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' PERSPECTIVE 

u 

The of the Niagara River with Lake Ontario is examined using 

temperature and velocity data collected by the Niagara River plume experirnents 
between 1982 and 1985. The. report first reviews previously reported findings on the 
Niagara River plume. The remainder of the report is devoted to. the analysis of data. 

temperature maps derived from satellite images showed that the most 
common trajectory of the Niagara River plume is to the right, when viewed'fac'ing 
offshore. The right-tuming plume was observed 35% of the time while the plume

\ 

water was the same temperature as the surrounding water 33% of the time-.
. 

The report focuses on observations of the right-turning plume made in"July 1984 
and July 1985. In both cases the thermal signature of the plume was strong. We find 
that offshore of the river mouth the plume is directly above the strong seasonal 
thermocline. This inhibits mixing between the plume and the lake water. There was 
little dilution of . the plume as far as 8 km. eastward of the river mouth. The presence 
of a semi-permanent anticyclonic eddy is confirmed using current meter data collected 
during the summer of 1984. The eddy is located adjacent to the eastem side of the 
Niagara River mouth-. The eddy most likely forms when the plume is right turning and 
in the spring-fall months when the density contrast between the plume and the lake is 
strong. The eddy has rotational speedsof about 15 cm/s and a diameter of around 
3 km. Strong current shears (20 cm/s) are observed inshore of the eddy over the 
shallow Niagara Bar between plumewater and the ‘cold thermocline water below. 
These strong current shears may enhance entrainment between the plume and the cold 
water below. In light of the work done by Fox and Carey _(l986, 1989) and Carey and 
Fox (1987) this may be a region where the toxic contaminants inthe bottom" sediments 
maybe resuspended and added to the plume. -These ideas warrant further study on the 
sediment resuspension processes associated with the Niagara River plume. 

' ' 
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' ABSTRACT 

i 

The Niagara River" plume discharges into Lake Ontario at a rate of 

6500 ms/s and is the lake’s principal source of suspended and dissolved materials. The 

plume is frequently warmer, thus more buoyant, than the surrounding lake surface 

water. Using thermal satellite imagery, it is -shown that the plume turns right, when 
viewed facing offshore, about 35% of the time. About 33% of" the time the plume is 
the same temperature as the esurrounding water. Temperature and velocity data are used 

to examine the sbuoyant right-turning plume. Estimates of the bulk shear Froude 

number suggest that the plume is unstable at the,‘ offshore edges of the tuming region 

and stable in the "i_nte'r_io1'.; The stability of the interior is enhanced by the presence of 

a strong seasonal thennocline directly beneath the plume. An anticyclonic eddy forms 
nearshore to the right of the river mouth. The eddy has rotational speeds of 15 cmls 

and is about 3 km in diameter. The momentum balance of the plume is examined using 
a local coordinate system. Near the river mouth the plume is vertically mixed to the 

bottom and the large initial flow deceleration is balanced by bottom st_ress.- Away from 
the river mouth, the principal balance is between Coriolis acceleration, relative 

acceleration (inertial turning)-, and the cross-stream baroclinic pressure gradient.

/



1. Introduction 

Y River discharge plumes have received considerable attention in recent years. 

They dominate the local physical and biological processes of the coastal receiving 
waters and are often the source of nutrients, sediments and unwelcome toxic 

contaminants. The Niagara River discharges into Lake Ontario at a rate of 

6500 m’/s and ‘is the lake’s principal source of suspended and dissolved materials 

(lvludroch, 1983). Persistent ‘contaminants have been found in the water, fish,‘ and 

suspended sediments in the Niagara River, and examination of the bottom sediments in 

Lake Ontario has pinpointed the riveras a major source of toxic contaminants, such as 

mercury and Mirex (Thomas, 1983). There have been a number of studies" on the 
biological, chemical, and sedimentary properties of the Niagara River plume (see, for 

example, a special issue of the Journal of Great Lakes Research, vol. 9, [number 2, 

1983). . 
"The physical properties of the Niagara River plume have been studied by, for 

example, Weiler and Murthy (1969), Murthyet al. (1986), and'Masse and Murthy 
(19.90). The principal results of studies reports will be reviewed in the following 
section. , 

' 

1 
_ 

,
. 

I 
The role of the dynamics of the Niagara River plume in the dispersion of river~ 

borne contaminants in Lake Ontario was first studied in 1968 by the National Water 
Research Institute (NWRI) (Weiler and Murthy, 1969; and Murthy, 1969)-." Later, 

between 1982 and 1985 conducted an intensive four-year study of the chemical, 

biological, sedimentary, and physical properties of the Niagara River plume in support 
of the Niagara River Toxics Management Plan (NRTC, 1-984). These field observations 
form the framework for this report, as well asthe bulk of the available information on 
the plume. The intent of this report is to examine the physical dynamics of the flow, 
first by summarizing previously published work, including numerical model results, and 
second by presenting andinterpreting some new physical ‘data from "the 1982-1985 
study._ '~ ' T ‘_ '

‘
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During spring and fall the Niagara River temperature is warmer (less dense) 
than the coastal Lake Ontario surface Water. The temperature differences vary with 

season, such that in spring and fall the temperature in the Niagara River may be 3-4 
(°C) warmer than the lake water; while» in summer and winter the differences usually 
vanish. The Niagara River plume be identified in satellite images of the 

temperature and/or suspended sediments (Figure 1). The thermal satellite image 

(Figure la) and the visible‘ colour (suspended sediments) satellite image (Figure lb), 

although takenion different dates, illustrate a few of the characteristic plume features. 

The plume is bound by strong density fronts represented by sharp colour contrasts 
between the river and the lake water} Soon after leaving the river mouth, the flow 

turns eastward in a coastal current along theisouthem‘ shore of Lake Ontario. The 
right-turning nature of the Niagara River plume has been linked to the persistent current 

along the southem shore of lake Ontario (Simons et al.,, 1985; and. Simons" and 

Schertzer, 1989) and the effect of eaIth’s rotation (Masse and Murthy,~ 1990); The 

mean flow of the alongshore coastal current is approximately 8 cm/s, much smaller 
than the measured plume velocities of 100 cm/s at the river mouth and 10-20 cm/s 

offshore. 
, 

s _' ‘ 
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It is thought that the Niagara River plume exhibits two circulation patterns 

(Boyce et al., 1989). In one pattern the plume, upon exiting the river mouth, gtums 

right, when viewed facing offshore, and follows along the southern coast of the lake in 

a density driven coastal current. In the other pattern the plume moves offshore into 

the westem basin of ‘ Lake Ontario, Paths of satellite-tracked. surface drifters (3.-5 m 
depth) "illustratefthese two trajectories (Figure 2). Figure 2a “shows the paths of two 

surface drifters, denoted by the heavy and d&Sh6<1 lines in 31¢ figure, deployed near the 

mouth of the‘Niagara Riveron October l5, l985._ Thedrifters, presumably in the 

plume, move offshore into‘ the westem basin of Lake Ontario. They‘ travel anti- 

clockwise around the basin and then are trapped in a coastal‘ current along the south 

shore of Lake Ontario and flow alongshore to the east. This event was preceded by 

weak but persistent winds from the east; Figure 2b shows two surface drifters released



in theplume on July 1'7_, 1985. One-drifter (heavy line) executes an anticyclonic tum 
after leaving the river mouth and travels eastward along the south shore of Lake 

Ontario. The other drifter (dashed line), deployed farther offshore, initially headed 
eastward alongshore, but was soon trapped in an anticyclonic eddy for 4 days before 
proceeding eastward t again. - 

. 
.

V 

The bathymetry ‘of Lake Ontario and the area adjacent to the Niagara River 

mouth areshown in Figure 3. At its mouth the Niagara River is approximately 22 m 
deep. -The water depth shoals to between 5-10 immediately offshore of the mouth over 

the inner Niagara Bar. and then gradually slopes offshore to 20 m. At the 20 m isobath 
the water depth drops from 20 m to 70 m in less than a kilometre. The shallow bar and 
steep slope, although of smaller scale, are similar to a continental shelf and slope. 

Following the introduction the report istorganized into the numbered sections: 

(2) a literature review of observed physical characteristics of the Niagara River plume 

prior to 1982; (3) description of the 1982-1985 experiment; (4) summary of numerical 
models of the plume; (5) lake surface temperature measurements from satellite imagery 

and hydrog-raphic data; (6) current and wind -field during the summer of 1984; 

(7) temperature/velocity structure during July 1984 and July 1985; _(8) discussionhof 

anticyclonic eddy; (9) estimates of the momentum balance of the plume; and (10) the 
0_0I1cluding remarks. . . 

V 

r 

1

. 

2'. . Early Physical Studies of the Niagara River Plume 

‘I The Niagara River outflow has been thesubject of pollution studies in Lake 
Ontario for the past 20 years (NRTC, 1984). Early physical studies were conducted 

during the summers of .1968 and 1969. These experiments combined infrared imagery 
of the lake surface collected by aircraft, bathythermograph data collected, in the plume 

area, dye dispersion studies and Lagrangian ‘drifter experiments (Murthy, l969;Wei1er 

and Murthy, 1969). ‘The drifter studies showedthat the river discharge plume rapidly
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decelerates from 1 ml s at the ‘river mouth to .5 m/s within a few kilometres of the river 
mouth-. It was found that the motion of the plume is strongly influenced by winds one 

day prior to the observations‘ and that the plume motion is related to su_rface currents 
offshore of the-plume. For example, when winds are from the east and northeast the 
plume moves northeastward and spreads fanlike away from the river mouth; - When 
winds are from the west the. plume moves offshore then curves to the right and to flow 
eastward along the coast. The infrared imagery, which covered more days than the 
other experiments, showed that the eastward flowing plume dominates. This is not 

surprising since the mean windsover Lake Ontario are from the west. This study was 
the first to showthe asymmetric response of the plume to alongshore wind forcing} 

The dye diffusion experiments examined the mixing characteristics of the plume. 
Initially, at the river mouth, the vigorous horizontal and vertical were observed 

with rapid fall-off of dye concentration distance from the mouth~(Murthy, 1969). 

Beyond the zoneof vigorous _m_i;xing the dye plume spread horizontally over the ambient 

lake "water with little dilution, The dye plume often had a tendency-to turn eastward. 
As often observed in spreading buoyant plumes _(Garvine, 1974) vertical mixing was 
inhibited beneath the plume away from the .river mouth. Between the spreading plume 
and the ambient lake water is a region of strong current shear»; however-, the -strong 

‘stratification beneaththe plume inhibits vertical mixing. 
9' 

-

9 

v 

i Weiler and Murthy (1969) identifiedthe warmer water of the Niagara. River 
plume. in a of hydrographic transects around the outer Niagara Bar. They“ found 

that over theouter bar the stratification beneath the plume is weak and possibly arises 

from rapid turbulent mixing as the plume separates from theibottom. Offshore of the 

bar a sharp temperature gradient is observed between the plume» water and the lake 

epilimnion. This was observed earlier by Anderson and Rodgers (1959). They 
suggested that the sharp stratification is due to the movement of deeper lake water 

toward the "westem edge of the bar, and subsequent entrainment of this water by the 

outward flowing plume; - 

_- 

' 

Y
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These early experiments formed the basis for an intensive experiment over a 
. \

. 

four year period (1982-1985) designed to examine the chemical, and physical 

characteristics of the Niagara River plume. The four agreement between Canada, 

the United States, Ontario and New York on the toxics management of the Niagara 
River provided the impetus to examine the impact of the mixing characteristics of - the 

Niagara River plume in Lake Ontario,~and its relationship to the "fate and pathways of 
toxic chemicals into Lake Ontario (NRTC, 1984). The following paragraphs dis.cuss 
the important conclusions of previously published workon the Niagara River plume. 

3. Description ofthe 1982-1985 Experiments . 

Our current understanding of the Niagara River plume has been derived from 
a series of experiments conducted by NWRI between 1982 and 1985. The study 
collected physieal data-to aid in the interpretationfof chemical‘ and biologicaldata 

collected in and around the plume. Figure 4 is a. graphical summary of the types of 
data and the dates of collection for the physical experiments between 1982 and 1985. 

Figure 5 shows three differenttemperature profiling schemes used. Figure 5a 

shows a 10 x -10 km grid, with grid spacings 500 m apart, centered on theriver mouth 
and rotated 15° anticlockwise from True north. Temperature profiles were collected‘ 

at the grid intersections during the ‘I982 experiment (Murthy et a1.-, 1986),. Figure 5b 

shows three transect lines normal to the coast. Closely temperature profiles 

were collected along these lines to examine the nearshore plume in greater detail during 
the 1984 and 1985 experiment (Murthy et al. , 1987). Figure 5c shows the stations used 

to collect temperature profiles, as well as, percent transmittance, and geochemical 

samples during the 1983 through 1985 experiments. This sampling scheme is described 
. | 

in greater detail by Carey and Fox (1987) and Fox and Carey (1989).



,.. 
18+? - 

I! 

\.\ . 

.-_6y.‘ 
' 

Cu1fr6nt' and tempcmmre data was collected from an array of current meters 
located adjacent to the river mouth during the summer of T 1984. The locations of the 
moorings’, labeled A through ‘I-I, marked in Figure 3b. The current meter data set 

is discussed inpdetail in section 6. 
' it 
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- Lagrangian currentdata obtained from shipped-tracked drifters and ARGOS 
satellite-tracked drifters. Both types of drifters were drogued with a 2.4 x 3.0 m 
Usually, the distance, from the water surfaceto the centre of the sail" was 3.5 m. The 
windage, or surface area of the float to sail area was approximately 50:1. ‘The shipped- 

tracked drifters ‘(usually 10.) were released in a ‘line across the plume near the river 

mouth. The flocation of the line often changed with experiment. The surface floats 
were then visually tracked by ship with individual fixes per drogue usually about 

30 ininutes apart. Because of the short time interval between fixes relative to -the drifter 

displacements the drifter data were not smoothed unless otherwiserstatedt ,

p 

_ 

The satellite.-tracked drifters were usually released after the ship-tracked drogues 
had been recovered.’ These drifters were released in the offshore portion of the plume. 

