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MANAGEMENT PERSPECTIVE _
Measurements of flow in ship channels are needed to fully pred1ct the effects. of
hydraulic reglmes.on water quality in harbours. Usually the slnppmg traffic precludes accurate
measurem_ent of flows because current meters cannot be situated in the.channels.
This cooperative study _With the Water Survey of Canada has resulted in an
understanding of ﬁew technology and has provided potentially useful dat’a‘for assessing the
winter exchange and its influence on the water quahty of Hamilton Harbour This first

application of the AFFRA to a highly dynamic reversmg flow in a sh1p canal has been

evaluated by 40 field expenments using conventional current proﬁlmg methods and was found
to be in satisfactory agreement with conventional methods., Degradation of the data quality
over the four-month installation period is a potential problem fof further inirestigation by the
AFFRA manufacturer. Nonetheless, this new method for the remote sensing of currents

could ﬁnd useful application to other Areas of Concern in the Great Lakes where sh1p traffic
is too dense for standard flow measurements.
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ABSTRACT

Measurements of the exchange flow through the Burlington Ship Canal between Lake
Ontario and Ha’rhilton Harbour are required to assess the Wa‘ter quality of the harbour and its
impact on Lake Ontario. Due to the presence of ship traffic in the canal, long time series
measurements of these flows have ben difficult to make. Through a joint project with the
Water Survey of Canada, an acoustic travel time flowmeter system, called AFFRA, was made
available. AFFRA (Acoustic Flowmeter For Remote Areas) offered the possibility of

| measuring the cross-sectionally averaged flow over long time periods with a minimum

disruption from passing ships. The water temperature-at the level of the acoustic path can
also be determined from the data.

A comparison of the AFFRA results against those obtained with a calibrated
conventional current meter shows that within the statistical uncertainty the two instruments
were identical. Temperature was estimated satlsfactonly A progressive degradation of the
AFFRA signal return over the four-month expetimental penod is unexplained. Some
dependency of refraction on the relauvely weak dens1ty stratification in the channel was
found. Useful data return from AFFRA was reduced to near zero as the two-layer
stratification and bidirectional flow regime was established at the end of May. Passage of
ships was not detectable in the data quality.



1. ©~ INTRODUCTION

A feature common to many areas of concern in the Great Lakes is that they are

located in bays or harbiours where exchange with the open lake is more restricted than in other

coastal areas. A case in point, Hamilfon Harbour, is connected to-Lake Ontario via a.

relatively long and narrow passage, the Burlington Ship Canal.

Precise measurements of flow in the Burlington Ship Canal are required to estlmate _

the exchange of material between Hamilton Harbour and Lake Ontario. Individual current
measurements and time series of convenhonal current meters have led to unsatisfactory
balances of mass (Klapwijk and Snodgrass 1985) This is probably due to problems of
p]acement of the meters in representatlve locanons in the cross-section to avoid interference
to ship traffic. Flows in the ship canal have been inferfed from water level differences
between the two ends of the canal by cahbratxng a mathematical model with a time series of
water level differences between the two ends of the canal. However, Hamblin (1989) found
that unreahstlcally high values of the bottom and side wall friction coefficient (Mannings n)
had to be invoked to bring the simulations of water level differences into agreement. w1th the

observations. The reason for the apparent discrepancy is not known but it could be dueto

calibration of the water level differences which were taken by an experimental instrument
known as the DPDX gauge (Simons and Schertzer, 1983).

The recent development of a differential travel time technique employmg acoustic

pulses which travel relatively large horizontal d1stances in the flow, offers a possible solation
| to the measurement problems of the flow in a ship channel. The acoustic beam averages the
flow at a particular level across the entire cross-section and may be placed at the side walls
of the channel free of disturbance by passing ships. Flow measurements may be recorded for
future analysis. In an intensive study of the m}e-layer flow regime found in Burlington Canal,
Spigel (1989) developed an accurate method for the attended measurement of flow in the

. Burlington Ship Canal using a conventional profiling current meter. It is the goal of this study
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to evaluate the field performance of a novel method of remote sensing of flow by comparison |
with Spigel's more conventional approach. The data collected in this study will also be used
to establish the relation between the tlow at the level of the acoustic path of the travel time |
current nreter and the .c‘ros‘s-Sectionally averaged flow that will be required in future
investigations. The approach employed herein as similar to that of Miller and Saylor (1994)

who compared an advanced ultrasonic current proﬁler to an array of four standard recording

- current meters in Green Bay.

ACOUSTIC FLOWMETER

The AFFRA was lcmdly made available to the investigators on an evaluation basis by
the Water Survey of Canada. The system was developed and is manufactured by Stednitz
Mantlme Technology Ltd., 1989). While this device has been evaluated in a laboratory tow. -
carriage (Engel and Fast, 1988), its field performance has not been accurately assessed to
date.

