Subm 3 8.31 .38 32.3 2.9 .14 

Wi nd: 10 km/ hr from 144 . 
Wave Height: 1 ft 
Bearings from Grebe taken while standing on the bow 
Location: Station 6; starting time: 11 :20 EDT 









e) JULY 29** 
14:00 EDT 

DEPTH TEMP 
M oc 

1 18.8 
2 18.8 
3 18.8 
4 18.7 
5 18.7 
6 18.6 
7 18.2 
8 17.6 
9 17.5 

10 16.8 
12 15 .7 
14 15 .3 
16 13.2 
18 10 .9 
20 9.8 
22 9.4 
24 9.0 
26 8.5 
28 8.3 
30 8. 1 

Location - Stat 4 
Wind Sp - < 2 km/hr 
Wind Dir - 226° 
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Table A22 
(Continued) 

f) JULY 30** 
10 :30 EDT 

TEMP oc 

18.5 
18 .5 
18.5 
18.5 
18.5 
18.5 
18.4 
18.4 
18.3 
18 . 2 
16 . 1 
14 .9 
12.8 
10.6 
9.0 
8.9 
8.5 
8.2 
7.2 
7.0 

Location - Stat 4 
Wind Sp - 19 km/hr 
Wi nd Dir - 324° 

* Values unreliab l e or not avail ab l e 
** Current meter not functioning properly 

g) JULY 31** 
9:30 EDT 

DIR TEMP 
DEG oc 

* 18.9 
175 18.9 
175 18.9 
175 18.9 
165 18.8 
170 18.8 
185 18.6 
190 17.9 
200 16.5 
185 16.0 
185 15.1 
185 14.5 
175 12.6 
150 11.0 
185 9.6 
185 8.3 
185 7.9 
180 7.4 
165 7.1 
165 7.0 

Location - Stat 4 
Wind Sp - 19 km/hr 
Wind Dir - 177 ° 



DEPTH 
M 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
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Table A22 
(Continued) 

h) AUGUST 6 
9:30 EDT 

SPEE D DIR TEMP 
CM/S DEG oc 

* * 20.0 
15 40 20.0 
20 40 20.0 
22 45 20.0 
20 35 20. 0 
20 35 20.0 
20 40 20.0 
20 25 20.0 
17 25 20.0 
17 35 20.0 
18 40 20 .0 
22 25 20.0 
15 25 20.0 
27 20 19 .9 
20 13 16 .8 
16 45 12.2 
11 70 11.1 
9 105 10. 2 
0 - 9.4 
0 - 9.0 

Locat i on - Stat 4 
Wind Sp - 15 km/hr 
Wind Dir - 234° 

* Values unreliable or unavailable 

i ) AUGUST 7 
11 :00 EDT 

SPEED DIR TEMP 
CM/S DEG oc 

* * 20.8 
* * 20.8 
30 40 20.8 
24 35 20.8 
32 50 20.8 
27 52 20.8 
26 45 20.7 
20 45 20.6 
24 45 20.5 
18 25 20.5 
12 23 19.9 
0 - 17. 4 
0 - 14.6 

* * 12.6 
* * 11.9 

0 - 11.1 
0 - 9.5 
0 - 8.1 
0 - 7.5 
0 - 7.1 

Location - Stat 4 
Wind Sp - 22 km/hr 
Wind Dir - 204° 



DEPTH 
M 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
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Table A22 
(Continued) 

j) AUGUST 21 
10:00 EDT 

SPEED DIR TEMP 
CM/S DEG oc 

* * 17.7 
12 350 17.7 
12 305 17.7 
10 305 17.7 
6 315 17.7 
4 305 17 .7 
4 305 17 .7 
8 275 17 . 5 

10 245 17.5 
10 255 17 .5 
15 255 17 .3 
8 305 12.5 
5 300 11.9 
3 330 11 . 4 . 
4 300 10.0 
4 245 9.2 
7 245 8. 2 
0 - 8.0 
0 - 7.9 
0 - 7.2 

Location - Stat 6 
Wind Dir- 154° 

* Values unreliable or unavailable 
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Table A23 

August 12 
Drogue Positions and Velocities (coordinate origin at transponder A) 

Calculated from Quadrati c Regress ions of Position Component as a Function of Time 

# OF EAST NORTH EAST 
DROGUE TIME POS IN POS POS VEL 

(MEAN DEPTH) (EDT) REG M M CM/S 

30 em Surf Slab 15:30 70 - 1292 -1164 -11.72 
0.9 m Subm Slab 36 Before Re 1 ease 
1. 5 m Su bm · S 1 ab 39 -1209 
2. 75 m Subm 51 ab 37 -1028 
30 em Surf Slab 16:00 70 -1472 
0. 9 m Subm 51 ab 36 -1134 
1. 5 m Subm Slab 39 -1455 
2.75 Subm Sl ab 37 -1296 
30 em Surf 51 ab 16 :30 70 -1590 
0. 9 m Subm 51 ab 36 -1324 
1. 5 m Su bm S 1 ab 39 -1621 
2. 75 m Subm 51 ab 37 -1484 

Slab Dimensions : 90 em x 90 em x 60 em 
Wave Height: 3- 5 feet, decreasing 

-977 -15.82 
-1054 -17.12 
-1155 - 8.29 
-998 -1 3.15 
- 815 -11.44 
-933 -12.68 

-1097 -4 .87 
-823 - 8.00 
-616 -7 .06 
-773 -8.23 

Table A24 

August 14 

STD NORTH STD 
ERR VEL ERR 
CM/S CM/S CM/S 

0.02 -. 83 0.02 

0.06 7.97 0.05 
0.06 5.63 0.07 
0.05 1.87 0.05 
0.04 7.48 0.03 
0.09 10.03 0.08 
0.02 7.82 0.03 
0.09 4.58 0.10 
0.14 11.97 0.13 
0.19 12.98 0.17 
0.08 10.01 0.10 

Drogue Velocit i es Ca lcul ated from Li near Regressions of 
Posit ion Component as a Functi on of Time 

# OF EAST STD NORTH STD 
DROGUE TIMES POS IN VEL ERR VEL ERR 

(MEAN DEPTH) (EDT) REG CM/S CM/S CM/S CM/S 

14 em Surf Cy linder 10:40-12:05 9 20.18 0.23 -2.47 0.18 
0. 9 m Subm 51 ab 10 : 4 6-11 : 59 27 13.36 0.28 -7 .38 0. 18 
1. 5 m Su bm S 1 ab 10: 43-11:58 40 11.93 0. 30 - 8.31 0.21 

Slab Dimensions: 90 em x 90 em x 60 em 
Wave Height: 2-3 feet 

SPEED DIR 
CM/S DEG 

11.75 266.0 

17.72 296.7 
18.02 288.2 
8.50 282.7 

15.13 299.6 
15.22 311.2 
14.89 301. 7 
6.68 313.2 

14.40 326.2 
14.01 329.7 
12.96 320.6 

SPEED DIR 
CM/S DEG 

20.33 97.0 
15.26 118.9 
14. 54 124.9 
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Tab le A25 