The Argos system records positions at approximately six hour inttervalss and is accurate 
within 500 m. The sate1lite+tracked drifter positions were then smoothed using the 
interpolation scheme of Aldma (1972) and subsampled to 1 hour intervals. t

‘ 

The data collected in 1982 has been described by Murthy et al. (1986) and 

Masse and Murthy (1990). Using surface drifters they examined the river flow just 
upstream of the river“ mouth. 'Drogues_ were initially released in cross-channel line 1.5 

km »upstre_a'_m of the mouth. These drifters consistently converged into a narrow band 
along the‘ eastern shore of the river by the time they reached the river mouth. The 

convergence of the drogues is due to the morphology of the river. The river channel 

bends to the west (left) over‘ the last 2 km before.’ the river mouth with the greatest 
curvature at the river mouth. At river bends, higher ‘current velocities are concentrated 

towards the outside bank, while lower current velocities are found towards the inside 

. 
_ / '

. 
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bank. Bends also increase transverse thus pushing the drifters to the outside 

of the turn. . 

T '- 

\
. 

. In later experiments in 1982 the drogues were released in a line across the 
mouth of the river. It was found that the most westerly drogues had low exit velocities 

and sometimes reversed direction to flow briefly upstream. These western drogues 

were often trapped in low velocity-spin-off eddies on the westernl side of the river 
mouth and eventually trapped onshore. .

' 

. /,
' 

. 
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Murthy et alt. (1984, 1987) identified two distinct regions of the Niagara River 

discharge plume. Near the mouth over the inner Bar the plume is vertically 

homogeneous, with strong offshore velocities. The plume spreads horizontally similar 
to a turbulent jet (Luketina and Imberger, 1987). Away. from the mouth the plume is 

separates from the bottom and spreads offshore. Here the plume is often bounded by 
sharp density fronts. The plume thermal signature was strongest in June, October and 

'
> 

November. In July the temperature of the plume was the same temperature as the 

ambient lake surface water, thus no plume structure was observed. Murthy et al. 

(1984) and Murthy et al. (1987) observed the anticyclonic tuming of the plume and 
attributed this to the lake wide circulation. They also observed an anticyclonic eddy 
adjacent to the eastern side of the river mouth. This eddy was only observed when the 

plume was turning right. _ 

‘ 

_ 
.

e 

p 

Murthy et al. (1984) proposed a conceptual model of the plume from the 

available data, Themodel describes the plume as having threephases as follows‘: 

a. The momentum dominated initial phase where the flow‘ in the 
a 

plume is hydraulically controlled and the plume exhibits jet-like ~ 

behaviour. The plume is verti_cally'mixed by plume generated _ 

turbnlence. This region extends to the edge of the shallow-inner 

bar. .

'



b. " The transition phase occurs at the edge of the inner;Niagara bar 
where the buoyant plume separates from the bottom, A r

. 

thermal front forms between lake and plume water. The vertical- 
displacements of the thermal gradients suggest strong vertical 

_ 

mixing and possible entrainlhent of colder .-lake water from 

below; ' 

_ 

' 

‘ 
i 

Y>

' 

c. 
" -The buoyant spreading phase occurs farther offshore -where the

' 

plume is a thin layer floating‘-on the surface of the" lake. Motions 

here are dominated by the buoyancy of the plume and local wind 
” St1'€SS. ' '

.

/ 

- 
‘ These ideas were modified by Masseand _Murt_hy (1990) by taking into account 

tl1e1impo‘rtance"of the ,earth’s- rotation on the flow and the mixing generated at the 
frontal boundaries-. Masse and Murthy (1990) identified three dynamically distinct 

phases the Niagara River discharge similar to the conceptual modelof Murthy et al. 
(1984); ( 1) near the source advective forces dominate, even in the case of strong wind 

forcing, and the discharge is vertically homogeneous; (2) at the edge of the Niagara-Bar 

‘the plume/jet separates from the bottom as buoyancy effects become important; in this 

region experimental results by Safaie (1978) and observational studies by Luketina and 

Imberger_(1987) imply that vertical entrainment is significant; and (3) farther offshore 

the plume is la buoyant -layer, stably stratified, withlimited vertic'a1.entrainment= 

In this region the plume is supercritical, with the internal Fro_ude<numbe'r,.F, (defined 

as q/c, where q is the.flu_id speed and c is the internal phase speed) ranging between 

2 and 4. The earth’s rotation becomes important at scales of 3 ri, where ri is the 

internal Rossby deformation radius defined. as _r;=c/f where f is the local Coriolis 
parameter. At 3 ri, as the plume spreads horizontally by baroclinic pressure gradients, 

rotation effects deflect theiflow right (anticyclonic) ‘along upward sloping isopycnals. 

Theoretical work by_Gar'vine (1987) "showed the frontal region to be important to the



overall structure of the plume. At the fronts near the .source baroclinic pressure 
gradients ‘generate -strong. convergent velocities resulting in enhanced mixing. At 
greater distances from the source the plume turns by Coriolis action to flow parallel to 
the coast. The bounding fronts are now streamlines and cross-frontal mixing is 

inhibitedf r 
to *~-9 ' 

_ 
Masse and Murthy (1990) also examined the behaviour of the plume during a 

strong wind treversal. Initially the wind was blowing alongshore to the east 
(downwelling favourable) with an average stress of greater than 1 dyne/cm’; Two days 
later the wind had reversed and was nearlytthe same magnitude but blowing to the west 
(upwelling favourable). Under the downwelling favourable wind the river plume 
executed a sharp anticyclonic turn upon exiting" the river mouth and flowed towards the 
east in a concentrated fast-moving coastal current, Under upwelling favourable winds 
the drifters in the plume moved offshore at moderate speeds. According to the 

temperature measurement the plume had completely mixed with the surrounding lake 
water’ in one day. This upwelling-downwelling asymmetry has been -modeled by Chao 
(1988) for_ large scale estuaryiplumes. - = 

‘ ‘ 

Masse and Murthy (1990) used scaled estimates of the dominant terms of the 
vertically integrated momentum equations for the plume layer to examine the 

differences between the plume momentum near the source» compared to the plume 
momentum away from the source "for two different wijnd conditions. They considered 
two cases. One -case considered strong plume buoyancy and light winds, while the 
other case considered weaker plume buoyancy and strong winds. They found that even 
under strong wind forcing the momentum in the plume near the sourceis dominated by? 
relative acceleration and that wind -stress is of only secondary importance. The plume 
momentum balance is discussed in greater detail in section 9 of this report. 

The 1983 satellite-tracked drifter experiments, discu8S.6d in Simons et al. (1985), 
confirm the belt of eastward motion along thefsouth shore of Lake Ontario. The
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drifters moved alongshore with maxin_1um_ speeds of 609-.75 cm/s and mean speeds of T20 

cm/s. The velocities are much higher than the .m'id=1ake current speeds of 5 Cm/s. 
Using current meter data collected between November 1982 and March 1983 in an 
across-lake from Point Breeze, New York to Port Hope, Ontario me3S_\_1red.a 
strong eastward current along south shore of the lake with a compensating return flow 
in the deep water in the center of The lake. This circulation is driven by the mean 

westerly wind stress. The coastal current is enhanced by topographic waves 

propagating anti-clockwise around the lakelperimeter (Simons et al.[, 1985; Simons and 
- > . \ 

Schertzer, 3i.I1i0_n$ et al. (1985) computed thewater transport though the lake 

cross-section and found that the Niagara River discharge accounts for only 10% of the 
total eastward in the lake. The eastward transport is concentrated along the 

southern shore of Lake Ontario with negligible transport on the north shore. Thus, if 

the Niagara Riverdischarge is completely: mixed with in this band 90% of the river 
water would be recirculated in the lake and only 10% would exit through the Saint 
Lawrence Rivera. < 

V _ 
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’ Murthy ,et al. (1987) examined the temperature and velocity data collected‘ 

during the 1985 experiment. Evidence from surface drifters released‘ on July 16, 1985, 

just offshore of the river mouth, showed the existence of an anticyclonic eddy, to the 

right of the river mouth, when viewed facing offshore. The eddy was approximately 

3 km in diameter. The drifters were drogued to 3.5 m depth and were tracked visually 
by ship. Some of the drifters released on the 16th were not recovered until the 

following day nearthe eastem sideof the river mouth (K. Miners pers. comm.).‘ A 
\ _

. 

similar eddy» was observed in th'e‘1982 data (Murthy et al., 1984). Larger eddies were 

observed 15 km east of the river mouthby the satellite-trackeddrifters as shown in 
Figure 2a, The satellitetmcked drifters often exhib_i_ted inertial oscillations as they 

travelledeast along the southern shore, of Lake Ontario. Murthy (1973) suggested that 

the high contaniinant level found in this area relative to the level near the mouth could 

have been associated‘ with recirculation and resuspension -in this area. Murthy et a1. 

(1987). also notes that the recirculation zone is of low net transport andmixing. .
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‘ Previous studies of the Niagara River plume show that the plume is highly 
variable in structure, particularly when it switches from its most commoneastward 
trajectory to an offshore trajectory (Masse and Murthy, 1990). general, the eastward 

plume is well defined by strong bounding fronts; While the offshore plume is poorly 
defined and often completely mixes with surrounding lake water. 

4. Numerical Models of the Niagara River Plume 

Simons (1972) developed one of the first numerical circulation models of Lake 
Ontario which included the discharge of the Niagara River. His first model (Simons, 

1971) was a two-dimensional vertically averaged model to represent the winter 

circulation in the lake. The model included the effects of rotation, nonlinear 

acceleration terms, lateral boundary configuration, bottom topography, lateral diffusion 
1 . 

of momentumr, and various representations of bottom friction. Three-dimensional 

circulation was later modeled in a four-layer homogenous model. V The layers are. 
separated by fixed level surfaces. The equations for each of the layers are obtained by 
integrating vertically over the depth of the layers. By sumniing the layers nearly the 
same goveming equations as the two-dimensional model are obtained-. Results of the 

three-dimensional model clearly show the Ekman solution for a wind blowing parallel 
to the coast. The surface transports areto the rightzof the wind and the bottom 
transports are to the left. For strong westerly winds verticalvelocities between the 
layers predict upwelling along the north shore and downwelling along the south shore 

of Lake Ontario. ' 
T 

» V, 

t Simons (1972) uses the four-layer homogeneous model -examine the effects 
different diffusion coefficients have on the dispersion of a pollutant originating from the 
discharge of the Niagara River. Studies in lakes (Murthy, 1970, 1976) and in oceans 

(Okubo, 1971) have found for intermediate horizontal scales of l-10 km the apparent

- \
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diffusivity ranges between 10‘-‘ = l0’_ cm’! s. ‘In Sitnons’ (1972) model t_h_e’concentration 

of pollutant is specified at the mouth of the Niagarakiver and maintained at a constant 
concentration for the duration of the experiment. Using a diffusivity of 10‘ cm’! s the 

dispersion of the conservative substance (pollutant) in the lake is largely controlled by 
advection, causing the substance to follow thepath of the Niagara River plume as it 

moves east. Increasing the diffusi_vi_t'y to 10‘ cm’/“s, causes the pollutant to spread more 

symmetrically with respect to the river mouth. ’ 

_ 

~

. 
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_ Murthy, et al. (1986) compared temperature and velocity data collected in the 

Niagara River plume over the summer of 1982 to the results of a numerical circulation 

model. Thevmodel is similar to the Simons (1972) model, except that the nonlinear 

acceleration terms have been neglected. The model uses a nested grid system in which 

a low resolution (5 grid mesh) model computes flow for the whole of Lake Ontario 
and provides boundary conditions, for a medium resolution model (l km grid mesh) 
covering an area near the mouth of the Niagara River. This medium resolution model, 
in turn, provides the boundary conditions for a high resolution model (0.2 km grid 
mesh) covering a 3 x 2 km area adjacent to the Niagara River, mouth. The model 

inputs are the daily values of the Niagara River inflow, a constant value for the 
t ,

' 

Welland canal outflow-, and daily Saint Lawrence outflows are set to balance the above 

flows. The model is driven by hourly winds obtained at a meteorological buoy in 

western Lake On.ta.ri.0- 
i 

V 
~ 

~
» 

. 

V The model was run using data collected dufillg the 8-10, 1982 

experiment (Figure 4). Bottom friction was adjusted so. the comp'uted,cur-rents were 

similar in magnitude td the observed ship-tracked surface drifter displacements, 

resulting in_'a vertical eddy viscosity coefficient (A;,) of 16:6 cm’! s. Plume buoyancy 

has been neglected. The horizontal velocities computed bythe hydrodynamical model 

are used‘ in a_ contaminant transport model developed by and Durham (1984). A 
constant contaminant concentration was maintained at the river mouth. A diffusivity 
of 10’ cm’/s was used, thus the contaminant plume is weakly diffusive. _
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V For the November" 8-10, 1982 experiment the modeled velocity field-for the 

surface layer is similar in direction and magnitude to the observed surface drifter 

velocities (Figure 6). The velocity field offshore of the plume, computed by the low 
resolution model, is stronger than the nearshore current field trapping the “plume 

onshore.) Although the area covered by the contaminant plume changes with wind 

direction, the regions of high contaminant concentration are within 5- 10 of shore. 

A study of the same data set by Masse and Murthy (1990), showed that for westerly 
winds the plume stayswithin 10 km of shore and travels east along the southern shore 
of the lake. For an easterly wind the plume moves offshore and is quickly mixed with 
the surrounding lake water. . 