In the standard AFFRA installation, two acoustic pulses are simultaneously
transnﬁtted in opp031te directions across the channel along a known path length diagonal to
the flow, and upstream and downstream propagation times are measured. The average travel
time of the pulse over the path yields the speed of sound. In turn, this may be related to the
temperature of .ﬁ'esh water. The difference in arrival times over the known along channel
component of travel results in the flow velocity averaged across the channel of the level of
the acoustic rays. The application in this study was the first to employ an acoustic mirror on. §
the opposite wall so that both acoustic transducers could be located on the same side of the
channel. Thls arrangement mmphﬁes the installation and operation of the instrument.
Velocities are sampled every 1.5 s and in our study averaged over a 10-min interval and
recorded every 15 min. This sampling time is thought to be well matched to the highly
dynarmc flow in the channel found by Hambhn (1989). The 5-min window between 10-min '



measurement intervals allows for interrogation of the microprocessdr—based memory of the
instrument. It is long enough to examine the pfeser'xt data or to transfer up to one day of
previous data to perinanent storage without disrupting the measure‘mént process. Finally, the
percentage of the approximately 400 individial measurements that meet two c’riteria. for
reﬁas‘onablg data is recorded. These criteria are (1) sound velocity between 1380 and 1600 m/s
and (2) the speed difference between individoal 1.5-s scans less than 0.1 m/s. An additional
water level of depth channel is provided but was not evaluated in this study as there was

‘possible interference of the acoustic beam with the walls of the canal.

STUDY AREA AND ANCILLARY MEASUREMENTS

Figure 1 shows the ship canal in relation to Hamilton Harbour and Lake Ontario.
Figure 2 gives a schematic layout of the lift bridge from which the current profﬂés were taken
aﬁd the locations of the AFFRA transmitter, reflector, and receiver. This site was chosen for
the .study because of the logistical advantage provided by the lift bridge and the close
proximity of our fesearch centre. In addition, t}ﬁs'wat_erway is one of the few installations of
the AFFRA in_strumeﬁt to date me the flow is known to reverse. The two key geometrical
factors in the installation of the AFFRA device are the path length, 194 m, and the angle
between the acoustic path and channel or flow direction which is 65.96° in this case. The ship
canal is 828 m in length and the reflector is located 265 m to the southwest of the bridge. At.
~ the end of the experimental period the structure supporting the AFFRA instrument, the
geométry‘ and the a]igﬁmcnt of the transducers were checked for possible deterioration. This

inspection dive showed that the mounting was within the original tolerances.

If channel flow is steady and uniform, then the vertical variation of velocity is
: logérithmic in distance above the bottom (Fréncﬁ, 1985). It is readily shown that the height
- above the bottom at which the flow is equal to the average flow over the depth, h is h/e, or
3.3 m in the case of the nominal depth of the canal of 9 m at the time of the study. Although

i
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the flow is known to be unsteady and is likely non uniform in such a hydraulically short

'- ,chénnﬁel, this height was selected for the installation of the acoustic transducers. A goal of the

study was to evaluate the represéntativeneSS of measurements taken at a single level in the

estimation of the cross-sectionally averaged flow. Hamblin (1989) found that on one

- occasion the breadth averaged flow at the e depth overestimated the cross-section flow by -

T%.

Speed of soi‘md measurements were converted to watei' temperature by means ofa
quadratic relation based on sound speeds at temperatures between 0 and 10°C given by
Stednitz Maritime Technology Ltd. (1989). |

Currents at the lift bridge were measured on 40 surveys each consisting of four
profiles comprising éither eight or nine readings of depth, current speed, flow direction, and |
water temperature. Under most conditions, the four pfoﬁiﬁs could be taken during the 15-min

sampling interval of the AFFRA instrument.

‘The more convenient current meter to use in the field was a direct reading type

. manufactured by Neil Brown Inc. Calibration of this instrument in the Canada Centre for

Inland Waters' tow tank facility showed that the speed was beyond the manufacturer's error
specifications. All speed readings were therefore multiplied by 0.82 to bring them into
agreement with the tow tank results. -Unfortunately, the direct reading current profiler failed
gfter five field expcﬁmcrits, c‘oinci_der.l_fwith the AFFRA operation. Another time-of-travel
acoustic current meter, the SACM, also of Neil Brown manufacmi‘e, and a time, temperature,

and depth logger of Branckner manufacture, were substituted for the direct reading profiler.

* The SACM instrument was also ca]ibréted during and after the study and found to be too high

by a factor of 1.24. All data collected by this instrument have been corrected for this

o‘Veresﬁmaﬁon.



Although both microprocessor-based memories of the substitute instruments were less

convenient to use than the direct reading instrument, and required merging of tw_o data files,

. these data did allow for the computation of the standard errors in the estimated speed and

direction at the measurement dépths. In general, means and standard deviation were

calculated from about 10, 0.5-s ﬁadings of current at each dwell and 10, 1.0-s readings of .

depth and temperatufe. Although the temperature was recorded by the current meter, the

temperature was taken from the Branckner data set on account of the more rapid response 7

of its temperature sensor. The _av_er'aged data'Were'then input to a rnodiﬁ_ed version of a
computer routine written by Spigel (1989) to calculate the cross-sectionally averaged flow
and the averaged temperature and current interpolated from the profile data to the depth of

the acoustic ray path connecting transmitter reflector and receiver. The details of the

corrections of the flow direéctions of the disturbance to the earth's magnetic field are givenin |

Spigel (1989) In the subsequent data comparisons, AFFRA measurements are interpolated.

from the two, 10-min samples adjacent to the mid time of the profile experiment.