Aug ust 15 
Drogue Positions and Velocities Ca lculated from Quadratic Regressions 

of Position Component as a Function of Time 

# OF EAST NORTH EAST STD NORTH STD 
DROGUE TIME POS IN POS POS VEL ERR VEL ERR SPEED 

(MEAN DEPTH) (EDT) REG M M CM /S CM /S CM/S CM /S CM /S 

14 em Surf Cyl 12:00 29 -1131 -912 - 6.13 0.07 5.51 0.06 8. 25 
30 em Surf Slab Time Before Release 
0.9 m Su bm Slab 38 -1299 -903 -6.70 0.02 3.71 0.02 7.66 
2.75 m Subm Sl ab 41 -1178 -909 -6. 64 0.01 4.87 0.01 8.23 
5.2 m Subm Slab 40 - 1090 -936 - 6.68 0.02 5.94 0.02 8.94 

14 em Surf Cy l 12:30 29 -1217 -817 - 3.43 0.04 5.08 0.04 6.13 
30 em Surf Slab 40 - 1413 -1288 -4 . 04 0.04 -3 .64 0.03 5.43 
0 . 9 m S u bm S 1 a b 38 -1397 -838 -4.17 0.01 3.51 0.01 5. 46 
2.75 m Subm Sl ab 41 - 1275 - 824 -4.13 0. 01 4.56 0.01 6.15 
5.2 m Subm Sl ab 40 -1188 -835 - 4. 22 0.01 5.28 0.01 6.76 

14 em Surf Cyl 13:00 29 -1254 -729 -.73 0.05 4.64 0.05 4.70 
30 em Surf Sl ab 40 -1469 -1370 -2.20 0. 02 -5 .44 0.02 5. 87 
0.9 m Subm Slab 38 -1450 -777 - 1.64 0.01 3.32 0.01 3. 70 
2. 75 m Subm Sl ab 41 -1327 -745 -1.62 0.01 4.25 0.01 4.55 
5.2 m Subm Slab 40 -1242 -746 -1. 76 0. 01 4.63 0.01 4.95 

14 em Surf Cyl 13 :30 29 -1243 -649 1.97 0. 09 4.21 0. 09 4.65 
30 em Surf Sl ab 40 - 1492 -1484 - .36 0.02 -7. 24 0.01 7.25 
0. 9 m Subm Sl ab 38 - 1457 -719 .89 0.01 3.12 0.02 3.25 
2.75 m Su bm Slab 41 - 1334 - 671 .88 0.01 3.94 0.01 4.04 
5. 2 m Subm Sl ab 40 -1251 -668 .71 0.01 3.98 0.01 4.04 

14 em Su rf Cy l 14:00 29 -1183 - 578 4.68 0. 14 3. 77 0.13 6.01 
30 em Surf Sl ab 40 -1482 -1631 1.48 0.03 -9 .05 0.03 9.17 
0.9 m Subm Sl ab 38 -1418 -664 3.42 0.02 2.93 0.02 4.50 
2. 75 m Subm Sl ab 41 -1295 -603 3.39 0.01 3.64 0.02 4.97 
5.2 m Subm Sl ab 40 - 1216 -603 3.1 7 0.02 3.32 0.02 4.59 

Sl ab Di mens ions: 90 em x 90 em x 60 em 
Wave He i ght: 2 feet increas i ng to 4 feet 

DIR 
DEG 

312.0 

298.9 
306.2 
311.6 

326. 0 
228.0 
310.1 
317.8 
321.4 

351. 1 
202.0 
333.6 
339.1 
339.2 

25.1 
182.8 

15 .8 
12.6 
10 . 1 

51.1 
170 .7 
49.4 
43.0 
43.6 
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Table A26 

August 20 
Drogue Positions and Velocities Calculated from Quadratic Regressions 

of Position Component as a Function of Time 

# OF EAST NORTH EAST STO NORTH STD 
DROGUE TIME POS IN POS POS VEL ERR VEL ERR SPEED 

(MEAN DEPTH) (EDT) REG M M CM/S CM/S CM/S CM/S CM/S 

46 em Subm Slab 12:30 36 -768 -928 7.89 0.04 -8.22 0.04 11.39 
1.2 m Subm Slab 51 -663 -1220 2.29 0.01 -11.48 0.02 11.71 
2.45 m Subm Slab 48 -743 -1277 1.09 0.02 -13.02 0.02 13.07 
5.2 m Subm Slab 31 -816 -1261 -1.09 0.02 -15.19 0.02 15.22 

46 em Subm Slab 13:00 36 -645 -1100 5.86 0.02 -10.83 0.02 12.31 
1. 2 m Subm Slab 51 -628 -1454 1.58 0.01 -14.53 0.01 14.62 
2.45 m Subm Slab 48 -732 -1539 .06 0.01 -16.11 0.01 16.11 
5.2 m Subm Sl ab 31 -854 -1557 -3.15 0.01 -17.69 0.01 17.97 

46 em Subm Sl ab 13:30 36 -558 -1318 3.82 0.01 -13.45 0.01 13.98 
1. 2 m Subm Sl ab 51 -606 -1743 .87 0.02 -17.59 0.02 17.61 
2.45 m Subm Slab 

.. 
48 -740 -1856 -.98 0.02 -19. 19 0.02 19.21 

5. 2 m Subm S 1 ab 31 - 929 -1898 -5.21 0.03 -20.19 0.02 20.85 

46 em Subm Slab 14:00 36 - 507 -1584 1. 78 0.02 -16.06 0.02 16.16 
1. 2 m Subm Slab 51 -597 -2087 .16 0.03 -20.65 0.04 20.65 
2.45 m Subm Slab 48 -767 -2229 -2.02 0.03 -22.27 0.03 22.36 
5.2 m Subm Slab 31 -1042 -2284 -7.27 0.04 -22.70 0.04 23.83 

S 1 ab Di mens i on s : 68 em x 68 em x 30 em 
Wave Height: - 1 ft growing slowly 

DIR 
DEG 

136.2 
168.7 
175.2 
184.1 

151. 6 
173.8 
179.8 
190.1 

164.1 
177. 2 
182.9 
194.5 

173.7 
179.6 
185.2 
197.8 



-A2l-

Table A27 

August 21 
Drogue Positions and Velocities Calculated from Quadratic Regressions 

of Position Component as a Function of Time 

# OF EAST NORTH EAST STD NORTH STD 
DROGUE TIME POS IN POS POS VEL ERR VEL ERR SPEED 

(MEAN DEPTH) (EDT) REG M M CM/S CM/S CM/S CM/S CM/S 

10 em Surf Slab 11:35 17 -1134 -462 -5 . 51 0.06 6. 10 0.02 8.22 
7.6 em Diamond 19 -969 . -788 - . 27 0. 04 1.57 0.06 1. 59 
46 em Subm Slab 34 -929 -1008 - . 65 0.03 -4.60 0. 02 4.64 
1. 2 m Subm S 1 ab 31 -870 -1052 -.31 0.03 -8 . 75 0.03 8. 76 
2.45 m Subm Slab 30 -915 - 1116 .50 0.05 -11.16 0. 06 11.17 
5. 2 m Subm S 1 ab 37 -906 -1141 - 1.17 0.03 -9.61 0.03 9. 68 