Murthy et al. (1984) use a Lagrangian transport model to simulate the movement 
' 

\ .
- 

of particles representing the surface drifters. The model uses the computed upper layer 
velocities from the multilayer Simons (1973) model. This model is nearly identical to 

the model used by »Murt'hy et -al. (1986). Turbulence 
‘ 

within the plume ‘was 

characterized as a normally distributed random displacement added to each‘ advective 
displacement computed from the model velocities. The distribution was chosen such 
that the maximum random displacement did not exceed 10% of the computed model 
displacement in each step. The results compflte favourably as far as plume shape and 
direction are concerned]. Even when ‘the winds are strong and change rapidly in 

direction. However, the computed Lagrangian velocities consistently underestimate the 
observed surface drifter velocities. 

l

- 

Stepien et al. (1987) simulated the transport of chlorinated benzenes in the 

Niagara River bar area ‘using a two-dimensional model that. combines’ coastal 

hydrodynamics and contaminant transport with a chemical partitioning submodel. The 
one-layer hydrodynamic‘ model (Simons and Lam, 1986) is similar to the hydrodynamic_ 
model above. Similar to Murthy et al. (1986) the horizontal“ eddy diffusivity was set 
at 10’ cm’/s'. The settling velocity and partition coefficients for the chemical partition 

,- 

' 

(.
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model were calibrated withfield data collected during the 1983' experiment (Fox and
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Carey, 1986). The results show the concentration of the chlorinated benzenes in the 
plume depends on the amount of suspended sediments in the plume, while thespatial 

distribution of chlorinated benzenes depends on the Wind-driven advective field of the 

plume. 
' 

A 
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~ The effect of diumal variations of the river flow, caused by regulation of the 
river flow by the hydroelectric power dams on the river, on the contaminant distribution 
was exan1ined.e§1‘hey found that a 20% diurnal fluctuation in river discharge results in 
isolated patches of high contaminant concentration with in the plume. Similar patches 

of high contaminant concentration were observed by Carey and Fox (1987) Foxand 

Carey (1989). However, Fox and Carey (1989) found by collecting samples following, 

a surface drifter that the contaminant _concentration‘increas,ed with distance away from 

the plume. Thus, the observed patchiness is not likely due to diurnal _fluctions in the 

river discharge. Samples collected in sediment traps suggest that theincrease in 

contaminant concentration may be attributed to the resuspension bottom sediments. 
'/ 

t The neednow for future modelling studies is to develop a layered model to 
examine the effect of buoyancy of the Niagara River plume on the distribution of 

contaminants. As will be discusased later, the model preferably will be time dependent, 
includes nonlinear acceleration terms, and fronts. Such _a model could be used in 

contaminant distribution, the effects of resuaspension of bottom water and the 
. k

. 

effects of" frontal trapping of debris and surface oils. 
'

V 

5. Lake surface Temperature Measurements - 

_ Environment Canada’s Atmosphere and Environment Service (AES) routinely 

produces hand-contoured maps of Lake Ontario’s surface temperature from NOAA 
AVHRR data whenever clear images- are obtained. The surface temperature maps were 
used to examine the plume’s thermal signature during the winter months, and to

l



estimate the frequency of occurrence of the right-turning river discharge plume 

compared to the other possible trajectories of the plume. Examples of two such maps 

are presented in Figure 7. The plume outline be distinguished as the area inside 

the 20°C isotherm near the mouth of the Niagara River in Figure 7a.’ The plume is‘ less 
distinct in Figure 7b. 

, 

. 
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" All the maps produced during the years 1982 through 1985 were examined. 

Only 136 ‘images of the possible 1461 days (365x4+ 1) were available. In other words, 

only 9% of the days were cloud-free over the western basin of the lake. The months 
March, June and July had the greatest average number of images per month over the 

four-year period, averaging 4.5 images per month, respectively. (December and January 

had the least, with less than '1 image per month. The rest of the months had around 3 

images per month. 
' 

. 
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‘The plume 'was"'visible in 67% of the available maps (93 out of 136); During 
most of the winter months the entire lake surface temperature was close to 0°C. Right- 

turning plumes, defined as those extending offshore at the mouth», butclearly turning 
eastward and following the southem shore of Lake Ontario, were observed in 33% of 
the 136 available images. Left-tuming plumes, similar to the right turning plumes but 

tuming westward, were observed in 6%. Offshore plumes, defined as those where the 

plume moved offshore and did not attach to either upstream or downstream coast, were 
observed in 18%. 

_ 
Those plumes extending offshore a small distance (-e-5 km) and 

attached to both the upstream and downstream coasts (centred plumes) were observed 

8%. The most frequent .positi‘onof the plume is right-turning which makes up over 
50% of all the images in which the plume-is observed. ~ 

7 The surface temperature of the plume, and -the approximate temperature of the 

lake water surrounding the plume were estimated from the ABS surface temperature 
maps. River and lake surface temperatures‘ collected from hydrographic ‘surveys 

conducted between 1982-1985 (see section 3, Figure 4) were combined with the AES 
K 

-

.
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lake] surface temperature data. The ambient lake surface temperature was taken to be 
the surface temperature offshore of the plume, orwhere» that was unavailable the lake 
water temperature directly beneaththe plumelayer at the farthest offshore station. * 

V 
The combined data set of the lake and river surface water temperature from the 

maps and the hydrographic data are plotted in Figure 8a. The plot Shows the 
armual thermal cycle dominates any difference betweenthe lake and river temperatures. 

The coldest temperatures are 0°C during January and February of each year while the 
warmest temperatures are in August and ‘ September‘. Figure>8b plots the river 

temperature less the lake temperature, The temperature difference also has a seasonal 

cycle with the greatest positive differences in spring. andfall (4-6°C). There is clearly 

a dip in magnitude of the difference in the summer m0.nt_hs when the river water iS the 
same temperature as the lake surface water. Somefimes in winter the river water is 
colder than the lake surface Water and the differences are negative. < 

Figure 8c shows the lake surface density less the river surface density of sigma.-t 

(0,) units. ‘Positive values denote that the fiver "water was less dense than the lake 

surface water. Only a few of the density differences are -negative. Masse and Murthy 

(1990) examine one such case of .a negatively buoyant plume. The plume was a sinking 
plume which spreadoffshore along the 1ake’s seasonal thermocline. ' 

.W.e use thetemperature data set -to infer some dynamical featuresof the plume, 

such "as the intemal Rossby deformation radius, a 
' 

' 

" e 

where g’ is the reduced gravity of theplume, computed from the density difference 

between" the lake and riverwater, h is the mean depth of the buoyant layer, and f the 
local Coriolis parameter. The Rossby deformation radi_us,ri, is the horizontal scale at 

which rotation effects (Coriolis) become as importantas buoyancy effects. Using
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h ‘=a 10 m, Figure. 8d shows r; is between 2 and 3 km in the summer m0.n.thS and C1086 
to or equal to zero in the winter months. Q 

The ‘ratio of the physical length scale-V set by the river mouth width to the 
dynamicallength scale set by ri is the Kelvin number, K, Cfjoriolis-effectseare important 

in plumes of order one Kelvin numbers. In plumes with small Kelvin numbers Coriolis 
effects‘ have a secondary" effect. Masse and "Murthy (1990) examined. the 1982 
hydrographic data and showed that Kt is order one for the Niagara River plume. Using 
the data in Figure 8d and an estuary mouth width of 1-.5 km,- K is between‘ .5 and;l 

durir1_g,spring_ and fall. Y » - 

- 

'
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Fischer et alt. (1979) defines; then-specific buoyancy "fluX, B,‘ as 

B = g'V (2) 
V .,,. _ 

--
4 

where V is the specific volume» fluxof‘ the river. The reduced gravity, .g’,, is 

computed using the combined hydrographic and AES temperature data set and V is 

obtained from the daily average volume flux-for the Niagara River. Figure 8e shows 
high variability of the computed buoyancy flux for the Niagara River from ‘year to year. 
For example, during the summer of .1982 the buoyancy flux was between 20-50 m‘/s’, 
while during the summer of 1984 the buoyancy flux was between 25~=e90 inf‘/s’. 

6. Current and Wind Measurements During _the,Su1mner 1984 

a. Dag Angygis 

Figure 2 shows the bathymetryvof the study area used in these experiments and 
thelocations of the current meter moorings. The x-y coordinate system chosen is 
shown on the m__ap\(Figu_re 2b). The origin of the coordinate system is located at the

-a
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mouth of the Niagara River and marked by the solid triangle. location coincides 

with the position of the Niagara River mouth station used in the hydrographic surveys. 

The x-_ax;is is defined as positive along 75 °T and the y-axis is defined along -_l5°T, 
~Positions»o,f hydrographic stations, drifters, and current meter mooringsare given in 

. 
r 

\ . 

units of kilometres relative to the _dese_ri_bed coordinate system." Downstream is defined 

as ~alongsho1'e to the east Of the rivertmquth -in the direction of the propagation of 

I_(_e_lvin~ waves. It is also the direction the coastal current flows along“ the south shore 
of I-..81<e Upstream is alongshore to Ithewest. 

T 

l l 

T
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During 1984 eight current meter moorings were deployedaround the Niagara 

Bar as shown on the map in Figure 3. Mooring locations’, water depth, and 

current meter depths at each mooring are listed in Table 1. The two inshore moorings 

(C and H) were deployed 2 km offshore at the upstream and downstream edges of ‘the 
shallow inner Niagara Bar; These moorings were located in 11.2 in of water and each 

had one currenfimeter at 10 m depth. 1 The three offshore moorings (A, D, and F) were 

deployed 10 km offshore in deep water (~ 85 tn). -Moorings A and Fl had one meter 
at 10 m depth, while mooring D had two meters, one at -l-5 m and one at 30 m. The 
three middle moorings (B, E, and G) were deployed 6 km offshore over the outer 
Niagara Bar.= Mooring B and G had meters at I5 m' depth and moorings E and G "had 
meters at 10 in depth. The individual meters will be referred to by their mooring letter 

followed by the meter depth. For example, the meter at 10 m depth on mooring E is 
denoted E-l0.- "The moorings were deployed for approximately 143 days between 24 

May 1984 to 14 October 1984. Some current records were -shorter (Table 1)-. Current 
meter records awerelow-passed filtered with a Lanc#z'osr.fi1ter chosen so. the first zero 

crossingis at 17.23 h0urs,_the'1_ocal inertial period. 
y 
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b1. . Mean Current Chargteristics
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Figure 9 shows a vector plot of the mean currents measured during the summer 
study period by the 10 current meters listed in Table 2. On the lower right side of the 
figure i_s a vector plot of the mean wind stress averaged over the study The 
mean wind is relatively weak _but directed alongshore to the east. The effects of the 
Niagara River plume are clearly evident in the figure. The mean current is strong (7 
cm/s) and directed both downstream and offshore. This direction is typical of the most 

common trajectory of the plume. The surface currents (10 m depth) measured 
downstream of the rivermouth are stronger than their counterparts upstream. Along 

the upstream transect the mean currents are directed downstream-, alongshore to the 
east, consistent with the south shore current of Lake Ontario (Simons et al-.», 1985; 

Simons and Schertzer, 1989). The currents, measured at A-10 are taken to be 
representative of the lake surface current, The mean current velocity here is only half 
that at F-10 located downstream of the mouth. ‘Along the downstream transect the 
mean currents at the two offshore, moorings (G and F) were downstream. The 
velocities measured at B-15 and G-15' were ‘weal; and not significantly different from 
each other. The mean current measured at H-10 is directed upstream at 4.5 cm/is. If 

the mean currentmeasured here is representative of flowin the plume, it suggests the 
t . 

presence of_a persistent anticyclonic‘°eddy formed downstream of the mouth. 
. 1 

i 

In certain cases the means are statistically unreliable because the variability of 
the current (is much greater than the mean flow. The uncertainty of the mean can be 
estimated by computing the standard error of the mean ,

. 
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E = s/<1~1'>*"t <3) 
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where e is the standard error, s is the standard deviation of theseries and N’ is the 
number of independent measurements. N’ can be estimated from the decorrelation scale 
of the time series (Mayer et al., 1979). The alongshbre (x) and cross-shore (y) 

comP0nent means and the standard errors of the component means are listed .in Table 2. 
The true uncertainty is greater because of the nonstationarity of the series. .
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' Another measure of thepreliability of the mean be obtained using directional 

statistics (Mardia, 1972), where the mean direction is calculated from the frequency of 
occurrence of direction unweighted by the magnitude of the vector- The significance 
of the mean is based on the Von Mises probability density function (seje appendix 2, 
Mardia 1972). The 95% confidence intervals were calculated for those directional 
‘means which were significant at the 95% confidence level (Table 3). ' 

The mean directions at the D-30, G-10, and G-15 were not significant, 

indicating ‘a high variability in current direction at these locations. In addition, at 

standard errors ‘for the alongshore current components were g-r'eater_than 30% of the 
mean-,1 thus, suggesting the means are sensitive to the averaging interval. The 
directional H-V10, the meter with the upstream flow‘, was highly significant with 

confidence intervals of 22° about the mean direction of —-91°T (due west). = 

. \__
I 

The strong and significant mean flow measured at E-.10 and F-10 suggest the 
plume flow extends to 10 In depth beyond the Niagara -Bar over the deep l_ake. Most 

models and ob'serv'atio_ns of buoyant plumes have examined plumes, with layer. depths 

on the order of a meter. The weak but significant plurneward near-bottom "current 
measured at C-.10 suggest that bottom flow upstream of the river is being entrained into 
the ‘plume; The high variability of direction measured at both _G-10' and supports 

the presence of the anticyclonic eddy occasionally either deflecting or reversing the flow 
of plume water measured here. _ _ 

~
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The alongshore mean currents have relatively lower standard errors compared 

to the standard errors of the cross-shore; mean current component. The alongshore 

tendency or ’pol_arization’ is best characterized by gcomputingethe principal axes for each 

time series‘ (see p. 59.4. Sokal -and Rohlf, 1981). The major axis is located along the 

angle of maximum variance and the minor axis is orthogonal to the‘ major 

(Table 4). The major and minor axis are plotted on a bathymetric map of the area»
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(Figure 10) to show the orientation of each axis pair relative to the local bathymetry 

and the relative lengths of the different axes. _ .
. 