The AFFRA dev1ce was installed on January 18 but usable data was not recorded untﬂ
January 28. Collection of profile data in the canal was interrupted in March due to drifting
ice floes. The AFFRA data were collected by a telephone link and stored on the mainframe
v computer at the Canada Centre for Inland Waters; This data file runs nearly continuously
| frnm January 28 until May 29, 1989. The AFFRA data quality detefiofated severely with the
beginning of the two-layer exchange flow between 'Hamil_ton Harbour and Lake Ontaxio.
Hamblin (1989) showed thaf for typicai summer stratiﬁca’tion, température grzidients would
. be sufficient to severely distort the acoustic ray paths through refractlon and that usable data
would be unlikely.

RESULTS



The AFFRA measurements for the 120-day period are displayed in Figure 3. The
highly transient and reversible behaviour of the flow is apparent. Towards the end of the
measurement period, pre]imin,axy plots revealed occasional spikes in the flow and velocity of
sound curves Which have been replaced by a missing data indicator. It is 'apbarent- that the

data degrade in quality dramatically over the 120-day peribd until at the end, when the two-

- layer summer stratification is established, little usable data are measured.

A typical set of current and temperature observations at the lift bridge are shown in
Figure 4, The increase in standard deviation at the near surface level is considered to be due
to wind waves propagating along the canal. In general, the means are Stable in the s.iatistic‘al
sense. These data reveal a weak cross-channel flow and occasionally uniform temperature,

but mainly weak t_émperature stratification (2°C) during the field experiments.

In a preliminary comparison, the current meter and temperature-depth logger were
dwelled from the lift bridge over 7 hr on February 24. Encouraging agreement between the
two current time series is seen in Figure 5. ‘The velocity of sound corresponds to the variation
in temperatures of the two recording meters, while the depth decreases by 0.4 m at the peak
harbour outflow event at 15:00 hr. Since cross-sectional averages are considered to be more
reliable than Single point. dwells, subsequent comparison is based on the 40 profile
experiments. The data upon which the subséquent comparisons are made, are summarized
in Table 1. | |

- In the scatter diagram of the 40 field experiments shown in Figure 6 the breadth
averaged current, measured by the AFFRA flowmeter, is evidently equal to that of the profiler
based measurements within the statistical scétter of the observations. A best-fit curve
obtained by maximum likelihood analysis (Orear, 1982) established that the AFFRA current
is 1.014 + 0.055 of the standard profiler current with an offset of -0.259 + 0.861 cm/s. Both
the gain and offset indicate that the AFFRA and standard current meter flows do not



statistically differ one from another. The correlation coefficient of 0.945 is sufﬁdéntly high

to enable this conclusion to be drawn.

Data frorﬂ the 40 SACM profile experiments were used for the comparison of the
averaged curreh_t over the cross-section with that over the breadth of the channel at the
AFFRA depth. The results shown in Figure 7 indicate that, on the whole, measurements
made at the theoretical e depth are representative of the average flow. For the harbour
~ outflow, the averaged flow is 1.0 = 0.087 of the e flow with an offset of -1.3 = 1.6 cmys.
The cross-sectionally averaged inflow to the harbour is 0.989 + 0.049 of the ¢! flow with an
intercept of 1.3 £ 1.0 cm/s. There is no difference in the slopes of the best fit lines in the two
flow directions on a 95% confidence basis, contrary to what may be expected ‘if‘bounda'ry
layer thicknesses are different in the two flow difections. The difference in the offsets of the

two best-fit lines, while marginally significant, is close to the experimental error of the current |

measurements of 1 cr/s.

The water temperature deduced from the AFFRA velocity of sound data are compared
to temperatures directly measured by the profiler in Figure 8. As in the previous comparison,
there is no significant difference between the two methods. AFFRA temperatures are
1.09 £ 0.1 of the proﬁlé tejmperatufes. In this case, the intercept of 0.32 + 0.5°C, while not
distinguishable from 0°C on 95% confidence basis, ‘is close to the error of the profile
temperatures of +0.12°C when a temperature offset of 0.1°C is taken in account. This offset

‘arises from a 6 cm undere;stimaﬁon'of the path length due to the electronics W. Stédnitz,

personal communication).