10 em Surf Slab 12 : 30 17 -1399 - 429 -10.52 0.08 -4.10 0. 03 11.29 
7. 6 em Di am on d 19 -1040 -820 - 4. 05 0.02 -3. 49 0.03 5.35 
46 em Subm Slab 34 -1002 -1182 -3.78 0. 01 -5.94 0.01 7. 04 
1. 2 m Subm Slab 31 - 940 -1350 -3 . 93 0.02 -9 . 30 0. 02 10.09 
2.45 m Subm Slab 30 -980 -1513 -4 . 48 0.03 -12 . 89 0.03 13.65 
5. 2 m Subm Slab 37 -1027 -1482 -6 . 18 0. 01 -11.07 0. 01 12.68 

10 ern Surf S 1 ab 13 :30 11 - 2021 -681 -18. 98 0.10 -6 . 72 0.18 20.13 
7.6 em Diamond 19 -1260 -1045 -8.17 0. 02 -9.01 0. 03 12.17 
46 em Subm Sl ab 34 -1199 -1422 -7.19 0. 01 -7.40 0.01 10.32 
1. 2 m Subm S 1 ab 31 -1153 -1695 -7.88 0.01 -9.89 0.01 12.64 
2.45 m Subm Slab 30 -1239 - 2011 -9. 90 0.02 -14.79 0.03 17.80 
5. 2 m Subm Sl ab 37 - 1348 -1909 -11.64 0. 02 -12.66 0.01 17.20 

10 em Surf Slab 14:30 11 -2565 - 953 -11.25 0.08 -8.39 0.13 14.03 
7 . 6 em Di am on d 19 - 1629 -1469 -12.29 0.05 -14.53 0. 07 19. 04 
46 em Subm Slab 34 -1520 - 1714 -10 . 61 0. 03 -8.85 0. 02 13.82 
1. 2 m Subm Slab 31 -1508 -2062 -11.83 0.03 -10 . 48 0. 03 15 . 80 
2. 45 m Subm Slab 30 -1693 -2577 -15.33 0. 05 -16.68 0.05 22.65 
5. 2 m Subm Slab 37 -1865 -2394 -17 . 10 0.03 - 14. 26 0.03 22.27 

Slab Dimensions: 68 em x 68 em x 30 em 
Wave Height: 1 ft increasing to 2 ft 

DIR 
DEG 

317.9 
350.1 
188. 0 
182.0 
177 . 5 
187. 0 

248.7 
229.2 
212. 5 
202 . 9 
199.2 
209 . 2 

250.5 
222.2 
224.2 
218 . 6 
213 . 8 
222.6 

233 . 3 
220. 2 
230 . 1 
228.5 
222 . 6 
230 . 2 
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-

DEPTH 
M 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
35 
40 
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Table A28 

Temperature and Current Meter Profi l es Measured at Flag Station 8 
During Acoustic Drogue Experiments 

a) AUGUST 12 b) AUGUST 14 
16:00 EDT 11 :30 EDT 

SPEED DIR TEMP SPEED DIR 
CM/S DEG oc CM / S DEG 

* * 21.0 * * 
22 310 21.0 8 115 
26 305 21.0 10 105 
28 310 21.0 12 145 
20 307 21.0 10 145 
19 307 21.0 10 143 
20 310 20.9 9 145 
12 325 20.0 5 123 
6 323 19.8 6 155 
6 15 19.5 3 185 
6 300 12.2 2 215 
6 295 11.4 2 275 

14 328 9. 1 9 340 
8 328 7.9 14 35 
7 20 7.7 17 45 
2 15 7. 2 14 55 

10 15 7.0 10 50 
4 20 6.2 8 45 
2 47 6.1 5 45 
5 45 5.8 8 15 

* * 5.3 8 15 
- - - 4 15 

* Values unavai l able or unreliabl e 

TEMP 
oc 

20.0 
20.0 
20.0 
20 . 0 
20.0 
20.0 
19.8 
19.8 
19.8 
19 .8 
19.8 
19.5 
17.0 
12.0 
10.8 

9.0 
7.7 
7.1 
6.8 
6.6 
6.0 
5.2 



c) 

DEPTH SPEED 
M CM/S 

1 * 
2 10 
3 12 
4 12 
5 12 
6 8 
7 11 
8 10 
9 11 

10 10 
12 10 
14 3 
16 2 
18 6 
20 10 
22 12 
24 10 
26 8 
28 10 
30 6 
35 12 
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Table A28 
(Continued) 

AUGUST 15 
12:00 EDT 

DIR TEMP 
DEG oc 

* 20.3 
315 20.3 
315 20 .3 
315 20 . 3 
300 ** 
315 
340 
* 

335 
335 

65 
175 
175 
300 
55 
65 
55 

325 
305 
355 

75 

* Values unavailable or unreliable 
** Temperature probe failed 

d) AUGUST 20 
13:00 EDT 

SPEED DIR TEMP 
CM/S DEG oc 

* * 19.~ 
20 145 19 .9 
22 155 19.9 
20 165 19 .9 
20 180 19.9 
20 190 19 .9 
20 225 19.9 
22 230 19 .9 
18 215 18.6 
16 207 18.0 
16 235 15.2 
8 245 13.2 
5 235 10.8 
4 255 9.5 
8 275 9.0 

13 295 8.1 
8 295 7.7 
7 305 7.2 
8 325 7.0 
4 325 6. 7 
8 335 6.0 



• 

e) 

DEPTH SPEED 
M CM/S 

1 * 
2 10 
3 11 
4 14 
5 13 
6 10 
7 10 
8 10 
9 10 

10 11 
12 11 
14 8 
16 8 
18 5 
20 6 
22 1 
24 3 
26 4 
28 1 
30 2 
35 5 
40 9 
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Table A28 
(Continued) 

AUGUST 21 
11:30 EDT 

DIR TEMP 
DEG oc 

* 18.4 
185 18 .4 
165 18.4 
190 18. 4 
185 18.4 
190 18.4 
200 18.2 
215 18.1 
205 18.1 
215 18.0 
225 17.7 
325 13.8 
305 13.1 
295 12.2 
265 10 .0 
325 8.9 

5 8.0 
345 7.9 
295 7.7 
290 7.1 
255 6.8 
225 6.2 

* Values un ava ilable or unreliable 

f) AUGUST 21 
14:30 EDT 

SPEED DIR TEMP 
CM/S DEG oc 

* * 19.2 
18 255 19.2 
20 237 19.2 
20 240 19.2 
21 240 19 . 1 
22 245 18 .9 
19 255 18.8 
20 . 255 18.3 
16 260 18.1 
20 275 17.9 