' 
' The lengths of the major and minor axes, M and X2 respectively, are analogous 

to the standard deviations and have units of cm/s- (Table 4). Each time series is 
x - 

" 
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polarized in the alongshore direction. The strength of polarization is measured by the 

elipticity E, the mtio of the variance along the major axis to the variancealong the 

minor axis (Table '_6)." The currents measured along the edge of the Niagara Bar (B, D, 
and G) have the largest elipticities; therefore, the weakest cross-shore- variability‘ 

relative to their alongshore variability. . The elipticity at mooring -_F is much lower 
indicating a stronger cross-shore component to the flow. In general,‘ those meters in 

the plume area have lower elipticities. The upstream currents are polarized alongshore 
as\ex'pected with topographically aligned currents (Kundu and Allen-, 1976), e

V 
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Figure 10 also shows the relative magnitude of the standard deviations of each 

time series (M, X2). Because loft frictional damping of flow in lower" layer the 
variability of the cutrents are lower near the bottom than the currents measured at A10 

m depth. The variability of the inshore near bottom current (C-_10 and H-10) are small. 
These meters were only 1.2 m from the bottom therefore, current variability is strongly 
damped by bottom friction] "1 

0 

- 

0
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c. Current and Wind spectra 

V The kinetic energy density function was computed from the raw alongshore and 
cross=shore wind stress components. The estimates were smoothed in frequency using 
a modified -Daniell filter (see Chap. 7, Bloomfield, 1976). The wind’ stress spectra 
plotted in Figure ll show a low frequency energy peak over the 50-500 hour 

meteorological forcing band._ Most of the energy is concentrated at low frequencies in 
the alongshore-components There is a significant peak at the 24-hour period indicating

,é
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a strong land _breeze effect. Nearly all the energy in the diurnal peak is from_the cross- 

shore component. 
' 

_ 
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Figure 12 shows the total, alongshore, and cross-shore kinetic energy density 

functions computed. from four of the current meter records. The spectra for A-'10 is 
taken to be representative of the lake surface area flow ‘outside of the plume influence 
(Figure l2a)., Figure 12b is the spectra for E-10 representing the plume flow. Figures 
1-2_c and 12d show the spectra -for the near-bottom flows. measured downstream and 

upstream of the river mouth. The spectra measured at mooring A is typical of 
nearshoree current spectra measured in Lake Ontario. The peak energy is in the 

meteorological band (100-500 hours) and is polarized alongshore. 
p 
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At E-10 the peak low frequency energy is within" 50-200 hour b-and. The overall 
low frequency energy is somewhat higher at E-10 than at A-10-. For H-10 and C-10 

the meteorological band peak is between 100 and 200 hours. Compared to all the 
spectra in Figure 12 the energy at C-:10 is low and implies that there is little energy for 

mixing and little influence by the high:-energy plume in this area. Table 5 lists the 

coherency squared (-yzi) (Bendat and Piersol-, 1971) averaged over the 60-200 hour 

meteorological band between the alongshore wind stress and the alongshjore current for 

each. of the current records. All current records are coherent with the alongshore wind 
- \ 

stress. The strongest coherences are found at the inshore meters (?C, E and G), with 
the exception of H-10. The currents at C-10 are nearly in phase with the wind, while 

the currents at E and G are lag the wind by about 40 hours. The phase lags show a 

nearly barotropic response of the water column at mooring G. \_ Lower coherences and 

larger l_ag_s were measured offshore of the Niagara Bar; _ 

t

e 

At A-10 the inertial peak dominates the high frequency end of the spectra. The 
strong inertial peak is ‘related to the offshore distance of the meter and the location of 

the meter near the seasonal therrnocline (Blanton, 1974). ‘The relative magnitude of the 

inertial peak at E-10 compared is small <;0mp'<1red_ to. the inertial peak at A-10~due to

\ \



the reduced stratification and restricted cross-shelf flow in this area. The inertial peak 
is apparent in the H-10 spectra (Figure 12c) but not at C-10 (Figure 12d). We will 
show later that the seasonal therinocline is often found in the vicinity of H=10 but not 
C-10. The rotary spectra (Mooers, 1973) for all the current records (not shown) shows 
inertial signal is clockwise. - 

. 
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A diumal peak is significant in the spectra for E-10 and H-.10 (Figure 12b'and 
c), but not in the spectra for Cg-10 (Figure l2_d)~. The fact that the wind stress and the 
alongshore current at E-10 and H-10 are not coherent ('y’=._l-.2) over the 24 hour 
period and that the di_iu_rnal'-peak is found in only the current records implies that the 

. . _./ 

peak is may be a response to diurnal fluctuations of river flow rather than a land breeze 
effect-._ Stepien et al. (1987) showed diurnal fluctuations of 20% of the mean river 
volume flux using hourly discharge data for the Niagara River. 

(7. Temperature/Current'Stru‘cture of the Niagara" River Plume 

a. 
A 

1uly17,1984 ~ 

-Three field_eXperiments' were conducted during the summer of 1984 during the 
time of the currentqmeter deployment (Figure 4). The field experiments consisted of 
hydrographic cruises following the two sampling schemes shown in Figures 5b. and c, 
and deployment of ship-tracked surface (3.5 m) drifters. The following discussion will 
focus on the July 17, 1984 experiment in which the plume temperature signature was 
strong and the plume trajectory was downstream. " This experiment had the best 
wmpefimfe and V¢10<>ity data coverage of the plume. Figure 13 shows a contour map 
of surface temperature. The temperature profile stations are marked by solid black 
circles "in the figure. During this experiment there were no data available from the 
current meters E-10 and D-30. ' 

J
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The surface temperature plot shows (21 °C) plume water originating at the 

mouth of the river. “The profile collected at the river mouth station, denoted by ca dark 

triangle inthe figure, was isothermal at 2l.5°C, Theiwarm plume water is bounded ' 

\ . 

on the upstream -and offshore sides by strong temperature. gradients or fronts. ‘The 

width of the river plume, defined as the distance from the coast t0 the offshore frontal 

boundary, is about 10. km offshore of the river mouth and decreases slightly 

downstream. Along. the upstream portion of the plume the thermal gradients defining 

the plume fronfare strong. Farther downstream the isotherms spread apart, indicating 

weaker thermal gradients resulting from mixing along the front in the downstream 

direction. The wind stress" vectors, depicted in the upper portion of the figure show the 

wind changed from a .5 dyne/cm’ (6 m/s) westerly wind on July 16 to a < .1 dyne/cm’ 
\ t 

southerly wind the next day. The westerly winds drive upwelling along the "north shore 

and downwelling-along the south shore of Lake ‘Ontario as shown in the surface 
temperature map in Figure 7a. The cold water on the north shore in the figure is the 
upwelled seasonal thermocline. , 

' 

.

’ 

Cross-shore and alongshore transects of_ temperature were constructed from the 
<

. 

temperature profiles along the linesof the tilted grid (Figure 5c). The alongshore 

transects are labelled Al , A3 and A5, and the cros_s—shore transects are labfillfid X4 
and X6 and are along the grid lines marked"by‘ the arrows in Figure 13. Each transect 

consists of at least 6_hydrograph.ic stations. ~ 

'

. 

_ 

'
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‘Figure 14 shows three cross-shore temperaturer transects from July 17, 1984. 

The view here, and for subsequent cross-shore transects is upstream. The horizontal 

sca1e_ is distance in kilometres from shore following the transect line. The transects are 
tilted towardstrue north, The-inverted triangles along the horizontal scale on the top 

of each transect mark the locations the temperature profiles from which the transect was 

constructed. The contour interval is 1°C (the contour interval for the - surface 

temperature map was 0.5°C). 
' 

' 
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Transject X2 (Figure 14a) cuts across the upstream boundary of the plume. At 

about 10 m depth the seasonal thermocline (6-17°C) is the most apparent feature in 
figure 14a. The thermocline is found less than 4 km offshore over the narrow inner 
shelf. Transect X4 (Figure 14b) beg-ins at the river mouth (22 m depth), denoted. by 
the solid triangle in Figure 13, and passes over the shallow inner bar (10 m depth). At 
the river l mouth the water column. is clearly isothermal. The warm, vertically 

homogeneous water extends out to the edge of the inner bar, about 4 offshore. 

Here the plume water, taken to be inside the 19°C isotherm, separates from the lake 
bottom and spreads offshore, thinning as it spreads. The 19°C isotherm surfaces at 
10.5 km offshore, marking the offshore edge of the plume. The seasonal thermocline 
in this cross section is not as strong, gradientwise, and slightly deeper than in transect 

. l _

' 

x . 

. In transect X6, located approximately 6 km downstream of the rivermouth, the 
plume layer of 21.-‘19°C water isdirectly on top of the seasonal thermocline between 
2 and 9 km offshore. The seasonal thermocline is 155 m deep over the deep lake and 
weakens offshore. However, unlike the in the upstream transect (X2), the seasonal 
thermocline is found over the inner shelf less than 2 km from shore. Nearshore ‘the 

isotherms of the seasonal thermocline shallow from l15 m depth over the deep lake to 
7 m depth over the inner shelf. The large area of water warmer than 21 °C imPlies that 
there has been little mixing between the plume and the ambient lake water. 

a Three alongshore transects are shown in Figure 15. The view here as in all 
subsequent alongshore transects is offshore, with upstream (west) to the left and 

downstre.am\(east) to the right. The horizontal scale is the distance alongshore relative 
to the x=0 km in Figure 13-. ' 

' 
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» Transect A1 (Figure 15a) is locatedlabout 2 km offshore and shows the 21°C 
plume water vertically mixed over the shallow inner bar. Cold thermocline water is 

found to the 10 misobath upstream and downstream of the inner bar. The coldest
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water is on the downstream side. Rodgers and Anderson (1959) observed similar cold 

water onshore during the summer on the upstream side of theplume and suggested it 

was due to plume entrainment. The '19°C isotherm intersects the water surface about 
7 km upstream of the river mouth, while downstream of the riverlmouthit is on t0_P Of 
the seasonal thermocline. In transect‘ A3,, located over the outer Niagara Bar, the 

thermocline slopes down to -the east (downstream), such t_h_at- upstream of the plume the 
thermocline .is 10 m deep, while downstream the thennoeline is close to 15 m deep. 
The large area of water warmer than 21°C water indi¢3tes that little mixing between 
the plume and the lake has -occurred, In transect-A5, located, about 9 km offshoreover 
the deep lake, the 21°C plume water is a thin (2 m deep) layer separate from the 
seasonal thermocline. The surface temperature map (Figure 13) shows this is just the 

tip of the plume. The weak thermal gradients bounding the plume suggest that mixing 

has occurred downstream of river mouth. Similar to transect A3 the plume is 10 m 
deep upstream of the ‘plume and about 15-=20 m deep on the downstream side. . 

- 
. / 

i ' 

, 
Eight surface drifters (3.5 m depth) were released in a semi-ci_1.'cl1e.2 offshore 

of the river mouth at the same time as the hydrographic cruises on June 17, 1984. 

Figure 16 shows a vector’-plot of the estimated drifter velocities between fixes. The 

niagnitudeof the drifter velocities are contoured in rn/s in the figure. The averaged 

daily mean current from 8), current meter records are also shown as thick arrows. 

Because the mean velocities recorded by the current meters (Eulerian) are much lower 

than the instantaneous velocities derived from the drifter positions (Lagrangian) their 

vectors are plotted to different scale-drawn in the lower right comer of the ‘figure. The 

speed, directionand component means for the Eulerian mean currents are listed in 

Table 6. 
‘ 

.

' 

Initially, the surface drifters moved offshore and spread apart. Most of the 

spreading is along the component normal to the flow of the group (laterally). Within 

a few kilometres from the release point the drifters begin to tum east and the lateral 

spreading ‘is reduced. All the drifters remained onshore and downstream of the plume



temperature front (Figure 13)-. Because of the V3.5 m depth of thedrogues no frontal 
trapping of the drifters was observed; Initially the drifters in the center of the 

deployment line had the highest velocities with magnitudes of 40 cm/s. These drifters 

immediately slowed to 20-30 cm/s. As drifters tumed right t(antieyclonic),,,the drifters 
on the outside increased speed from 20 cml s to 30 cml s. Drifters on the inside slowed 

from 30 cml s to about 20 cm/s. Models by 0’Donne1l (1990) and Garvine (1987) show 

a distribution of plume velocities, with highest velocities at the offshore edge 

of an antioyclonic plume. The resulting distribution of surface drifters gives" little 
. 

" 
' '2 

information on the currents within 2-_3 km of shore downstream of ' the mouth. The 
paths of the drifters imply that the bulk of the plume has separated from the coast and 

will possibly reattach to the coast farther downstream. The map of surface temperature 
shows there is plume water in this reg‘ion»',- therefore it is likely that this may be a region 
of weak recirculation‘-. ' 

‘ ‘ 
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The Eulerian current vectors plottedin Figure;l6 are similar to the record 
current vectors plotted in Figure 9. The mean -currents at C-10 and D-15 were less 

. _ 

t t 

than .5 cm/s.' Throughout the summer the near-bottom currents at C-10' were weak 
(Figure, 9)., thus, the current meter appears to be sheltered from the alongshore lake 

currents and the motion of the plume. The mean current velocities measured at A, B, 
F, and G were downstrea_m,_ with the largest magnitudes, of _l3 cm/ls, measured 

downstream of the river mouth (F and" G). Upstream of the river mouth the 
downstream velocities were 5 em/so at A-10 and 2.5 cm/s at B=15. The mean current 
at H-10 was 10.63 cm/s' and directed upstream opposite, the surrounding 

_. 

currents. 