In the time sexjiés plots of Figﬁr"e 3, there is an indication of lower percentage data
.return at high speeds, particularly for outflows. This behaviour is s’upporte,d by ‘the- cbrves of
Figure 9, which show a pronounced decrease in the percentage return’ throughout the
experiment but also a tendency for higher returns at lower speeds. The reason for the

* variation of percent_zige return is not known. It is conjectured that the refraction of the



acoustic rays by the current shear is the likély 'explanatioh_. Since the installation is located
much closer to the harbour than the lake, the bottom boundary layer shoald be thicker for
inflows than for outflows. Consequently, the shear would be higher for inflows at the AFFRA -

- depth than for outflows. Since the ultimate disruption of the acoustic signals is clearly

associated with the establishment of the sharp two-layer stratification by May 29, an
inveStiga‘tioﬁ was undertak‘eh of the dependency of the gradient of the velbci_ty of sound over
the water column for the 40 field experiments with percentage return. No Signiﬁca.nt
correlation was found. Itis noteworthy that the shear is of the same order as the difference

in sound velocities. In fact, the degree of stratification in the speed of sound does not show

‘a seasonal progression over the 40 field experiments. As the yeloc‘ity of sound is less at

colder temperatures, the increase in the acoustic path length should be greater at lower .
temperatures for a given velocity of sound gradient. Therefore, the percentage return should
increase over the experimental period if refraction effects are an important factor in the one-

layer flow case.

Another factor could be the unsteadiness of the flow. Since transient flow conditions
could affect both the profile data and the AFFRA readings, it was decided to correlate the
distance from the observation point on Figure 6 to the best fit line with the flow acceleration.

Again, no significant correlation was found.

With regard to the influence of ship passage in the canal on the AFFRA system, the

percentage returns immediately preceding the ship passage were compared to the those at the

time of passage as well as to those one sampling interval after the passage of the ship. No
significant difference in returns was found over 240 occasions of large vessels passing through
the canal. |

CONCLUSIONS



~ An acoustic pulse technique was found to be an accurate means of the unattended
measurement of current, temperature, and, when combined with water depth, dischargein a
ship canal under dynamic flow éoﬁdiﬁons; Clearly, this device is limited to the relatively
unstra’tiﬁed one-lflyer flow found in winter and early spring when distortion of the horizontal

ray paths by refraction is limited. As passages of ships did not noticeably affect the 15-min

~ averages of flow, this device should be appl_icable to other é;'eas of concern where ship traffic
prevents deployment of more convention instrumentation. A progressive degradation of the
acoustic signal quality over the one-layer period requires further investigation. It would be

valuable to compare the acoustic travel time techhique with other acoustic methods such as

the scintillation method (Stronach -and Hodgins, 1990). In future applications to

investigations which require recorded data, a data storage medium of much expanded capacity

~ would be highly desirable along with a‘fas.ter transfer capability of such data.
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Figure 6.
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LIST OF FIGURE'CAPTIONS

Study location.

Detailed location of measurement sites and AFFRA installation.

Time history of AFFRA data. January 28 and May 29, 1989. Solid line,
positive flow to lake; dashed line, temperature; and dotted line peréentagé
return. Breaké in the curve indicate missing data. Temperate X10 except
May 8-28. |

Longitudinal and transverse flow componehts on May 7,1989. Temperature

- profiles are shown in the lowest panel.

Upper panel gives time histories of SACM speed (solid line) and AFFRA flow
(dashed line). Lower panel compares temperatures and speed of sound (m/s)
(long dashed). The dwell depth (m) is indicated by a dotted line.

Interpolated AFFRA flow (criv's) from measured 15-min samples at the mid
profile time Versu_s the breadth-averaged profile data at the AFFRA level.
Solid line represents a linear least squares best fit and d_as_hed lines are the
standard error of estimate (Parl, 1967). The R value is the correlation

coefficient.

Same as Figure 6 but ordinate is the cross-sectionally averaged flow from the

profile measurements.

AFFRA water temperature deduced from the speed of sound versus breadth-
averaged temperature (°C).
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Figure 9.
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Percentage return versus AFFRA flow for five, 20-day épisodes.
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Table 1.
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LIST OF TABLE CAPTIONS

Profile data and AFFRA measurements at profile times.