MEAN 
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Table A29 

Averaged Drogue Speeds, Bearings and Error Parameters for 
August 17 Run 1 

TYPE # OF SPEED ST DEV BEARING ST DEV t'RR"Z 
DEPTH SGHT CM/S CM/S DEG DEG CM/{S OEG) 

1. 2 em Slab 3 7.35 .32 333.0 0.0 . 06 
2.5 em Slab 3 6.99 .23 329.7 1.2 • 08 
3.8 em Slab 3 6.56 . . 35 328.0 0.0 . 08 
5.1 em Sl ab 3 6.28 .40 327.0 1.7 .10 

10.2 em Sl ab 3 5. 7 3 . 18 327.0 4.0 .12 
20.0 em Subm 3 4.55 .47 327.0 0.0 • Ob 
30.0 em Subm 3 4.05 .43 325.0 1.7 . 09 
60.0 em Subm 3 2.77 .16 318.0 0.0 . 06 

120.0 em Subm 1 1.61 -- 254.0 -- • 09 
180.0 em Subm 1 5.88 -- 205.0 -- .55 

Wind: None 
Waves : None 
Bearings from Grebe taken while standing on the bow 
Location: Station 4; starting time: 10:50 EDT 

Table A30 

Averaged Drogue Speeds, Bearings and Error Parameters for 
Au gust 17 Run 2 

MEAN TYPE # OF SPEED ST DEV BEARING ST DEV ERR2 
DEPTH SGHT CM/S CM/S DEG DEG CM/ ( S DEG) 

1. 2 em Slab 5 12.08 .53 197.2 1.8 .21 
2.5 em Slab 5 11.16 .25 194.4 .9 . 23 
3.8 em Sl ab 5 11.09 .38 196.4 .9 . 22 
5.1 em Slab 5 11.29 .28 200.0 0.0 .21 

10 .2 em Slab 5 12.15 .49 204.0 o.u . 21 
20.0 em Subm 5 12.00 .29 200.4 2.2 .25 
30.0 em Subm 5 12.34 .61 206.4 .9 .22 
60.0 em Subm 5 13.10 .60 209.0 0.0 .24 

120.0 em Subm 5 14.79 . 78 213.8 .5 .20 
180.0 em Subm 5 16.21 .82 214.0 .7 • 20 

Wind: None 
Waves: None 
Bearings from the Grebe taken while standing on the bow 
Location: Station 5; starting time : 13:50 EDT 



Woods Hole Oceanographic Institution 

Library 
Marine Physical Laboratory 
Scripps Inst. of Oceanography 
San Diego, CA 92152 

Library 
Rosensteil School of Marine 

and Atmospheric Science 
Univ. of Miami 
10 Rickenbacker Causeway 
Miami, FL 33146 

Library 
Dept. of Oceanography and 

Meteorology 
Texas A & M Univ . 
College Station, TX 77843 

Library, School of Science 
Oregon State Univ. 
Corvallis , OR 97331 

Fisheries-Oceanography Library 
151 Oceanography Teaching Bldg. 
Univ . of Washington 
Seattle, WA 98195 

Library 
lnst. of Marine Science 
Univ. of Alaska 
College, AK 99701 

Florida Atlantic University 
Library Acq./Serials 
Boca Raton, FL 33431 

Pell Marine Science Library 
Graduate School of Oceanography 
Univ. of Rhode Island 
Kingston, RI 02881 

Library 
lnst . of Geophysics 
Univ. of Hawaii 
Honolulu , HI 96822 

Marine Resources Reference Center 
Mass. lnst. of Tech . 
Cambridge, MA 02139 

Chairman 
Dept. of Ear.th 
Mass. Ins t. of 
Cambridge, MA 

& Planetary Sciences 
Tech. 

02139 

Ms . Bettylou Rosen, Librarian 
NOAA Miami Library 
c/o Atlantic Oceanographic & 

Meteorological Laboratory 
15 Rickenbacker Causeway 
Miami, FL 33140 

Distribution List 

M.I . T. Libraries 
SER. JRL . Rm. 14E-210 
Massachusetts Institute 
Cambridge, MA U.S . A. 

Library 
Chesapeake Bay lnst . 
Johns Hopkins Univ. 
Baltimore, MD 21218 

Blue Hill Library 
Harvard University 

of Technology 
02139 

Pierce Hall - Oxford Street 
Cambridge, MA 02138 

Hancock Library of Bio. & Ocean . 
Alan Hancock Laboratory 
Univ. of Southern California 
Los Angeles , CA 90007 

Pearse Memorial Library 
Duke Univ. Marine Laboratory 
Beaufort, NC 28516 

Library 
Dept. of Oceanography 
Florida State Univ. 
Tallahassee, FL 32306 

Library 
Lamont-Doherty Geo . Observatory 
Palisades, NY 10964 

Library 
Physical Oceanographic Lab. 
Nova Univ. 
8000 N. Ocean Drive 
Dania , FL 33304 

Library : Docs/Repts/Trans Sec . 
Scripps lnst . of Oceanography 
P . O. Box 2367 
La Jolla, CA 92093 

Library 
Skidaway Inst . of Oceanography 
P.O . Box 13687 
Savannah, GA 31406-0687 

Commanding Officer 
U.S . Coast Guard Ocean . Unit 
Bldg . 159 E Navy Yard Annex 
Washington, DC 20390 

Mrs. Shirley Robinson 
Library 
The Oceanic Institute 
Makapuu Point 
Waimanalo, Hawaii 96795 

Virginia Institute of Marine Science 
Attn: Janice Meadows, Asst . . Librarian 
Gloucester Point, VA 23062 



50272 ·101 

REPORT DOCUMENTATION 11. REPORT NO. ,2. 
PAGE WHO! -81-91 . 

···~-- · 

4
• Ttt te end subtitle ACOUSTICALLY AND VISUALLY TRACKED DROGUE MEASURE-

MENTS OF NEARSURFACE WATER VELOCITIES IN LAKE HURON, PLUS 
OBSERVATIONS OF A COASTAL UPWELLING 

------------~ "- ----------------· -
7. Author(s) 

J . H. Churchill and B.H. Pade 
9. Performlna o ,..anlzation Name and Addresa 

Woods Hole Oceanographic Institution 
Woods Hole , Massachusetts 02543 

3. Recipient's Accession No. 

~ Report Date 

~tober 1981 ·--·· 
6. 

8. Performlnl Oraanlution Rept. No, 

10. Project/Teak/Work Unit No. 

11. Contract(C) or Grent(G) No. 

~> DE AC02-79EV10005 
03-5-022-26 (G) 

r-- -------------- ---------------------------- +1 -1,- .- Ty- pe of Report & Perlod_ C_ o_v;.;;;-- -
12. Sponsorlna o ,..anlutlon Nama and Address 

The Department of Energy and The National Oceanic and Atmos ­
pheric Administration ___ Iechoi<;.~J .. _ . 