The approximate positions of the current meters relative to the thermocline can 
be determined from the daily mean temperatures recorded by the current meters on July 
17, 1984 (Table 6). Temperatures warmer than 20°C indicate the current meter was 
in plume water and temperatures between I0-17°C indicate thermocline water. While 
temperatures colder than 10°C indicate, hypolimnion water. The 1~3.3°C mean 
temperature measured at A-10 indicate- this meter was located on the top of the

k
.
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thermocline, The currents measured by A-l0 have been taken to be =therrepresentati,ve 

of upper layer lake surface ‘water; however, because of_ its proximity to the thermocline 

it is most likely.is that this is alow estimate of the true epilimnion current; The meters 
B-15 and D-(15 are located below the thermocline. Their velocities indicate weak‘ 

flow there. 
l 
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The currents measured at F40, G-10 H-10 show the strong influence of the 

Niagara River plume». ‘The temperature shows that F-10 was on the top‘ of 

the thermocline,‘ while G-10 and H-e10 ‘were clearly in the plume. ‘ The mean currents 
at F-10 and G-10 were over 13 cm/s almost 3" times greater-than the mean current 

measured at A,-(10,. The current measured at H-10 was greater than 10 cm/s__, but in the 

upstream direction, opposite the plume flow at F=10 and G,-10, thus,’ confirming the 
presence of an anticyclonic eddy downstream of 

i 

the rivermouth. The current at 

H‘-_1O averaged over the summer is strong, upstream, and highly significant. The strong 

velocities measured so close to the bottom (1.2 in) indicate this motion dominates the 

nearshore region. ' 

. 
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» More .evidence of thepersistence of the upstream flowing current, within 1 the 

nearshore portion of the plume is shown in Figure 17, Thealongshore current speed 

and temperature measured by ljl-10, and the low passed alongshore wind stress are 

plotted against time between July 11 ~and.20, r 
1984. The alongshore current is almost 

always "negative (upstream). --The negative current corresponds to water temperatures 

greater than 18°C. Four short, current reversals occur about 3 hours after water 

temperature suddenly cools, indicating the current" meter is out of the warmer plume 

water and in the cold inshore thermocline water shown transect A1 (Figure 15a). 

The downshelf current events only a few hours long, but the current speeds are 

significant and opposite of what would be expected if the cold water underneath the 

plume was being pulled onshore by plume entrainment. _Chao and Boicourt.(19_86) had 

a return flow (upstream, towards the plume source) in the lower layer, but this was 

reguiredto balance the prescribed mixing between fresh water and saltwater inside
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their-» model estuary. Clearly, two active layers exist and there are no simple ways to 

decouple the two. 
A 

' 

_ A 

V From the temperature profiles we compute the internal phase speed (c=(g'h)‘»'_2) 
using the depth of the 19°C» isotherm as the plume depth, the mean density of the water 
column above the 19°C isotherm as the plume density, and the density of 19°C at 20 m 
depth as the ambient density (-2.11 0J2 The resulting phase speed c is contoured in 

m/s in Figure l8. The solid circles denote the locations of profiles from which the 
phase speed was calculated. The shaded area over the inner bar marks the location 
where the temperature profiles showed the plume was well mixed to thebottom, thus 

no intemal phase speed could be calculated. 

The local internal Froudenumber, F , is defined as F=q/c-, where q is the 

fluid velocity of the plume and c isthe intemal phase speed. When F‘ > .1 the plume 

layer is supercritical, thus, intemal waves travelling along the density interface between 
the plume and the lake» water cannot propagate back toward the source and influence 
the flow there. F can be estimated by comparing the wntour intervals of the surface 
drifter velocities (Figure 16) to the contour .interval_s of - c. in Figure -18; E is 

supercritical at the outer edges of the plume. For example, at the location x=6 km and 
y=9.5 km; q=.3 m/s and c=.08, thus F=..31.-75. On the inshore side of the plume, 
F is closer to one. Some caution is needed when computing F in the inshcre regions 
of the plume where the thermal gradients bounding the plume are indistinguishable from 
the thermocline. Here c needs to be computed using the lake water below the 
thermocline. For example, using 19°C as the ambient Water temperature at location 
x=7.2 km and y=6'km~, q=.2 m/s and c=.22 m/s, thus F is close to 1. If c is 

computal from lake water below the thermocline of '6°C (-0.01 0;)t'hen c=.48 and the 
plume is subcritical. s 

~ _'
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~ Since the mixing and dispersion of the plume water is of considerable 

importance, thepossibility of vertical mixing between the plume layer and the lake

I
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Water. is considered. The areas where mixing driven by Kelvin<He1mholt¥z instabilities 
is likelyrcan be identified by examining the distribution of file bulk shear Froude 

number, 
' ' “ 

FA = I11-11.!/¢ (4) 

where u, is the ambient current (Garvine, 1982; 0’Donne1l,» 1986, 1990),. Vigorous 

mixing is expected for -FA > 2, this is equivalent to Ri < _l/4, where Ri is the Richardson 
number. In the following. example we take the ambient current as .05‘ cm,/s.r At the 
location in the plume near x-=-1 kmand y=8 km-, 'u‘-u,»=.25 mls and c=.12 m/s, thus 
FA=2.1. Higher -velocities and smaller phase speeds are expected at the outer edges 

of the plume as the plume layer thins (Garvine, 1987). It follows that FA becomes 
larger and the plume» becomes less stable. As the plume turns and flows parallel to the 
coast {u-u,| , the current shear decreases, and FA becomes smaller, Thus the greatest 
mixing is predictedalong the outside edges of the plume where the flow is still moving 
offshore, - Thisis similar tjo the result found by Garvine (1987) in his estuary plume 
model. < 

_ 
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, Little vertical, mixing or instability is expected inshore where the plume is on 

top of the thermocline. The current-temperature data at H-10 ,(Figure 17) suggests 
there is a strong counter current beneath the nearshore region of the plume. From 
Figure 17 we estimate.» that the lower layer velocity u, at H-10 is .1 cm/s and the 

plume layer velocity is u=-.1 cml s; therefore, the current shear is .2» cm/ s. Using the 
density of 21°C (-2.00 0,) for the plume layer and the density of l3‘fC (-.621 tn) for the 
lower layer c=.31 cm/s. Thus, FA<l and no mixing is predicted. 

_ 

i
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b. Temmrature/Current Struetpre July, 198; 

, 
. . 

During the following year a similar experiment was conducted on July 16, 1985. 

Temperature data was collected using the same grids used in Figure 13*, and ten ship-
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tracked drifters were released off the mouth of the Niagara River, On the following 
day 6 ARGOS satellite-tracked drifters were released in the approximate location. of the 
plume and followed for several days. The ship-tracked drifters showed clear evidence 
of the anticyclonic eddy recirculating flow just downstream of the river mouth. The 
satellite-tracked drifters showed evidence of fa larger anticyclonic eddy about .15 km 

'

v 

downstream of the river mouth and 8 offshore. The low-pass filtered wind stress 
plotted in Figure. 19 shows a moderately strong (0.5 dyne/cm’) alongshore wind "impulse 

from July 15 to July 18, 1985. . 
-

_ 

Surface temperature is contoured in Figure 20a. The temperature contours are 
to those of the previous year plotted in Figure 13-, except that the thermal plume 

front is only visible on the upstream side and not along the offshore side. Figure 20b 

shows the corresponding, surface velocities measured by the ship-tracked drifters (3.5 m 
depth). The initial velocities of the drifters were higher, with speeds up to 50 cm/s, 
than those measured the previous year because the drifters were deployed closer to the 

river mouth». The drifters move offshore and execute la sharp anticyclollic »t111'n.- One 
drifter on the outside of the tuming region accelerates from 20 to 30 cm/s as it turns 
right, then heads downstream parallel to shore. The drifters on the inside of theltum 
slow to less than 20 cm/s. They tum towards shore tracings out the path of an 
anticyclonic shore eddy with a diameter of approximately 5 Many drifters were 
lost dufillg this experiment. . 

_ 
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_>Fig'ure 7b- shows an AES surface temperature» image of the lake taken the 
following day (July 17, 1985); The shows colder temperatures (14-16°C) along 

the north shore, denoting weak upwelling there, and warmer (> 20°C)"a1ong the south 
shore. The isotherms are complicated in the western basin of the lake. There is no 

clear signature of the Niagara River plume and it appears that theiwarm (> 21°C) patch 
may originate offshore. There appears to be a cyclonic eddy in the westem basin,_ 
marked by the filament of 20°C water» turning anti:-clockwise around a patch of 19°C
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‘water, and an anticyclonic motion just‘ downstream of the river mouth, marked by the 
21°C wrapping around the 22°C patch of water just offshore of the river mouth. 

The vertical temperature structureis similar to the July 17,, 1984 exYp1eriment.A 
The alongshore and cross-shore transects are defined as before ‘in Figure" 13. Figure 21 

shows two alongshore transects and one cross-shore transect. In-the alongshore 

A1 -(Figure'21a) the plume water is well over the inner Niagara Upstream 

of the mouth ('<‘°0.0 km) the isothermals bounding the plume (18-20°C) surface. The 

thermal gradients defining the plume are weak; however, this is partly due to the wide 

spacing of temperature profiles across the front. Over thedeep lake, at transect A5 
(Figure 21b), the thermal gradients bounding the plu_me (17-20°C) surface between 0 

to 1 km upstream of the river mouth. Downstream of 0 km thethermal gradients 
beneathqthe plume are indistinguishable -from the strong seasonal thermocline.- It 

appears there has been little mixing between the plume and the ambient lake water. 

Transect‘"A5 shows the warm (>21°C) water patch extends to about 5 m depths. 
Transect A5 shows the seasonal fllennocline deepening in the downstream direction, 
from 10 m depth at x.=-5* km and 15 m depth at x=9 km. , 

' ' 

The cross-shore transect X6 is located about 6 km downstream of the river 
mouth. Cold thermocline water can clearly be sejen over the inner bar below 7 m 
depth. - Offshore, over the deep‘ lake the thermocline is deeper, between 15-20 m depth. 
The large area of 20°C water above the thermocline" suggests there has bjeien little 

of the plume water with the colder thermocline water below. 

The plume layer depth, shown in Figure 22a, was estimated as the depth of the 

19°C isotherm. The area shaded in the figure is where the plume was mixed to the 
bottom. The plume surfaces quickly on the upstream side -and deepens to 15~ m on" the 
downstream ‘side. The plume phase speed contoured in Figure 22b was computed using 

the average density of the water column above the 19°C isotherm as the plume density 

and the density, at 17°C as the ambient lake water density. As mentioned previously,
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this calculation is a conservative estimate of phase speed when the plume is directly on 
top of the seasonal thermocline. Comparing the phase speed map to the surface 
velocity map shows the plume is supercritical along the outside of the region 

where the plume surfaces, and the plume is subcritical downstream Of the river IHOUI11 
8 km of shore. It is over the subcritical portion where the surface drifters begin 

to tum onshore. Internal waves propagating along the seasonal thermocline may 
influence the motion of the drifters in this region. The subcritical flow also implies that 
nh ' ' 

g by the mechanism of shear instability is unlikely.
‘ 

During the following week, surface drifters, tracked by ARGOS satellite, 

showed evidence of a large scale anticyclonic eddy l5 km downstream of the river 
mouth. Figure 2b shows the tracks of two of the six drifters that were deployed. Two 

\ . 

drifters were deployed close to the mouth of the river and followed the solid line, first 
offshore andthen downstream parallel to the coast in a coastal current. These/drifters 

moved with speedsof 20-30 cm/s .in' the coastal current. Another two drifters were 
deployed farther offshore and followed the dashed line in Figure 2b-. These drifters 
‘were quickly entrained in the ejddy -and stayed in the eddy for about 5 days. The other 
two drifters were deployed closer to the center of the eddy, these also followed the 
eddy for five days. The drifters within the eddy had speed of approximately 20 cm/s. 
The eddy had» a rotation period, determined from drifter trajectories of two days, thus, 
distinguishing it as subinertial motion. It is unlikely that this eddyis the same eddy as 
the one measured‘ near the river mouth on the previous day, "it is more likely that it is 
some form of current instability sometimes associated with subcritical coastal currents 
(Chapman and Whitehead, 1986). t

l

\ 
‘
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8. Discussion of Anticyclonic Eddy 
V

A 

Figure 23 shows the lagged Eulerian c.0rrela.t_io_ns,. C,, and C,-,,. for the 

alongshore (Figure 23a) and cross-shore components (Figure 23b) of the velocity using
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the current records measured at A—10," G-10. and H-10 (Bendat and Piersol, 1980; 

Garvine et a1.',_ 1988), The correlation at A-10 is taken to represent the lake surface 

water flow, and the correlation at G-10. represents the plume flow. The d.ecorre1ation- 

time for the lake surface flow ‘(A-10) is about2.5 ‘days for both components, with small 
negative correlations in the alongshore component at lags greater than 5‘ days. The 

decorrelation time for the alongshore component at G-10 is 2.5 days with no strong 

negative correlations. Inshore at H-.10 thefirst zero crossing is at 1.25 days for both 

components’ followed by small negative correlations at 2 days in the alongshore 

component. 
_ u 
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. Figure 24 shows the alongshore and cross-shore Lagrangian correlations, C,“ and 

C,,, for July 17, and July 16, Q1985. The lagrangian correlations were computed 

by averaging the time-lagged autocorrelations -from the individual ship~tracked drifters 

ina deployment-. The drifter positions were smoothed using the interpolation scheme 

of Akima (.1975), subsampled to l hour intervals and then velocities were_calcu_1a_t_ed. 
The record ‘lengthsof allthe drifters were fixed by the shortest drifter record length. 