P4

*+p,3u0D _ .
06°9¢ 6% 8°9 0~L1 - 1°9 £°8¢ $"0¢ 71 S 14
0L . . 0L $°9 9 g~ FAR T L8 6°S 21 S ki
06°01- 8L ¢°9 81— £°S 9°8- G°ES 2 S Y
0€°"8-~ 86 6°€ [ AR O 9°¢ 9°6~ 0°1 91 1¢ €
00°12- 001 6°¢ 0°G2- 9°¢t 8°¢i- 0°0S S1 1¢ €
0S8 T~ : Tl rAL B ¢ 0t- LoE LA A 0°LE ST 1€ €
00°8¢t- LY Ly S 49— £y ¢°8€- S°ve ST 1€ € «
08°62- 9€ 0°S 8°9¢~ BurssT 6°8¢- $°8C 0z 62 €
06°CE~- . 114 [A89 1°LC~ 0°s 9 ¢e- 0°81 0T 62 €
0¢ L~ 19 AR AR A 1°S 6°9- 0°8s 61 62 €
o111t LS AR S 11 0°G6 | 0°11 S°8¢ 61 62 €
0¢*91 9L 0°¢t 1°61 L1 81 0°€S 81 12 €
08° %2 8y 8°2 0°61 2T 1°82 0°2? 81 12 £
06°¢ . 18 1°2 %°S1 01 £°9 0°6t 6T 0T €
oy°-S1- - 88 . (A4 %01~ S°1 1°61~ §°te 8T o0 |, ¢
0£°9- 001 9*2 (A X 14 0°9- S°L 91 S1 £
0y°9- 8 A g8°1- 9°1 9 y- 6°¢e 81 € €
. 00°1- ‘ 001 L°1 0°8- L°1 6*0- 0o°ee 81 [A 13 <
SuyssIH 66 0t L°6T~ 6°T €61~ S°91 61T T2 [4
o1°¢— 6 L1 LYy 6°1 £oe- 0°ts 81 o2 [4
(s/wd) uinzoay . (@) = (s/w) ) (s/wo)  (IN9) anoy  Keq Yyuoy
moTg po8eaaay  Juadiag osanjexadwd] Mofj  2anjeasdwa] MOT4 BINUTH .
A1tRrUOTIDAG A :
-8801) eleq ViddvV : eijeq @713oaqd

*gaufl 21Fjoad v SIUIRINGEIW VYIJV PUE BIEP ouwuoum ST ATAVL



08°9¢ 91

8°8 8°1¢ 6'L S°LE 0 71 L1 L -8
09°L€ : S1 '8 y°0¢ 0*L £ 1 S°1 L1 L S
00°91 c8 ¢ L £°€E 8°9 6°91 0°SY 91 L S
06°LE~ 66 T°L 8°61~ 6°9 L*9e- €11 91 L S
or° %1 E 5 6°8 L°11 s°L 0°61 §°6 €1 1 S
0L°ST LT %°9 T°€1 8y L°91 o*yy 0T 0T ¥
0s°s1t (V14 0°9 0°%1 8y S°S1 5°0¢ 0 o¢ ki
08*s B {4 8L 9°9 0°L 19 0°vs 91 (114 kK
00°€1 % 8L L°11 L°s (AR 28 0°6¢t 91 o0t i
0S$°8~ Lt 6°S 6° L~ 0°s AN 0°ys 91 61 Y
00°9- LE %9 9°1 1°s 9°'6- S*8€° 91 -61 ki )
oyt 6y 99 9°L 1°s £y 0°9¢ 91 61 kK
06°91 oY %9 £°01 6°% LAFA 0°¢Ct 91 61 %
01°9 91 %°q 0L 9y S°9 0°9s 61 81 g
0Ly LE 0°s 9°9 9°y ‘St S G°6¢ 61 81 V4
0s°L- L9 LYy A 9°y 0°8- 0°92 61 81 . 7
‘06" 1~ Gy LY S 11- €Y 0° L1~ §°T1 61 81 ki
- 06°6 L6 19 8L 1°¢s 8°01 A4 £l 1 k4
o1°21 61 L°S 6°21 6°¢€ 1°C1 L ¥4 81 9 Y
06°91 sS 8°9 AR AS 8°¢ 9°S1 0°Lt 71 S Y
- (8/wd) - uanjay &) (s/w) ) (s/wd)  (IN9) anoy <Keq y3juoy
MoTg poSeaaay Juada34 sanjexadwe]  moqg axnjeaadwo] MmoOTy aanuyR
L1 TRUOT 3DRg :
~£8020 Bl8Q VyJ4V ele(q I9[fF3joxd

*saml] aTyjoad je sjudweansvom yyjgv pue ejep ayryoag :(p,3u02) ~,uqn<h

GEE GEN NN BN BN GEN 0NN G0 BN NN BNE (NG 0NN NN BN N G E &



.

SAHLIN NI Hid3A NOLTIWVH

—
o
et ool 3SIOVHVA, a3
F”  $3100D 50
ord
=

)

NOLONITUNG

N | : .~ AYS 3HL/HNOBHYH NOLWAVH

" NOLONIHNg




Figure 2

wa O TIYA HLNOS

D\D_ / I
3y e A ,. ﬂ
- £ SNS T
LNAE P ‘ W Tv'88
) AN S |
) I J g _ |
| NN TIVA HLION
TS,

: D'.
o
g
q

N l !



.m'ww:m;v

(68) x¥vnudad
LY ;11 et L A : [ 4 ' [-4}

C Joisiaasssnas s aasaasasaaloassnasaasssnasassariaaaabasanisaiasi e ada . al s A A s A n b aan s s aaaiaa il oasaaaais s s iaaasasasasaal Dl

01 . . ) S TP Y L ! ; TETSes [t L JIPR $—

02 - l/!\\lllll\.llll,llt\l\,llo.\llll.l)\vl\l lw.\lr\\lla RV M v €

b . ] g . ) ! ] —
L.h>>. \S>.>7 A >..>.ED:,. ?r?.‘. »; Y RN : - AW AL Ly N/ LR A

oS . + e : N ' : _ _ A

=

promsavasererenss il

N
eeni,
emriavanas,

WAL A

..... SR rAA

(=]
-t
§/R5 £IV1 01 AOTL 50d—~—

e
ocooo
)

-y .