14. 

~-------------------------------- ··---- ·- - - -----·-
15. Supplementary Notes 

This report should be cited as : Woods Hole Oceanog. Inst . Tech. Rept. WHOI-81-91. 

-·-- ···--------- . · ------~--- --··· -··· -- ----- -- --------- ---- -------------
16. Abstract (Limit: 200 words) 

During July and August of 1980 our research group measured nearsurface water velocity 
near the eastern coast of Lake Huron by tracking drogues using acoustic travel time and 
compass sighting techniques. The velocity fields appeared to consist of two components . 
These have been termed: a sub-current, which varied slowly with depth (compared to the 
deepest drogue depth of 5.2. m) and , in most cases, was apparently in geostrophic balance 
with the cross shore pressure gradient; and, a surface layer-current (defined by the 
relative velocity from deeper to shallower drogues) which decayed rapidly with depth and 
was directed nearly parallel with the wind and waves. There was, however, a direct de­
pendence of relative velocity with estimated surface roughness, suggesting that Stokes 
drift may have been primarily responsible for the shear. The magnitudes of the observed 
relative velocities were approximately equal to Stokes drift magnitudes calculated from 
representative wave energy spectra . Also reported are measurements of current and temp­
erature structure made prior to and following a coastal upwelling . 

--- ----- · ------- ·--- ·- --- . ---
11. Document Ana lysis • · Descriptors 

1. Acoustic and si~hted drogue studies 
2. Wind-dri ven currents 
3. Nears urface water velocities 

u 1 b . ldan t lflers/()pen·Ended Terma 

c. COSATI Field/Group 

18. Ava ilability Statem ent 
.. - - -------- - - ·--.---- ---- ---· ·· - ·----··--- -- ---

19. Security Cia .. (This Report) "'121. No. o f Pa1es 

(See ANSI-Z39. 18l 

__ .UDclass.i fJe.d. __ ·- --· .J. _ _ 12.2. 
20. Security Clesa (This Peae> 22. Price 

OP'TIONAL FORM 272 (4-77) 
(Formerly NTIS-35) " .. " ... _ .. .._. ,..., ,..,."''"""•",.. ,. 



-I
 

AC
OU

ST
IC

A
LL

Y 
AN

D 
VI

SU
AL

LY
 

TR
AC

KE
D 

DR
OG

UE
 M

EA
SU

RE
M

EN
TS

 
OF

 N
EA

RS
UR

FA
CE

 W
AT

ER
 

VE
LO

C
IT

IE
S 

IN
 L

AK
E 

HU
RO

N
, 

PL
US

 O
BS

ER
­

VA
TI

ON
S 

OF
 A

 C
OA

ST
AL

 U
PW

EL
LI

N
G

 b
y 

J
JI

. 
Ch

ur
ch

il
l 

an
d 

B
.H

. 
P

ad
e.

 
12

2 
pa

ge
s.

 
P

re
pa

re
d 

fo
r 

th
e 

O
ep

ar
tr

re
n

t 
o

f 
E

ne
rg

y 
un

de
r 

C
on

tr
ac

t 
DE

 A
C0

2-
79

EV
10

00
5 

an
d 

th
e 

N
at

io
na

l 
I O

ce
an

ic
 a

nd
 A

tr
oo

sp
he

ri
c 

A
dm

in
is

tr
at

io
n 

un
de

r 
Co

n
tr

ac
t 

03
-5

-0
22

-2
6.

 

D
ur

in
g 

Ju
ly

 
an

d 
A

ug
us

t 
19

80
 o

ur
 

re
se

ar
ch

 
gr

ou
p 

m
ea

su
re

d 
ne

ar
su

rf
ac

e 
wa

te
r 

ve
lo

c
it

ie
s 

ne
a

r 
th

e 
ea

st
e

m
 

co
as

t 
o

f 
La

ke
 

I Hu
ro

n 
by

 
tr

a
ck

in
g 

dr
og

ue
s 

us
in

g
 a

co
us

ti
c 

tr
av

el
 

ti
m

e 
an

d 
co

m
pa

ss
 

si
gh

ti
ng

 t
ec

hn
iq

ue
s.

 
Th

e 
v

el
o

ci
ty

 f
ie

ld
s 

ap
pe

ar
ed

 
to

 c
o

n
si

st
 o

f 
tw

o 
co

m
po

ne
nt

s.
 

Th
es

e 
ha

ve
 b

ee
n 

te
rm

ed
: 

a 

I su
b-

cu
rr

e
n

t,
 w

hi
ch

 v
a

ri
ed

 s
lo

w
ly

 w
it

h 
de

pt
h 

(c
om

pa
re

d 
to

 t
he

 
oe

ep
es

t 
dr

og
ue

 d
ep

th
 o

f 
5.

2 
m

) 
an

d,
 

in
 r

oo
st

 
ca

se
s,

 w
as

 
ap

pa
r­

en
tl

y 
in

 g
eo

st
ro

ph
ic

 b
al

an
ce

 w
it

h 
th

e 
cr

os
s 

sh
or

e 
pr

es
su

re
 

I gr
ad

ie
n

t;
 a

nd
, 

a 
su

rf
ac

e 
la

y
er

-c
u

rr
en

t 
(d

ef
in

ed
 b

y 
th

e 
re

la
­

ti
v

e 
v

el
o

ci
ty

 f
ro

m
 

de
ep

er
 

to
 s

ha
ll

ow
er

 d
ro

gu
es

) 
w

hi
ch

 
de

ca
ye

d 
r a

p
id

ly
 w

it
h 

de
pt

h 
an

d 
w

as
 

d
ir

ec
te

d
 n

ea
rl

y 
p

ar
al

le
l 

w
it

h 
th

e 

I w
in

d 
an

d 
w

av
es

. 
T

he
re

 w
as

 
no

 
d

ts
ce

m
ab

le
 

re
la

ti
o

n
sh

ip
 b

e­
tw

ee
n 

w
in

d 
sp

ee
d 

an
d 

re
la

ti
v

e 
v

el
o

ci
ty

. 
T

he
re

 w
as

, 
ho

w
ev

er
, 

a 
d

ir
ec

t 
de

pe
nd

en
ce

 o
f 

re
la

ti
v

e 
v

el
o

ci
ty

 w
it

h 
e
st

im
at

ed
 s

u
r-

1 

fa
ce

 
ro

ug
hn

es
s,

 
su

gg
es

ti
ng

 t
h

at
 S

to
ke

s 
d

ri
ft

 m
ay

 h
av

e 
be

en
 

pr
i~

~a
rf

ly
 

re
sp

on
si

bl
e 

fo
r 

th
e 

sh
ea

r.
 