The recjord lengths for the 1984 and 1985 experiments were 11 hours and 8 hours, 

respectively. The alongshoreand cross-shore autocorrelations are quite similar in shape 

for the_two experiments. The Lagrangian correlations drop tozero in about 4 hours for 

both components in the 1984 experiment and they drop to zero in about 2.5 hours for 

both components in the 1985 experiment. This time scale is much smaller than the 

Eulerian decorrelation time scale; The Lagrangian autocorrelations are negative at 

about 5 and 8 hours for the 1985 and l984_experi‘men‘ts, respectively. Similar negative 

Lagrangian correlations were observed by Garvine et al. (1989) in their observations 

of shelfbreak eddies off the. -coast of New England. They related the negative 

correlations to a narrow band deterministic motion, for example, by coherent vortices, 

using amodel autocorrelation adapted from Bendat and Piersol (1980) . : _ 

' 

C'(1') ,’=r (sin(1rB-r)/(1rB'r))(cos(21r*r/T)) - (5)
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where 1 is the lag time, B is related to the bandwidth, and T is interpreted as the 
rotational period of a eddy. When BT -E» 0, (5) reduces to C'(-r) = c0S(21r1'/T), 
which represents the ideal case of an eddy field moving at a constant speed with solid 

body rotation at a constant speed of ' period, T. For finite BT, (5) has an envelope that 
decreases with increasing lag and has its first zero crossing at 1-=1/B, the Lagrangian 

decorrelation time here. The first zero crossing of (6) occurs at 1-=T/4=;_ therefore, 
T= 16 hours for the 1984 experi_ment and T=l0 hours for the 1985 experiment. The 

model is fit to the observed alongshore correlations by choosing: 1=8 hours where 
C,,,j=-.38 for the July 17, 1984 data and by choosing 1-=5‘ hours where C§,A,=-.36 for the 

July 16, 1985 data, We find that 1/B->l1._5 hours for the 1984 experiment and l/B-_>7.5 
hours for the 1,985“ experiment. 

' 

. 
_ 

‘ 
_ 

»
' 

' 

. I 

The rotational period of 16 hours is somewhat consistent with the drifter speeds 
of 15 cm/_s moving around in an eddy of 3 km diameter, "much like the scales described 
for the July 1984 experiment. The shorter rotation period of 10 hours for the Ju1y‘1985 
experiment reflects the tighter tum the drifters make-. A rotation period of 10 hours is 
consistent with a drifter moving at 15 cm/s around a2 diameter eddy.‘ The inferred 
Lagrangian correlation time of 1./B is shorter, than the Eulerian decorrelation scale at 

A-10’and G-10, but nearly the same as at H located in the vicinity of the eddy. 
According to Davis (1985) the Lagrangian and Eulerian time scales should be 

comparable if the nonlinear acceleration terms in the momentum balance are small. It 

will be shown in the following section that nonlinear accelerationterms they dominate 

the plume motion. - 

.

— 

Garvine et al_. (1989) find that the eddy horizontal diffusivity I-(xx (or Kw) is zero 
for the eddy current fluctuations described by the model when BT <-2. Our calculations 
show BT ranges between 1.3-1.4, thus, we conclude that the eddy is predominantly 
advection motion with little horizontal diffusivity; This is consistent with the weak 
mixing of the plume observed in the cross-shore transect X6 for both the July 1984 and 
the July 1985 experiment. . 

’ 

'

_ .



,. 

I 
I 

V 36 
. _ 

- \ 

9. The Plume lMo"me‘ntum Balance 

a. Estima.tina_»the_Termsaqithe-,MQ@1¢vfl!m Equaiisns ~ 

’
l 

' Estimating the terms of the -momentum equations using field data has proven to 

be a valuable method towards ‘understanding the governing dynamics of complicated 

shelf flows (I./ee et al., 1989'; Lenti and Winant, 1986; and Hickey, 1984). 

momentum balances have also been used for dynamical interpretation of numerical 
model solutions (Garvine, 1987; Chapman et al., 1986a and 1986b). 

s 
With the 

exception of the model by Garvine (1987), little work has beenfdone on the momentum 
balance within a buoyant discharge plume. ln his model of a buoyant estuary discharge 

plume, Garvine (1987) examined the momentum equations in terms local coordinates 

(s,n) corresponding to axes parallel and perpendicular to the local direction .of the 

motion._; We adopt his momentum equations which are vertically averaged over the 
plume layer. Following the definition of the local coordinates given by" Gill (1982) we 
add the bottom and surface stress terms-.» The alongstream momentum equations is 
written 

' 
' 

, 

~ 
7

. 

'q6q/8s + aa/as + 1,,<*>/‘psh + rim/ph - T,,<->/ph = 0 (6a) 

and the cross-stream momentum equationis
u 

* (1230/as + fl1 ~+ dc”/6n +V rm/ph - 17$“)/ph = O (6b)
/ 

where q is component of ‘velocity along streamlines, f the Coriolis parameter, 1,, is 

the stress at the bottom of the plume layer, 1-,, isethe wind stress, h the plume layer 

depth, 0 is the local geometric angle in radians of the streamline, P is the average 

plume water density, and c is the internal “phase speed. Here s, denotes the 

alongstream component positive in the direction of motion and n denotes the 

component normal to the streamlines defined" as positive to the left of positive as

\
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Horizontal friction and the barotropic pressure gradient have been neglected! Using this 

formulation for the momentum equations allows tracking of the plume as it switches 
from its offshore trajectory to the alongshore_trajectory and limits the Coriolis ‘term to 

the cross-stream equation. 
_ 

4 

. 

Y 
-

V 

The streamlines are defined as the ship-tracked drifter trajectories. The relative 
acceleration terms, q’60/8s and q3q/6s, and the Coriolis acceleration, fq, are estimated 

from hourly samples of the smoothed drifter trajectories, The cross-stream and 

alongstream baroclinic -pressure gradients, dc’/8n -and dc’/8s, were estimated by 

computing the phase speed at’ each temperature profile within the plume as was 

described earlier (see discussion of Figure 18),_except when the 19°C_ isotherm was on 
top of the thermocline. In those cases the ambient water density was taken as the 

density below the thermocline at that station. The resulting phase speeds were squared, 
then numerically gridded using a Kriging algorithm which has been shown to produce 
more accurate contours than the standard inverse distance method (Ripley, 1981). 

Gradients of c2 were then estimated from the_resulting_ 25 x 25 grid, with grid spacing 

of 833 m alongshore and 625 m across-shore. The alongstream gradients were the most 
difficult to estimate, bec_a_u_se the drifters tend to follow along contours of c2. "In other 

words, because the alongstrearn gradients small and the cross-stream gradients are 

large, a small error in determining the orientation of s could lead to a large error in 

the alongstream _barocl_inic_ pressure gradient; y 

T 

‘_ 

" 

' Over the inner bar where the plume is attached to the bottom -r; is the frictional 

bottom stress defined by the quadratic frictional drag law _ 

1.. 
'= PC¢q" ' (7) 

where p is the average density of the plume layer and C, is the quadratic drag 

coefficient taken to be 2x103. The frictional bottom stress is only defined in the 

alongstream momentum equation. 
V 

- f V
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s sat ~ 
' 'When.the plume separates from the bottom and becomes a buoyant layer 1;, the 

interfacial -stress isimportant. Because of the uncertainty in estimating iinterfacial stress 

two approxiinations are Oneis the quadratic frictional drag law used in plume 

models by ()'D“0nI1€1l(.1990'-, 1986) and Jones (1983), written in local coordinates 

ri""7=~ nC¢iq-qe.l(q-qt.) 
' 

9 9 (8a) 

fr" := %c..:q-q.:<<1...> 
c <81» 

. 

9 \ 
-

. 

where (8a) is the alongstream component and (Sb) is the cross»-stream component, Here 

q,p is ambient‘ current vector, 'q,, isthe component of the ambient current alongthe local 

plume streamlines and q,,, is the component of the ambient current perpendicular to the 

local plume streamlines. Following AO’Donne1l (1990), Ca is taken to be 1'04. This 

formulation of ‘interfacial stress will hereafter referred to as OD90. 
'

i 

k4\\ . 

I
y 

' 

. 

_ 

Recently, Ruddick et al; (-1989) conducted a series of laboratory experi_me_nts to 

examine the "relation of interfacial stress to changes in density structure. Theymade 
estimates. of interfacial stress using the linear '-form of the frictional drag law, written 

in local coordinates is - 

- 

Y 

» - » 
. , 

15*’ -= nd(q<1.,) » V (98) 

. _.ri(n) __= pd(_qm) p 

They find §d=;8xl0-4 m/s for the case of a stable interface of freshwater over salt 

water. -When considering velocities on the order of a few cm/s this estimate of 

interfacial stress is an order of magnitude larger than (9a and b) .. Ruddick et al. 

(1989) note "that this estimate is "larger than the estimates-for geophysical flows given 

by Csanady (l97'8_a)','possib1y, because proper effects may not be _ac_counted~ for
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in their laboratory model. This formulation of interfacial friction will hereafter be 

_referred¢l0 as R89. - 

V 
_ 

.

_ 

The alongstream and cross-stream momentum balances ‘computed from data 
collected on July 17, l9_84 are presented in teh following discussion. ship-tracked 

drifters were deployed at 11:30 GMT in a line approximately 2 km from -the river 
mouth (Figure 16). From left to right theywere numbered 1-8. We chose the drifters 
2, 4, 6, and 8 to represent the flow field within the plume. The ambient current was 
taken to be 5 cm/s alongshore. It is expected that the upper layer lake current may 
have been stronger near the surface, thus, the interfacial frictionterm may differ by a 

small amount. The mean wind stress on July 17, 1984 was approximately 0.5 
dyne/cm’ alongshore to the east. 

V 

' 

r 
~ 

, 

- , ~

V 

The purpose of these calculations is to identify’ the dominant terms and assess 
the simple first order balance of the plume momenttlrn. Therefore, little effort is made 
to adjust the frictional dragcoefficients to create a balance. Nevertheless, it is a good 
idea to compare the two formulations of the interfacial stress terms-r Figure 25 shows 

the interfacial stress terms of the alongstream and cross-stream balance computed using 

OD90 and R89 for Drifter 2.. The stress is computed following the drifter from the 
location werethe plume separates from the bottom, approximately 5 km offshore, to 
the hour before it was retrieved. The horizontal axis is time since deployment. The 
alongstream R89 interfacial stress is the greatest, about 3 times greater than the 

alongstream quadratic OD90 stress. The R89 alongstream stress is an -order of 

magnitude larger than the both cros's+stream stresses. This is because the crossestream 

stress is based only on the smaller ambient current. -We use the R89 interfacial stress 
formulation in the following alongshore momentum balance estimates since it 

consistently explained more of the variance in the-momentum bjalances. Because the
~ 

cross-stream interfacial stress is so small it is not used, \
.
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Each of the terms in the alongstream and "cross-‘stream momentum equations (7a 
andib) and their residuals, the sum of the terms in each equation-, are plotted against 
time since deployment for the 4 drifters (2, 4, 6, .and 8) in Figure 26 and Figure 27, 

respectively. The means and rms values for each of the terms in the momentum 
equations are given ‘in Tables 9, 10, 11.-, and 12 for .the'Drifters 2, 4, 6, and 8. 

b~ Alvn2.s1i=an1,M0m¢nti1m,Ba1an¢e. = 

Within the first few hours of deployment the bottom stress» term balances the- 

large relative acceleration in the alongstream momentum balances. After the plume 

separates from the bottom-and becomes a buoyant layer (the hour after the last bottom 

stress estimate) the relative acceleration becomes small, nearly the same order as the 

remaining terms in the alongstream momentum equation. The large negative relative 
acceleration results from the hydraulics flow of the river decelerating quickly over the 
inner bar. _ Garvine’s (1987) model was layered everywhere and was in geostrophic 

balance at the source; therefore, his model can not reproduce the initial large relative 

acceleration and" the strong bottom friction. His results show that withinthe plume 

layer the individual termsj of the alongstream momentum equation are generally small, 
much like our results after the plume separates from the bottom. . _ 

/ _ 
_

. 

' 

gln Tables 7-10 the rms values snow the main balance is between the relative 
acceleration and" the bottom. -friction, while the other terms of the alongstream 

momentum equations much" smaller. Two residuals are computed for the 

alongstream momentum equations. Res(1) is the sum of all the terms in the 

alongstream momentum equation, and Res(2) isthe sum of all the terms less the 
interfacial friction-. Comparing the rms values and the shows that the interfacial 

friction makes a small, O(lO‘7), contribution to the rms of the residual, and an O(l0‘) 

correction to the mean-. The residuals imply the error in the balance of the buoyant



plume layer (separated from the bottom) is as great as the magnitude of the terms in the 

balance. »
~ 

c. _ Cross-Istrgm Momentum Balance 

The Coriolis acceleration dominates. the cross-stream balance throughout the 

plume. Initially, the relative acceleration, q’30/8s, resulting from local streamline 

curvature, is strongly negative and balances the Coriolis acceleration. As the plume 
separates from the bottom and becomes a buoyant layer, the relative acceleration 

(inertial tuming) decreases‘ in ‘magnitude. Here Coriolis acceleration is balanced by 
both relative acceleration and the baroclinic internal pressure gradient-. 

’

V 

/ 

The mean cross-stream balance is between Coriolis, inertial turning, and the 
cross-stream pressure gradient. With the exception of Drifter 8, were the mean residual 
is small, the combined inertial turning term and the cross-stream baroclinic ’P1'eSsure 

gradient account for only half the mean of the Coriolis term. I
' 

t \ ‘
l 

In the center of the plume (Drifter 4') the principal balance is between inertial 

turning and Coriolis acceleration_until t=5 hours. At t>5 hours the magnitude of the 
relative acceleration decreases as the plume completes its turn to the right. and flows 
parallel to" the coast. The measured baroclinic pressure gradient in thisarea is not 
strong enough to balance the Coriolis acceleration. Following Drifters 6 and 8, the 

‘ \ 

balance breaks down at t.=.4 hours as the magnitude of the relative acceleration drops 
to near zero. The internal pressure gradient in this area is too Small to balance the 
Coriolis acceleration. As time increases the internal pressure gradient also increases 
and the residual begins to approachzero-.' At t=7 (hours the relative acceleration of 
Drifter 6 decreases (becomes more negative) and the balance improves, while the 
relative acceleration of Drifter 8 increases and becomes positive. This corresponds to 

local convergence of flow. Clearly, the greatest variability in the balance is due to the
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relative acceleration (inertial tuming) term, as reflected in the-variability of" the residual 

(Tables 740).. Such behavior is expected the drifter. paths are not truly 

streamlines‘. Small scale turbulent motions are not completely smoothed out by the 

interpolation scheme ‘andcreate relatively large deviations of the inertial turning term. 