3 . b s 3 [ . A : ; ,, ‘. nl%
: 4 (68) xuvaudadd
21 : 143 [+] 4 : [ ] ’ e L

o . e W W E W WW S W W WErS P rw e e T W T TN T

N ATV RETEUWE T OOV T T T T U U TTTTY P T P ml. .
) - ”~- - pmm- -~ 2V mSNemo 4. . ’
Oﬁ -~ Al Vv, YT \ s, A I . == - = = ;
MY N v i \ 7 1% - - ~ ) () = .
o2 SR PO L | - K 11 : b - A :
- - . . .

8 FRL Y A T
t

OTXTUALYREIRLL -
o
[ ¢}

IXV1 Ol AOTE §04~-~

vivaxs®
o
=]

: H
/ _.u 1
Nodoao A 7?

Seue?”
B
=
<
]
e
o
b
/M0
(©) oTXTUALVEIIWAL LWD IWIL 6867 VIVA VHddV

4 k] : g - R : €

c _.».-.-.-..-.--.-.-----...-b....»--...»lp??».-

TN T T TTrTTTewE T PP TeTTeTe TR U YU TR T T PPN WY e

ar : ‘ . . A ik
WM eI |..|:J|.::b:\l\»uta.dnrrwlns}:: l.rta\-., NPT P S ..wr:. \l:|||t|o\).|.o..o\ \ .?. ; . :

OTXIUNALYERINEL "
=)
Vo]

YIvax
[=]
=]

._»......p . ? A ..._r\\ (g W.f.?_. mﬁs\ :.P‘.k r.r..\.!\..!ﬁ{»w.\ @? rﬂx..
(68) xuvnugad , : (68) XMVNNV( -
1§ _ ’ (A . ot : a2 ae

O At d s abiad b s b sbaaad s oo W E T T W T T T TT T TTTeTTY PO T T TV T .............LPLP-.......inc

¥—

/RO £XVI 01 HOUL 60d~——

o

2> Q
-y
iy m

Rl VEPRY 1

3

. g ”
o 0e— |
3 - 0z- §
m, MM |">>.>: M."}"..}"ﬂ.\..w..m\...wM”,m“".WM_.;.".L» o~.| m
f o g VTl LA LA L
P Al b I oc

00T 3 oS AV ~ _p_.. 0¢

8/FD

! ..?w..,,)._.z.., j ...........)......BQ# {fo. : ..%E...B&..\M..s;;.}»>.m..._>.>.>...(..,.P.m «bf.;




| (68) HPHVH -
c 8 - 8 . .m...b.tk..-.-..k».. ..--....».0—»..».-,...-.-.-.-.-..-.n-............-..........O—:u

. o -
c ﬁ (2N ~~, :

s\ and

»

Y o
M

g._ i

8_8 muﬁz . (68) xuvnudad

» : £ 2 . 1 Cee e

—»—--Pbb--.-n.-b#-..--r---?--.--.-...--...-.»-..-»---»--—--.-..-.--.-p-hnfﬁ-bﬁh..-.---.-.--n.-

N

WO & STV VRTINS SO o 7 L S g

v (68) ?5bmﬂﬂr.m o
L2 0z ] ”2 I S

f»b--.-»n--huhh-»-.-»-.».-P»»---»-.-PPE.;.----...».:.-.-.---.Prb---.F-.n--;-.»»»-»Pn»:b-b»-.-..

. . o —
01 - . at} » ML) 24
QN F - B T Lal TR vy - '\~ L PN Illll\ -l\llllll P lll\ll\.l\ll

\ .
R it 1 ahiekatal LR NPT mul

l\'_l\.lll...li\...\lllllll\sv\

- Itsﬂllm

. 88 xavnugdd
2 12 og ot -1 L3

.....-.v.....-h&......._..-.-.....s...L......._.L-..-sL»-....»......PL\-......-b-.>...-.>»..-_......LL»......»»......_ ﬂn[

e i L L P Yy S P P L T e, L Pl Ll N Sl ol £ ST

L N

-
S Dt SO

ko b i bad L

. o
s JF L “—“ - A /m _.