Th
e 

m
ag

ni
tu

de
s 

o
f 

th
e 

ob
se

rv
ed

 r
el

a
ti

v
e 

v
el

o
ci

ti
es

 w
er

e 
ap

pr
ox

1c
na

tl
ey

 e
q

u
al

 
to

 
S

to
ke

s 
d

ri
ft

 m
ag

ni
tu

de
s 

ca
lc

u
la

te
d

 f
ro

m
 r

ep
re

se
n

ta
ti

v
e 

w
av

e 

I en
er

gy
 s

p
ec

tr
a

. 
A

ls
o 

re
p

or
te

d
 a

re
 J

re
as

u
re

m
en

ts
 
o

f 
cu

rr
en

t 
an

d 
te

m
pe

ra
tu

re
 s

tr
uc

tu
re

 m
ad

e 
p

ri
o

r 
to

 a
nd

 
fo

ll
ow

in
g 

a 
co

as
ta

l 
up

w
el

li
ng

. 

L I W
oo

ds
 

Ho
le

 O
ce

an
og

ra
ph

ic
 I

n
st

it
u

ti
o

n
 

W
H

O
I-B

l-
91

 

AC
OU

ST
IC

AL
LY

 A
ND

 V
IS

UA
LL

Y 
TR

AC
KE

D 
DR

OG
UE

 M
EA

SU
RE

ME
NT

S 
OF

 N
EA

RS
UR

FA
CE

 W
AT

ER
 V

EL
O

CI
TI

ES
 

IN
 L

AK
E 

HU
RO

N
, 

PL
US

 
OB

SE
R-

1 VA
TI

ON
S 

OF
 A

 C
OA

ST
AL

 
UP

W
EL

LI
NG

 b
y 

J
J

I. 
C

hu
rc

h
il

l 
an

d 
B

.H
. 

Pa
de

. 
12

2 
pa

ge
s.

 
P

re
pa

re
d 

fo
r 

th
e 

O
ep

ar
tr

re
n

t 
o

f 
E

ne
rg

y 
un

de
r 

C
on

tr
ac

t 
DE

 A
C0

2-
7

9E
V

10
00

5 
an

d 
th

e 
Na

ti
o

n
al

 
I O

ce
an

ic
 a

nd
 A

tr
oo

sp
he

ri
c 

A
dm

in
is

tr
at

io
n 

un
de

r 
C

on
tr

ac
t 

D
3-

5-
02

2-
26

. 

D
ur

in
g 

Ju
ly

 a
nd

 A
ug

us
t 

19
80

 o
ur

 r
es

ea
rc

h 
gr

ou
p 

rr
ea

su
re

d 
ne

ar
su

rf
ac

e 
w

at
er

 v
el

o
ci

ti
es

 n
ea

r 
th

e 
ea

st
em

 c
o

as
t 

o
f 

La
ke

 

I H
ur

on
 b

y 
tr

ac
ki

ng
 d

ro
gu

es
 

us
in

g 
ac

ou
st

ic
 t

ra
ve

l 
ti

rr
e 

an
d 

co
m

pa
ss

 
si

g
h

ti
n

g
 t

ec
hn

iq
ue

s
. 

Th
e 

v
el

o
ci

ty
 f

ie
ld

s 
ap

pe
ar

ed
 

to
 c

o
n

si
st

 o
f 

tw
o 

co
m

po
ne

nt
s.

 
T

he
se

 h
av

e 
be

en
 

te
rm

ed
: 

a 

I su
b-

cu
rr

en
t,

 w
hi

ch
 

va
ri

ed
 s

lo
w

ly
 w

it
h 

de
pt

h 
(c

om
pa

re
d 

to
 t

he
 

oe
ep

es
t 

dr
og

ue
 d

ep
th

 o
f 

5
.2

 r
o)

 
an

d
, 

in
 r

oo
st

 
ca

se
s,

 w
as

 
ap

pa
r­

en
tl

y 
in

 g
eo

st
ro

ph
ic

 b
al

an
ce

 w
it

h 
th

e 
cr

os
s 

sh
or

e 
pr

es
su

re
 

I g
ra

d
ie

n
t;

 a
nd

, 
a 

su
rf

ac
e 

la
y

er
-c

u
rr

en
t 

(d
ef

in
ed

 b
y 

th
e 

re
la

­
ti

v
e 

v
el

o
ci

ty
 f

ro
m

 d
ee

pe
r 

to
 s

ha
ll

ow
er

 d
ro

gu
es

) 
w

hi
ch

 d
ec

ay
ed

 
ra

p
id

ly
 w

it
h 

de
pt

h 
an

d 
w

as
 

d
ir

ec
te

d
 n

ea
rl

y
 p

ar
al

le
 1

 w
it

h 
th

e 

I w
in

d 
an

d 
w

av
es

. 
T

he
re

 w
as

 
no

 d
is

ce
m

ab
le

 
re

la
ti

on
sh

ip
 b

e­
tw

ee
n 

w
in

d 
sp

ee
d

 a
nd

 
re

la
ti

v
e 

v
el

o
ci

ty
. 

T
he

re
 w

a
s.

 h
ow

ev
er

, 
a 

d
ir

ec
t 

de
pe

nd
en

ce
 o

f 
re

la
ti

v
e 

v
el

o
ci

ty
 w

it
h 

es
ti

m
at

ed
 s

u
r-

1 
fa

ce
 

ro
ug

hn
es

s,
 

su
gg

es
ti

n
g

 t
h

at
 S

to
ke

s 
dr

if
t 

m
ay

 h
av

e 
be

en
 

p
ri

m
ar

il
y

 r
es

po
ns

ib
le

 
fo

r 
th

e 
sh

ea
r.

 
Th

e 
m

ag
ni

tu
de

s 
o

f 
th

e 
ob

se
rv

ed
 r

el
at

iv
e 

v
el

o
ci

ti
es

 w
er

e 
ap

pr
ox

im
at

le
y 

eq
ua

l 
to

 
S

to
ke

s 
d

ri
ft

 m
ag

ni
tu

de
s 

ca
lc

u
la

te
d

 f
ro

m
 

re
p

re
se

n
ta

ti
v

e 
w

av
e 

I en
er

gy
 s

p
ec

tr
a.

 
A

ls
o 

re
po

rt
ed

 a
re

 r
re

as
ur

em
en

ts
 o

f 
cu

rr
en

t 
an

d 
te

m
p

er
at

u
re

 s
tr

u
ct

u
re

 m
ad

e 
p

ri
o

r 
to

 a
nd

 
fo

ll
o

w
in

g
 a

 
co

as
ta

l 
up

w
e
ll

in
g

. 

L 

1
. 

A
co

us
ti

c
 a

nd
 s

ig
h

te
d 

dr
og

ue
 
stu
~

r;
;od

s-;
;;;

;e 
~

nog
rap

hic
 In

st
it

u
ti

o
n

 
WH

0!
-8

1
-9

1 
2

. 
W

in
d·

dr
1Y

en
 

cu
rr

en
ts

 

3
. 