~ Overall these results are similar to the results of Garvine (1987). In the turning 

region of his model plume (see Gafvine, 1987, Figure 11) he found the dominant 

balance between Coriolis acceleration and the inertial turning with a. smaller 

contribution by the baroclinic pressure gradient. However, his results in the interior 

of the plume show that at approximately 3 r, downstream of the mouth the dominant 

balance is between the Coriolis acceleration and the inertial turning, while the 

baroclinic pressure gradient approaches zero. Beyond 3 r, downstream the balance 

makes and abrupt change at an interior coastal front from an inertial-Coriolis balance 

to a geostrophic balance. In our results 3 r, downstream is about 9 km (see, section 7). 
The farthest distance downstream for the Drifters'2, 4, ,6, and. 8 corresponds to 6.3-, 

/» ' 

_. 

"
_ 

8.1, 7.8, and 3.0 km downstre'arn,- respectively." The balances in “Figure 27 show that 
the cross-stream baroclinic pressure gradient does not approach zero as the drifters 

approach 3 r, downstream,-' Instead it appears that the overall momentum balance is 
gradually‘ changing from inertial-Coriois balance to a geostrophic ‘balance. _

" 

In both the alongstream and the cross-stream balance wind stress had only a 

small influence, even for a moderate wind of .5 dyne/cm’ . The plume will respond 

to strong forcing of," say-, ll.-2. dyne/cm’, but under normal winds, direct forcing 

by. local wind, stress» has little effect. The effect of wind. forcing on buoyantplumes 
» v 

may be indir'ect.. Westerly winds drive- strong coastal downwelling which generates 

eastwardpcoastal ‘currents along the south shore of ‘L-ake Ontario. The plume‘ would 

spread -relative to the downstream current, thus spreading faster downstream than 

baroclinic pressure gradients would predict-. » r 

_

, 

\/

1
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In summary the cross-stream balance is between the relative acceleration and the 
Coriolis acceleration in the plumer’ The alongstream balance separates the -plume into 

two regions, the bottom attached portion where the relative acceleration is balanced by 
strong ‘bottom friction and the buoyant plume layer region where the contributions from 

each term are small, The relative acceleration is the most variable term, such that the 

residual tends to fluctuate with changes in the relative acceleration for both components. 

/ 
' 

l

' 

l -
' 

10. Conclusions

t 

Traditionally, buoyant river and estuary discharges. have been modeled by 
assuming a two layer‘ flow at the source. This allows simplification of the model 

formulation and the analysis of the results. Nonetheless, plumes which are "initially 

bottom attached, like" the Niagara River plume, are not uncommon. Examples of 

initially bottom attached river plumes are given by Luketina and Imberger (1987) and 
Ingram (.1981)-; Bottom_attached_buoyant jets have been studied in the laboratory by 
/ -

. 

Safaie (1978) and in the field by et al. (1985). '

‘ 

‘
1 

The focus of our analysis has been on the right-tuming trajectory of the Niagara 
River plume using temperature and velocity data. In this type of the plume the flow 
moves offshore and executes an anticyclonic turn, the plume flow then moves 
downstream, parallel to*shore, with the coast on its right. This behaviour is predicted 

for buoyant layer plumes in which earth rotation is important (Garvine, 1987; Chao and 
t 

' 
" 

-

" 

Boicourt, 1986).. It has been shown here that Coriolis effects clearly dominated the 
cross-stream momentum balance of the Niagara River plume. Furthermore, the 

momentum balance analysis showed that for moderate to weak" Winds, the local wind 
stress hasonly a second order effect on the plume. Although a s/trong wind stress (>1 
dyne/cm’ could be im‘portant).4 Masse and Murthy (l_990) and Chao (1988) both have 

described the effect of wind on. buoyant plumes. During downwelling favourable- 

winds, the plume is concentrated along the coast and deepens and mixing is limited, 
\ 

'
' 

_ \
. .



while during upwelling favourable winds the plume spreads .offshore and thins and is 
quickly mixed by local wind stress. V 

The 4-year analysis of lake surface temperature has shown that we expect 

the non-mixing right-turning (downwelling) plume 35% of the time and the 
offshore (upwelling) plume 18% of the time. Approximatelyl 33% of the time, mostly 
in winter, the plume could not be identified in the thermal images. When the plume 
is the same temperature as thesurrounding lake water it should still exhibit the same 

response to easterlyand westerly winds. Because onshore and offshore winds have 

little effect on the nearshore lake or ocean currents (Csanady, 'l978b) they are not 

expected to be important to the'n1i'J(ing and transport of the Niagara River plume. 
Q 

-V 

We have documented‘ the existence of a semi-,perm_anen_t anticyclonic eddy‘ 
/ . 

adjacent to the downstream side of the Niagara River mouth. Similar anticyclonic 

features, associated with rotating buoyant discharges, have been observed in laboratory 

models Mhitehmd and Miller, 1979), _nun1erica_l_~rnode1s (Wemer ct al., 1988) and field 
observations (Bormans and Garrett, 1989). The. most well-known example is the 

anticyclonicgyre in the Alboran Sea driven by the buoyant outflow through the Strait 

of Gibraltar of Atlantic water. Bormans and Garrett (1989) have related the 

formation of the gyre to the ratio of the internal Rossby radius -of deformation (ri) to 

the rad_i_u_s of curvature at the exit (r,,). They claim that for 1*,/r-,,> 1 a EYE forms, while 
for r,/r,,<1 the buoyant outflow forms a coastal current attached to the-shore on the 

right, when viewed facing offshore.- Their physical explanation is that for small .r,, the 

Coriolis force is not. strong enough to attach outflow to the coast. For the Niagara 

River, r,,,- defined as the radius of curvature of the 5 m isobath (Figure 3b), is less than 
1 Figure 8d shows that during most of the summer ri is greater than 3 km, thus, 

during the -summer an anticyclonic eddy is expected. In winter when r,< 1‘ (Figure 8d) 

a cioastal-current is expected to ‘form. e 

‘ ’ -

'

Q
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V Miitirig is predicted to be strongest at the offshore edges on the outside the right- 

turning plume, when viewed following the plume. The -bulk shear lfroude number FA 
was greater than 2 near the edges due to the high fluid velocities and the shallowing of 

J . . . . 

the plume layer. In the center of the plume, the increased depth of the plume and the 

strong of thermal gradients beneath the plume combined with slower plume velocities 

result in smaller FA. Some mixing is expected by entrainment processes. Although 

entrainment processes have not beenaddressed in this analysis, it is a logical next step 

for further work on understanding the mixing and of the. Niagara River plume 
, ,

. 

with this data set. ' 

., ; 

‘ * 

Fox and Carey (1986 and 1989) and Carey and Fox (1987) found that the 
concentration of chlorinated benzenes in the Niagara River ‘plume increased a distance 

away from the river mouth when the plume tumed right after exiting the river mouth. 
From sediment trap data they deduce that the local source of the chlorinated benzenes 
is from reworked bottom sediments. The temperature and current records from I-I-10, 
shown in Figure 17, suggesta strong vertical shear between the plume and cold bottom 
water on nearshore and downstream of the plume. Sediments C0014 be ‘resuspeflded 

through the action of wind waves on the shallow-" bar of through the strong currents 

observed near the bottom in this area. The strong current" shear would act to en_ha_n_ce 
entrainment of the cold bottom water into the plume, and may increase contaminant 
levels. t _
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Figure 1 

Figure 2 

Figure 3 

Figure 4. 

Figure 5 

(a) Thermal image of the Niagara River discharge into Lake Ontario 
taken by satellite on September 27, 1977. (b) Visible image (suspended 

sediments) of the same area taken October, 1979. The images are black 
and white copies of colour slides. 

_ _

' 

Satellite-tracked Lagrangian drifter experiments in Lake Ontario. 

(a) The paths of two drifters drogued to 3.5 m deployed 8 km north of 
the Niagara River mouth on 15 October 1984. (b) The paths of two 

drogued to 3.5 in depth deployed adjacent to the Niagara River 

mouth on 17 July 1985. Wind stress vectors for each deployment period 
are plotted in the centre of the lake. . 

, 

t

_ 

(a) ' Bathymetric map of Lake Ontario with depths in meters. 

(b) Bathymetric map of the study area at the mouth of the Niagara 
River.‘ The letters A.-H denote the locations of current meter moorings 
deployed during the summer of 1984'. The x-y cross marks the 

coordinate system used to described the data-.1 The origin is marked by 
a solid triangle in the river mouth. 

_ 

' 
' 

- 

i

~ 

Graphical summary of the 1982-1985 experiments and the dates they 
were conducted. The temperature and ship-tracked drifter codes mark 
the dates of those experiments. The current meter and satellite-tracked 
drifter codes denote total deployment time of the drifters or the current 

meters. * * 

'

/ 

Maps of three different temperature sampling scheme used during the 
1982-1985 experiment. (a) 10 x 10 km grid used ‘for 1982 experiment 
(See, Milflhy 6181-, 1986)- (5) Temperature oro_ss-sections used during



Figure 6. 

Figure 7 

Figure 8 

\ . 

Figure 9 

1984 and 1985 experiment (see, Murthy et a1.., 1987). 

(c) Temperature/chemieal Stations usedfor the 1983-1985 experiments 

(see, Fox and Carey, 1989). 
_ 

1

_ 

Computed horizontal velocities from -the hydrodynamic model of 

(Murthy et a1_.,. 1986) for (a) November 8, 1982 and (b) November 10, 
1982. Observed surface drifter trajectories (c) November 8, 1982 and 

(d) November 10, 1982. 
' ' 

‘ Lake surface temperature hand—contou'red from NOAA images 

by the Atmosphere and Environment‘ Service (ABS) for (a) July 19, 1984 

and "(b) July 17, 1985. i 

i

9 

(a) Niagara River and Lake Ontario surface temperature" measured from 

hydrographic surveys (Field) and estimated from satellite derived maps 

of surface temperature (SST). (b) The difference resulting "from 

Niagara River surface temperature less Lake Ontario surface 

temperature. (c) The difference between Lake Ontario surface density 

(0) less Niagara River surface density (a,).. (d) Internal Rossby 

deformation radius (km), r,=(g'h)"’/f, where h=l0m. (e) Buoyancy 

flux, B=g’V, where V is theaverage daily river discharge. All graphs 

in this figure are based on the same data set of field data and satellite 

images. The horiiontal axis is days sin-ce‘ January 1, .1982 (day 0). 

Current vectors representing the mean current averaged ovejr the record 

lengths for each meter deployed during the summer of 1984. The 

different arrow types denote the different meter depths as described in 

the legend. Themean wind stress over the study area, averaged from 
May 24 to Oct 15, 1984.,' is plotted over land on the rivghtl-side of the 

figure. I. 
_ 

1 

_ 

. 

" 

_
_
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Figure l0 

Figure ll 

Figure 12 

Figure 13 

Figure 14. 

. 

- 55 w
. 

Lengths of the major. and minor principal axes forthe 1984 currents 

plotted over isobaths. The scale in cm/s is plotted on the lower right.
P 

Autospectra of the summer 1984 wind ‘stress. The dashed line denotes 
the alongshore component, positive along 75°T, the dotted line denoted 

the cross-shore component, positive along -.l5°T, and the solid line is 

the total kinetic energy. density (KED). ‘ 
2'

F 

Autospectra from four different current records. Dashed, dotted and 

solid lines are defined same as in Figure 11. Autospectra measured at 

(a) A-10, representing offshore flow; (b) E-10, representing plume flow’; 

(c) H-l0, representing downstream nearshore flow;~- and (d) C-10 

representing upstream nearshore flow. s 

» _ 

. .
, 

Surface temperature contour "map of the area adjacentto the mouth of the 

Niagara River for July 17, 1984. The x» and y‘ coordinates are 

defined in Figure 3b, The solid circle represent locations of temperature 
profile st_ations and the solid squares represent the locations of current 

meter "moorings. Al vector stick plot of local wind stress for the period 

July 9-20 is plotted in the upper left. The vectors are rotated tsueh-' that 
a vector pointing to the top of the pageis along =15°T (+y).- The letter 
number codes, A1, A3, and A5, point to the lines along which stations 

. 
» \ . 

were selected to create alongshore transects. Cross-shore transects were 

created along lines X2, X4, and X6.
’ 

Cross-shore temperature section from‘ temperature profiles along ‘the lines 

marked X2, X4, and X6 in Figure 13 for July 17, 1984. (a) X2, located 

upstream of the mouth (west). (b) X4, originating at the mouth (x=0) 
and extending offshore. (c) X6, locateddownshelf of the mouth. The



Figure 15. 

Figure 16. 

Figure 17 

Figure 18 

a :56 J ;
~

1 

horizontal axis is offshore distance from the coast along the -in 

Alongshore temperature section from temperature profiles along the lines 

marked Al, A3, and‘A5 in Figure 13 for July 17, 1984. (a) A1‘, located 

about 2 km offshore of river mouth. (b) A3, located about 5 km 
offshore. (c) A5, loc_at_ed~ 9 km offshore. The horizontal is along 
if" as defined in Figure 13-. . 

A 

"

' 

The small vectors represent the ship-tracked drifter velocities estimated 
for the individual fixes on July l7, 1984. The larger vectors represent 

the average current measured by the moored current meterson July 17, 
1984. The large solid arrows are for meters at 10m depth while the 
large hollow arrows are for meters at 15m depth. The vectors for the 
siiip-tracked current are plotted to a different scale than the ‘vectors for 

the current meter data as shown inthe lower right of the figure. Current 
speed computed from the ship-tracked drifters records is contoured in 

.1 m/sintervals. - 

. ‘_ 
i 

* 
‘

. 