Nl ) i -llllsm. -’ :llt...dl(- _ : ,\t.ﬂ’_'.s\\:.r.-.'.\snollll,.\al..f: g _o.l\‘ DE—
W PR AN A 1A B i b 1R & m b atered) o >3_3>L i O .ul

$/RO £IV1 OL AL BOS~—=

8/RD KXV1 03 A4

8/R0 IXV1 OL X012 SOd~——

8/RD EXVI Ol AOU BOI--~

$0d———

W
o
%
>
[y
«Q
-]
]
o
B od
4
o]
Q
" .
Rl
o
3]
4
J
]
5
=1
B
N
o
I
o.
-
0
A4



viiseaisavABArins —

Ty Ty rrrrrrrerrry

v&mx""dfi!til_d.“lal-l; -

OO0
=Ny RN NV R

- 4
\
|l

]

| MRS AL SLAY fL AL LI S0 B 20 40 o n 2n e 2n 2n 2 Jn an mn 7o 2e 20 e a ;

MARCH (89)

v e~ —— "o Y

[4
1
[]
)
(]

b iadh T L
11

R MCL AL ELALEL L B A0 (0 0 0 0 G A0 0 B A 0 Au a8 »

/MO IXV1 01 MOTd S0d~——

@

=]
L
L
o
b
L
L
e
L
5
5
S
L
3
L
s
5
S
s
L
5
5
L
@
al
5
5
»
L
L
5
5
e
L
-
L
1S
3 S
Sascomeme 1 =
S
o
£
H
&
4
:"‘n. :
B

!
‘i
i

8/RD TXYT 01 MOUL BOd——~

MARCH (89)

| SR A S A A A N0 N0 25 S 200 A8 0 A Jn 2 s

10

18

ML A AS A A B A S0 A0 B B AL N B An AN Bb A0 A Jn An S A Sn A An o be a an an o

14

vavum

=2}

(=}
Q
-

WIAARILAYREANRTEL —-"

oo loloolRololo e

OO0 MO~

VIVOX O TXXRALYRELANEL =

'$/R3 EXV1 0L AOTL §04---
(2) 0TXTUNIVHIINIL LWD IWIL 68671 VIVA VHILV

B Z0 AL A6 A0 S0 M a0 Bn A tn Bn o i an 2n me o an At 2 o 2w an ' 2

Ty ¥ v rrrrrrery

a2 23

21

| SAAMAMA A0 A0 B B 0 B0 OL B0 20 B0 AN G000 ER DLy [ AL A A A n B in i an 2 n an

LA AR AR SN A0 S0 a5 ue b o A b An g 2n an au e g g

MARCH (89)

29

vrrrry

R G N .

27

T Y Y T T N T T T T N Y T T Y Y Y Y T T Y T T T T Y T T YT Y

§/R0 LIV OL MOUL §04-——

= —3
L O
@
: A4
S =
E O
F =
P <
=
g

LA A A BB A AL B0 LA A S0 i B¢ SLAR SR A A 0 B A an 2n n n an e 2 2n n 2 Jn 2n an an au 4

24




Soeeeee, b

PR

3.
""?'.-.7: 0
¥

- F-—-.....}._._-

-—

\quemssenieimmsiny et 1Y f:b_.::::::
»

P

L— h
SN

e .

'~
> .
Woierumess
R

4
"“'", i T

T

$/RO EXVI O1 MOd BOd-~—

APRIL (89)

.f J‘~’
I

: 4: - :
=i
. i
f:i 1R {1 .
i) N
4
rreTrrTTTreT e rrer

entareen £ot,
7

o

eciessssstiae

e
T ey

L J I B0 S B S n an i b 2 A 0 B A A0 SR A a0 B 0N LA AL B SN I 20 b AL AL A NS0 LU S AL SLIRAN NLAL BN AL AR AL N0 A0 B0 LA AL AL AL AL AL ALALBAAL A AL SA AN (A0 AL B0 ALAM AL AR A0 AL M AL AM AR B0 AL AL A A0 AL B0 A

S/RD TIVT OL A0 BOd———
(0) 01XaUNLVYIINAL LRD IRIL 6867 viva vaddav

APRIL (89)

>

=Y
rod
L
- ooannos,
S, g
Bttt

Servovssaens,
eennsavevass

-y ==
omsorpizssnarear
homedid T2

‘\(J"?

proeven
H

geveesen oeany

-

....V;j

U
| 4
W}

|

=503 rrrrrrrrrrerreirerey

8/R3 IXIVI Ol AOUL $0d——-

LA T I S 220 0 S S S S A0 S 8 b A0 M T g e L RML MR N AN M AR AL RS BL LSS AN SLAM AL IR EL AL AN ML ALAL IR U000 AL AL AL LA SLALALELAL BLAL AL AL BLES SLALALAMALAL AL AL AL AL AL B M AL AL VAL AL R |

13

-4

11

APRIL (89)

8/M0 XV 0L MOU 804~~~

~

T T YT T T T T T Tt
(U] 87 18

i

AAASMAAZ 20 B A0 0 A0 00 b A0 A AL A BLAM B0 B A0 0020 I A AL J A A0 A0 A0 AL AL UM A0 A0 SRR AL AR AL AL ALELALAL A AL S A AL AL BLIS A0 AL A0 AL B0 (AL ALEL AL SN AL LA A A A0

i

13

(qq)

ADNYY



YIVOX O TITUALVASINAL VIVOX U OTXIEALYERINEL - TIVOXOTXTRALVE SRR~

¥y
lJ
A
‘.
h
I e

23

[ AR AR A A A AN BN S S b Bn An S b 2n n 2n 2m on am an ae o o

Ty Vv rrrrorrrrery

21

APRIL (89)
APRIL (89)