N
ea

rs
u

rf
ac

e 
w

at
er

 v
e

lo
c
it

ie
s 

1.
 

C
hu

rc
h

il
l

, 
J.

H
. 

11
. 

P
ad

e,
 

B.
H

. 

11
1.

 
DE

 A
C0

2-
79

EV
1 0

00
5 

IV
. 

03
-5

-0
22

-2
6 

T
hi

s 
ca

rd
 i

s 
UN

CL
A

SS
!F

IE
O

 

AC
OU

ST
IC

AL
LY

 A
ND

 V
IS

UA
LL

Y 
TR

AC
KE

D 
DR

OG
UE

 M
EA

SU
RE

M
EN

TS
 

OF
 N

EA
RS

UR
FA

CE
 W

AT
ER

 V
EL

OC
IT

IE
S 

IN
 

LA
KE

 H
UR

ON
, 

PL
US

 O
BS

ER
­

VA
TI

ON
S 

OF
 A

 C
OA

ST
AL

 
UP

W
EL

LI
NG

 b
y 

J 
.f

l.
 

Ch
u

rc
h

il
l 

an
d 

B
.H

. 
Pa

de
. 

12
2 

pa
ge

s.
 

P
re

pa
re

d 
fo

r 
th

e 
D

ep
ar

tm
en

t 
o

f 
E

ne
rg

y 
un

de
r 

Co
n

tr
ac

t 
DE

 A
C

02
-7

gE
V

l0
00

5 
an

d 
th

e 
N

at
io

na
l 

I O
ce

an
ic

 a
nd

 
A

tr
oo

sp
he

ri
c 

Ad
m

in
is

tr
a
ti

on
 u

nd
er

 C
on

tr
ac

t 
03

-5
-0

22
-2

6.
 

D
ur

in
g 

Ju
ly

 
an

d 
A

ug
us

t 
19

80
 o

u
r 

re
se

ar
ch

 
gr

ou
p 

m
ea

su
re

d 
ne

ar
su

rf
ac

e 
w

at
er

 v
el

oc
it

ie
s 

ne
ar

 t
he

 e
as

te
m

 c
o

as
t 

of
 

La
ke

 

I H
ur

on
 b

y 
tr

ac
k

in
g

 d
ro

gu
es

 
us

in
g 

ac
o

u
st

ic
 t

ra
ve

l 
ti

m
e 

an
d 

co
m

pa
ss

 
si

g
h

ti
n

g
 t

ec
hn

iq
ue

s.
 

Th
e 

ve
lo

cf
ty

 f
ie

ld
s 

ap
pe

ar
ed

 
to

 c
o

n
si

st
 o

f 
tw

o 
co

m
po

ne
nt

s.
 

T
he

se
 h

av
e 

be
en

 t
er

m
ed

: 
a 

I su
b-

cu
rr

en
t,

 w
hi

ch
 

va
ri

ed
 s

lo
w

ly
 w

it
h 

de
pt

h 
(c

om
pa

re
d 

to
 t

he
 

oe
ep

es
t 

dr
og

ue
 d

ep
th

 o
f 

5.
2 

m)
 

an
d

, 
in

 r
oo

st
 

ca
se

s
, 

w
as

 
ap

pa
r­

en
tl

y
 i

n 
ge

os
tr

-o
ph

ic
 b

al
an

ce
 w

it
h 

th
e 

cr
os

s 
sh

or
e 

pr
es

su
re

 

I gr
ad

ie
n

ti
 a

n
d

. 
a 

su
rf

ac
e 

la
y

er
-c

u
rr

en
t 

(d
ef

in
ed

 b
y 

th
e 

re
la

­
ti

v
e 

v
el

o
ci

ty
 f

ro
m

 d
ee

pe
r 

to
 s

ha
ll

ow
er

 d
ro

gu
es

) 
w

hi
ch

 
de

ca
ye

d 
ra

p
id

ly
 w

it
h 

de
pt

h 
an

d 
w

as
 

d
ir

ec
te

d
 n

ea
rl

y 
p

ar
al

le
l 

w
it

h 
th

e 

I w
in

d
 

an
d 

w
av

es
. 

T
he

re
 w

as
 

no
 

d
fs

ce
m

a
b

le
 r

el
a

ti
o

n
sh

ip
 b

e­
tw

ee
n 

w
in

d 
sp

ee
d 

an
d 

re
la

ti
v

e 
v

el
o

ci
ty

. 
Th

er
e 

w
as

, 
ho

w
ev

er
, 

a 
d

ir
ec

t 
de

pe
nd

en
ce

 o
f 

re
la

ti
v

e 
v

el
o

ci
ty

 w
it

h
 e

st
im

a
te

d
 s

u
r-

1 

fa
ce

 
ro

u
gh

n
es

s.
 

su
g

g
es

ti
n

g
 t

h
at

 S
to

k
es

 d
r1

 f
t 

m
ay

 
ha

ve
 

be
en

 
p

ri
m

ar
il

y
 r

es
po

ns
ib

le
 f

o
r 

th
e 

sh
ea

r.
 

Th
e 

m
ag

ni
tu

de
s 

o
f 

th
e 

ob
se

rv
ed

 r
el

a
tf

v
e 

v
el

o
ci

ti
es

 w
er

e 
ap

p
ro

xf
m

at
le

y 
eq

ua
l 

to
 

S
to

ke
s 

d
ri

ft
 m

ag
ni

tu
de

s 
ca

lc
u

la
te

d
 f

ro
m

 
re

p
re

se
n

ta
ti

v
e 

w
av

e 

I en
e

rg
y 

sp
ec

tr
a

. 
A

ls
o 

re
p

or
te

d
 a

re
 n

-e
as

ur
em

en
ts

 
o

f 
cu

rr
en

t 
an

d 
te

m
p

er
at

u
re

 s
tr

u
ct

u
re

 m
ad

e 
p

ri
o

r 
to

 a
nd

 
fo

l
lo

w
in

g 
a 

co
as

ta
l 

up
w

el
li

ng
. 

_
L

 
1

. 
A

co
us

ti
c 

an
d 

si
g

h
te

d 
dr

og
ue

 
st

ud
ie

s 
I W

oo
ds

 
H

ol
e 

O
ce

an
og

ra
ph

ic
 I

n
st

it
u

ti
o

n
 

W
H

O
I-8

1-
91

 
Z.

 
W

in
d-

d
ri

v
en

 c
u

rr
en

ts
 

3
. 

N
ea

rs
ur

fa
ce

 w
at

er
 v

el
o

ci
ti

es
 

1.
 

Ch
ur

ch
il

l,
J.

H
. 

fl
. 

P
ad

e,
 

B.
H

. 

Il
l.

 
DE

 A
C

D
2-

79
EV

10
00

5 

IV
. 

03
-5

-0
22

-2
6 

T
hi

s 
ca

rd
 i

s 
U

N
CL

A
SS

IF
IE

D
 

I 
AC

OU
ST

IC
AL

LY
 A

ND
 V

IS
UA

LL
Y

 T
RA

CK
ED

 D
RO

GU
E 

ME
AS

UR
EM

EN
TS

 
OF

 N
EA

RS
UR

FA
CE

 W
AT

ER
 V

EL
OC

!T
I E

S 
IN

 L
AK

E 
HU

RO
N

, 
PL

US
 O

BS
ER

­
VA

TI
ON

S 
OF

 
A

 C
OA

ST
AL

 
UP

W
EL

LI
NG

 b
y 

J 
.t

l. 
C

hu
rc

hi
ll

 
an

d 
B

.H
. 

P
ad

e.
 

12
2 

pa
ge

s.
 

P
re

pa
re

d 
fo

r 
th

e 
D

ep
ar

tm
en

t 
o

f 

I E
ne

rg
y 

un
de

r 
C

on
tr

ac
t 

OE
 A

C
02

-7
9E

V
10

00
5 

an
d 

th
e 

N
at

io
na

l 
O

ce
an

ic
 a

nd
 A

tr
oo

sp
he

ri
c 

A
dm

in
is

tr
at

io
n

 u
nd

er
 C

on
tr

ac
t 

03
-5

-0
22

-2
6.

 

D
ur

in
g 

Ju
ly

 
an

d 
A

ug
u

st
 1

98
0 

ou
r 

re
se

ar
ch

 g
ro

up
 m

ea
su

re
d 

n
ea

rs
u

rf
ac

e 
w

at
er

 v
e
lo

c
it

ie
s 

n
ea

r 
th

e 
ea

st
er

n
 c

o
a

st
 o

f 
L

ak
e 

I H
ur

on
 

by
 t

ra
ck

in
g

 d
ro

gu
es

 
us

in
g 

ac
ou

st
ic

 t
ra

v
el

 
ti

rr
e 

an
d 

co
m

pa
ss

 
si

g
h

ti
n

g
 t

ec
hn

iq
ue

s.
 

Th
e 

v
el

o
ci

ty
 f

ie
ld

s 
ap

pe
ar

ed
 

to
 c

o
n

si
st

 o
f 

tw
o 

co
m

po
ne

nt
s.

 
T

he
se

 h
av

e 
be

en
 

te
rm

ed
: 

a 

I su
b-

cu
rr

en
t,

 w
hi

ch
 

v
ar

ie
d

 s
lo

w
ly

 w
it

h 
de

pt
h 

(c
om

pa
re

d 
to

 t
h

e 
oe

ep
es

t 
dr

og
ue

 d
ep

th
 o

f 
5

.2
 m

) 
an

d
, 

in
 r

oo
st

 
ca

se
s,

 w
as

 
ap

pa
r­

en
tl

y 
in

 g
eo

st
ro

p
h

ic
 b

al
an

ce
 w

it
h

 t
h

e 
cr

o
ss

 s
h

or
e 

pr
es

su
re

 

I gr
ad

ie
n

t;
 

an
d,

 
a 

su
rf

ac
e 

la
y

er
-c

u
rr

en
t 

(d
e
fi

ne
d 

by
 

th
e 

re
la

­
ti

v
e 

v
el

o
ci

ty
 f

ro
m

 d
ee

pe
r 

to
 s

h
al

lo
w

er
 d

ro
gu

es
) 

w
hi

ch
 

de
ca

ye
d 

ra
p

id
ly

 w
it

h 
de

pt
h 

an
d 

w
as

 
d

ir
ec

te
d

 n
ea

rl
y

 p
a
ra

ll
e
l 

w
it

h 
th

e 

I w
in

d 
an

d 
w

av
es

. 
T

he
re

 w
as

 
no

 d
is

ce
m

a
b

le
 

re
la

ti
o

n
sh

ip
 b

e­
tw

ee
n 

w
in

d 
sp

ee
d

 a
nd

 
re

la
ti

v
e 

v
el

o
ci

ty
. 

T
he

re
 w

as
. 

h
ow

ev
er

, 
a 

d
ir

ec
t 

de
pe

nd
en

ce
 o

f 
re

la
ti

v
e 

ve
lo

ci
ty

 w
it

h 
es

ti
m

at
ed

 s
u

r-

1 fa
ce

 
ro

ug
hn

es
s,

 
su

gg
es

ti
ng

 t
h

at
 S

to
ke

s 
d

ri
ft

 m
ay

 h
av

e 
be

en
 

p
ri

m
ar

il
y 

re
sp

on
si

b
le

 f
o

r 
th

e 
sh

ea
r.

 
Th

e 
m

ag
ni

tu
de

s 
o

f 
th

e 
ob

se
rv

ed
 r

el
at

iv
e 

ve
lo

ci
ti

es
 w

er
e 

ap
pr

ox
im

at
le

y 
eq

ua
l 

to
 

St
ok

es
 d

r
if

t 
m

ag
n

it
ud

es
 c

a
lc

u
la

te
d

 f
ro

m
 

re
p

re
se

n
ta

ti
v

e 
w

av
e 

I en
e

rg
y 

sp
ec

tr
a

. 
A

ls
o 

re
p

or
te

d
 a

re
 m

ea
su

re
m

en
ts

 
o

f 
cu

rr
en

t 
an

d 
te

m
p

er
at

u
re

 s
tr

u
ct

u
re

 m
ad

e 
p

ri
o

r 
to

 a
nd

 
fo

ll
o

w
in

g
 a

 
co

as
ta

l 
up

w
el

li
ng

. 

-
-
-
L

 

l~
co
~

c a
n~

igh
-:

; d
ro

-;
:-

st
u

d
ie

s 
I 

2
. 

W
in

d-
d

ri
ve

n
 c

u
r

re
n

ts
 

3.
 

Ne
a

rs
u

rf
a

ce
 w

at
er

 v
el

o
ci

ti
es

 

1.
 

C
hu

rc
hi

ll
, 

J.
H

. 

11
. 

Pa
de

, 
B.

H
. 

Il
l.

 
OE

 
AC

02
-7

gE
V

l 0
00

5 

IV
. 

03
-5

-0
22

-2
6 

T
hi

s 
ca

rd
 i

s 
UN

CL
AS

SI
FI

E
D

 

J 
1.

 
A

co
us

ti
c 

an
d 

si
g

h
te

d
 d

ro
gu

e 
st

ud
ie

s 
I 

2.
 

W1
nd

-d
rf

ve
n 

cu
rr

en
ts

 

3.
 

Ne
ar

su
rf

a
ce

 w
at

er
 v

el
o

ci
ti

es
 

I.
 

C
h

u
rc

h
il

l,
 J

.H
. 

II
. 

P
ad

e,
 B

.H
. 

ll
l.

 
DE

 A
C0

2-
79

EV
10

00
5 

IV
. 

03
-5

-D
22

-2
6 

T
hi

s 
ca

rd
 i

s 
U

N
CL

A
SS

IF
IE

D
 

J 