T Y VT e r rr T rTrrry

20
3

TV VT Y T Yoy rrIrrrrr

19
4

W T VYT T T T Y TTTTY

T

5

8/R) IXVT OL MOU SOd-—= 8/R3 IXV1 01 4014 50d——~
. (@) OfXHHﬂIWSdNH.L LD ZINIL 6887 Vivd VHIIV




(0) FENLVYIIRIL ~

(9) 34nLIVYAINAL -"

(0) FNIVEIdNIL ~"

(3) FHNIVYEIRIL ~"

”n‘n’{lhnd

VIvaz

- o
-
|

NIEMN~OO
o vt v -

Loadoolontig! )

Vivdzs

VIVaz

0e:
o

086

' 007

L2

(68) AVI

(4 (] ’

o1 A
02 !

0S

—Tiee],
b
pey 3
ErrRg

€2
Q i Py .\..u».....b...u“.w-..... ..“..u....u.....vrp».>.>;.....»».».n_rruh.u...»u:...-......»r.-rw...—.» ..»-.-.»..».»-.o..u.‘.....-..._Q@'
o1 - ELY; ‘ 3 ..q“ . -ww .1._ b "“. M... .q.i .m..... u . 4 : 3 — By v -. b—
02 - _ , ' i , : 1 FOE-
o 1. by ¥ - ) y i L EDEC
e A 8W o o N S L ._._;: .mL, ».:_....“f.* -
L e s A B AR A T e R 1 & AR PIPEN vt SUTh A IR )
08 3 4 i ! [ Y | ' ' Sr; 70 o1
or 41 ! { ' W d ' h 02
ww " I Noa L Vo i E i -0€
001 ; RS 0¥
S0 k | ' 0g
R N :
t2 22 " o1
° —Lbb..f-ﬂb...-..-n Phh.b.buﬂ..-—.-»-v..?»»».-\--rn \-" k-

09
0L
08

00T

ol
14
oe
1) 2
oS
09
0L
08
06

-3t

o ‘h}»-.b-..-.h-»?.-»»E»—-.----P-»»--

"

.

N WO T T TTTTY ST T ST OO | 0G—

8/R3 LAV1 OL AU 50d———

8/R2 EXV1 03 A0l S0d———
a3 1RO INIL 6861 VIVA VHILV

8/RD IIVI Ol AOU $0d-——

8/RD EXY1 O1 A01L S04~

() orxa¥vnIvaIaR



Depth(m)-

Depth(m)

~ Depth (m)

" Acoustic cm MeaSureménts-, Burlihgton Ship Canal-May 7, 1989

e .

_.

1603-1606

.'4— S EEEmammm T o
©oT-B1H 1812-1 15"

Burlington

_ 1616-1620. - (GMT)
Along Canal Component »
0-7 S — g — ey
2-, B e ] Bt . e
4 — i o ~
i e L > L
6 - . =
e S
8 :': 'J-» -
10- - . = fm— — - o e = —— =
12+ o = e
1603-1606 1607 -1611 1612-1615 1616-1620 (GMT)
Cross Canal Component '
o7 71 6.9 68 g9
2 '
4 <
6 _ .
84 ~ 70 70 - |e8 6.8
10+ — - -
Temperature - °C
| '| T N |‘ —T T LS T~ )
0 110 20 30 . 40 50 - 60 70 - 80 80
Distance (m)
Figure 4"

Hamilton

4 N - ‘ '



-

f . N

———SACM CM/S

——BRANCKNER TEMP C

30

303 3
20 E 20 3
102 = S
.10 E 3 10 |
0- = 0 E
~107 = 10 <
—205 - F =20
_BG: T T J T LA N N T T R = -30
13 14 15 16 17 18 19 20
| 24 FEB (89) GMT

-—«SACM TEMP C

llﬁ l 1l7 o 1.8
24 FEB (89)GMT

Figure s



e 0 N (%] ' .
a 8 ¥ 8 &® & & 8
‘|nn||11A||A||.ln..j]l‘ni'nln;nll'n-lrn';.]l'l'.:AAl }
a1l
B

lllllllllllllllllllll-llllllllll'lll_lllll
llll‘l!"llllll'll(llrll"_llIllllllllllr-'
A

[d
Q
N
N

4]

N\
g law s
LN BB
N\

e .

(=]
I
|
i

o+
|

i
J
N
N

N

)
(4
saaafasag
N

i IY IV BE

N\

AFFRA flow (cm/s)

||.|llrnll.llrlrlllll'lllllllliIlvrillvilllt‘vllin,lrﬁ

ll‘llllll;‘lllllllllllllllllljllli<lll!lll

||.|l|.||]41.4‘|1:|||.|.||||||||A|:J|11||.JJ;£I:,I_I'_7;L_ - CO8 A 12 - L . W W

B e R e e "5 10 15 20 25 30 35 40 48
Average flow from profiler (cm/s)

[=]

(<]
o

o



CROSS SECTIONALLY AVERAGED FLOW (CM/S)
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