Time. series plot of ‘wind stress, water temperature measured at H-10, 

and alongshore current_speed measured at H-l0_from July 111 0OiO0 to 

July 20 23:00. Thevertical scale on the right .is for wind stress 

(dyne/cm’). The vertical scale on the left represents both temperature 
(°C) and alongshore current (cm/s). Positive current speed and wind 

stress denotes the downstream (east) direction. , , 

Contour map of phase for July 17, 1984. Phase speed was 

determined using the 19°C isotherm as the bottom of the plume layer. 
Solid circles are the temperature profile stations used to c'alculate~ the



\ 

Figure 19 

Figure 20. 

Figure 21

1 

Figure 22 

Figure 23 

Figure 24. 

;" ._ 
’s7- 2 

phase speed. The shaded region covers the area where the plume was 
vertically mixed to the bottom, thus, no phase speed could be calculated. 

A vector plot of local wind stress rotated such that a~vector_ pointing to 
the top of the page is along _-_15°T for the period July 10 to August 6, 

1985. 
‘ 

» 

‘

- 

(a) Surface temperature contour map for July 16, 1985. (b) Current 

vspe_ed,o'f‘ship-tracked drifters is contoured in .1 mt/s for July 16, 1984. 

The velocity vectors-computed from the individual drifter fixes are 
represented by the arrows. "

' 

TWO alongshore and one ‘cross-shore temperature sections along the lines 
defined Figure 13 for July 16, 1985. (a) Al located 2 km offshore. 
(b) A5 located 9 offshore. (c) X6 (cross-shore) located ~5 km 

' downstream‘ of mouth.
' 

(a) Depth of the 19°C isotherm for July 16, 1985. The solid circles 
denote the stations from which the contours were computed. The shaded 

~~ area covers the area where the plume was vertically mixed to the 

bottom. (b) Phase speed based on (a) for July 16', 1985.
_ 

Lagged Eulerian autocorrelation functions from the current meters 

records from A-10, _G-10», and H-10 for (a) the alongshore component 
and (b) the cross-shore component. - 

Average lagged -Lagrangian autocorrelations for the alongshore and 

cross-shore components of the ship-tracked drifter velocity records for 

two experiments,_'July .17, 1984 and July 16, .1984. The individual 
drifter correlations were averaged over each experiment. 9 

._
_



Figure 25 

Flgure 26. 

Figure 2'7. 

The interfacial friction estimates of JOD (O-’Donne11, 1990) and R89 
(Rluddickw et al}, 1989) "Jare compared in the time+:seri'es plot of 

alongstream and cross-streaminterfacial friction following the path of 

drifter 2 on July 17, 1984.» ' 

_ 

. 

_ 

. 

f

- 

Estimates of the individual terms of the alongstream momentum balance 
(equation 7a) for July 17, 1984 following the paths of (a) drifter 2,9 

(b) drifter 4, (c) drifter 6, and (d) drifter (8). Drifter 2 is located second 

from the left in the deployment line in Figure l6, drifter 4 is located 

fourth_fromthe1left, andsoon. » 
- 

* 
' 
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’

. 

Same as Figure 26, "except for the cross-stream momentum balance 
(equation 7b_). 
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Table 1 

MOORING 

Current meter mooring locations, water depth, current meter depths, and 
. deployment period. Current meter depths are measured H5 meters from the 

._water’s surface. 

NORTH WEST WATER METER - -DATE '

1 

LAT. . 

4 LONG. ~ DEPTH, m 4 START 
_ 

STOP 

down»

E
F
G
H

1 

.Ta_b_le 2. 

INST. 

43°20.41' 
4s°1s.23* 
43416.38’ 
.43°20.9s* 

43°1s.9_6* 
4 43°21:/3' 

43°19.52’ 

43°17.75’ 

79? 9.61’ 
‘79° 8.70’ 
19° 7.93’ . 

79° 5.95’ 

79°-5.35" 
79° 1.88’ ' 

79° 1.50’V 

79° 1.13’ 

r-in-v-r-1--0.)»-0"‘:-b-— 
ou-ooo.ou|Ou|o 

JUL 22 
MAY 24 
MAY 24 
MAY 24 
MAY 24 

24 
MAY 24 
MAY 24 
MAY 24 
MAY 24 

OCT 10 
AUG 31 
OCT 14 
OCT 14 
JUL 13 
OCT 14 
OCT 14 
OCT 14 
OCT :14 
AUG 23 

A 

and direction, record length (N) for the 25-hour low-pass filtered 
current meter records (1984). "The four columns on the right are the 
alongshore and cross-shore component means and their associated standard 
errors (e). The alongshore current is positive along 75°T and the cross-shore 
current is positive along -15 9T. V. 

SPEED DIR. 
(cm/s) °T 

"N A 
A ALONGSHORE CROSS-SHORE 

' 

(days) C U1-eW »_ 
Visa. 

mQommUUnw> 

5'6‘-E'><"$5%G’5G8 

3.5 48.3 1 

‘ 80.50 2.6 0.53 ' 

2,2 ‘~ 56.9 
1.-4 6.5.2 
2.8 61.4 

. 
1.0 --102.9 
7.0 

_ 

36.2 
6.3 55.0 

61.8 
62.4 
-88.9 

- 3.2 
1.7 
4.5 

93.25 
143.00 
143-.00 
49.75‘ 
st-1.75 

143.00 
0 

143.00 
143.00 
90.25 

1.8 0.46 
1.3 0.16 
"2.-5 0.52 
’+1.0 0.39 
4.1 0.74- 
5.1 0.64 
2.8 0.77 
1.5 0.44 

-4.5 0.33 

2.4 
1.2 
0,6 
1.3. 

Pprwwé 

0.52 
0.39 
0.11 
0.15 

.°.<>9.°.°.° r-rv-~l\JL>)UJr- 

UJ\l\IU\v-I-h



Table 3-. 9
» 

.60.. . 

Directional means and their 95 % confidence. intervals computed from the 25- 
hour low-pass‘ filtered current records (1984). N’ denotes the number of 
indepent observations, is the circular correlation coeffiecient», Rm is the 
95% level" of ‘significance; and ‘CI denotes the 95 % confidence intervals in 
degrees. - NS denotes that. the direction is not significant.

V 

INSTRUMENT »DIR. (°T) 1 R N’ 
_ 

- CI . 

momwmuunw> 5355553535 

. as 9 .~. Q .m 2.. 46 
59.0 .30 39 .24 

'3 

46. 
47 21 70.2 .- 57 . 22; 

' 51.0 .27 57 
. 

.21 42. - 

-107.5 .23 " 20' -34 NS A. 

15.7 
8 

.57.- as .27 24. 
1 53.8, .43 57 .21 21. 

54.8 
. 

.19 ' 57 .21 . NS 
v 54.3 . -.11 57 .21 NS" V 

-91.1 .61 ‘ 

- 

. 36 .25 22. 

-. . 

Table 4.- 
_ 

1 Principal axes orientations and lengths computed from the 25-hour .loiw-pass 

DISTRUMENT DIR (°T) ' 

. AXIS LENGTH (cm/us)". 

"fi1tered_ current records (1984). Here Al denotes the major principal axis 
length/and X2 denotes the minor principal axis length. 

p 

I 
.

- 

ELIPTICITY 
e 

. 

~ 
3 x2_ (X1/A2) 

/' 
. _ .._ .__ __ 

mmmwmpuow> 

53555‘<'5’35_35 

, _ . 

14.6 9 

6.2 . 3.5
. 

50.4 7.3 
_ 

16.4-
' 

rP»9>rPfifiP 

\o>-'°:o;_.--u\ooo<.n 

68.1 3.2 
‘ ' 

A 

2.7 
86.1 ' 7.9 ' 13.2 
80.3 » < 3.5 " 10.5‘ 

' 

77.9 11.-2 ' 

' 

7.5 usp pa? 
; 

35 
1 

’ 93.5 1 11.7 8.6 
» 98.2 8.7 7.6 

’_ 97.6 '_ 5.1 ' 7.7
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Table 5.
, Coherency (72) and phase lag (6) between the alongshore current and 

the alongshore wind‘ stress averaged over the meteorological band (60-200 
" hours). Positive phase, lag is defined as the wind leading the current. The 

offshore distance of thecurrent mooring islisted in the last column. The 
95% level of incoherency is .299. 

A 

1- 

7’ 
3 

. 0 ' 

\ 

3 DISTANCE, kin 

m@mwmuuow> 

888888885‘-85 

.52’ " 

. 97.6 
.73 

1 47.3 
3

' 

.77 
V 

3-.5 

.57 '8-1.5 - 

3 

.58 82.8 

.81 27.5 

.35 110.0 

.75’ 26.5 

w.o\a~Eo.\35wo\8 

.n ws. 

.m ~n3 6 

t
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Table 6. . Mean speed and direction, alongshore and crosshore component means in 

INSTRUMENT SPEED 

cm,/s-, and mean temperature °C for July 17, 1984. 

DIR. I U (cm/s_) V (cm/s) _ Temp.,°C
/ 

moowuow> |-~r-~r--*"‘v--v-—'-‘>- 

OUIOOUIOUIO 

5.4 78' 5.4 =0.3 1 13.3 5. 25 m , 14 05 5 13 
~ 0.5’ 63 0.5 

_ 

0.1- 18.1 
0.4 112 

. 

' 0.3 -0.3 6.-5 
- 13.2 82 10.6 -1.6 - 

' 

17.2 
13.1 63 12.8,. 2.7 21.1 

.11 % 
I 

¢7 JJ 
10.6 

ii 

284 -9.3 5.2 4 21.4



Table 7.

I
\ 

. 

62 . _
. 

Mean and rms error of eaeh of the estimated terms of (7a and b) for drifter 
2. Units are m/s x10-4. RES(1) residual from summing all the terms listed 
below. RES(2) is the residual from summing all the terms less the interfaeial 
friction. . 

‘ 
1 

1

T 

\ 
’ 

ALQNGSTREAM BALANCE_' 0 

“

' 

qaq/as 
__ 
302/as 13°)/ph 1|,(')/ph 

' 

-'1',,(")/ph RES(1) RES (2) 

NPTS 

RMS. 
10 - 8 8 ; 

- 2 _ I0 10
_ 

-.002 
' 

-.003 .0428 
A 

.2215‘ -.038 .0149- 
».-165 .0165 .0096 .097 

0 
.0439 .0784 .079 

10 
.0357 

-_ CROSS-STREAM BALANCE 
q”0/6's 

' 

fil 80’/611 " 16,1“)/ph A 

, R_ES(1) 

NPTS 
MEAN 

Table 8. 

‘10_ 1 10. 
1 

8 
' 

10 10 
-.196 .3415 -.117 .0516 .1033 

.1146 .0869 .0607 
0 

.034 . .0228. . 

Same as Table 9 but for drifter 4. A

’ 

ALONGSTREAM BALANCE 1‘ 

qaq/as 6c’/6s ¢.<'>/pn 1,;->/pn ¢,,<=>/pn 
1 

RES(1) 
. 

RP-75(2) 

NPTS 
MEAN 
RMS 

'

< 

'10 8 3. 
21' 910' 10. 10 

.0127 

.0626 
-.022 1-.002. .0319 .2923 -.0417 .-.003 
.1217 4.0038 .0046 ‘ .1029 - .0278 .0663 - 

I .CROSS=STREAM BALANCE ' 

qiao/as 1 fil ,a¢?/an 
A 

¢,,<@>/ph 1z5s(1) 

ms 10 10 2 

~ 

10 s 10 
MEAN -.180 .346 —.058, 

0 

.023 
, 

.. 147 
.1142 < .0329. .0254 , 

.0244 .0888



Table 9.

5 

63 

Same as Table 9 but for drifter.6. - 
.

> 

q8q/3.8 
ALONGSTREAM BALANCE A 

A 

A
A 

862/8_s Ti")/ph 'r,,")/ph "r,,")/ph RES(.1) RES (2) 

NPTS 
MEAN 
RMS 

,- 

, 
10 

-.025 
.1608 

q280/8s. 

8 8 2 
' 

10 10 10 
—.004 A .0243’ .285 -.046 -.011 ‘ .002 
.0051 .0023 .0829 .0187 .0683 _ .0696 

CROSS-STREAM BALANCE l

V 

ft; 602/an 1,,(“‘)/ph - RES(1) 

NPTS 
MEAN 
RMS 

Table 10. 

A 10 
-.141 
.1066

\ 

10- ' 10 I . 10 
.303 -.091 .030 - .127 
.0434 .055 

' .0269 .0772 

Same as Table 9 but for drifter 8. 

q8q/8s 
. 
ALONGSTREAM BALANCE 

302/as 
' 

ff‘)/ph 13,“)/ph 1,,(’)/ph RES(1) ‘RES (2) 

NPTS 
MEAN 
RM-S 

10 
.0014 
.0918 

q2.80/8s 

6_ 6.’ 
_ 

10 10 . 10 
0.0017 .0217 .178 -1.043 ~ .0342 .0435 
.0229 .002 - .0604 .0209 .1145, ' .1113

\ 

CROSS—STREAM BALANCE - ‘ 

fil , 
802/6n rr,,‘“’[ph RES(‘1) 

/ . 

NPTS ' 

MEAN 
RMS‘ 

' 

10 
-.1560 
.1463

‘ 

10 " 6 A 10 
' 

10 
.2695 _ 

_ 

-.1510 .0328 .0559 
.0310 .0371 .0220 .1333



J.“ 

,~£

F 

\ \
\

\ \



FIGURE 1



N 
mggm 

4

_ 

>

_ 

_%2__8_h_ 

> 

is 

ON_ 

9

O 

4 

_

2 

08;“ 

>____’ 

_§m_b_2___ 

am,

_ 

mmmé 

>_____ 

_§$_o_n_

‘ 

I 

fill,’ 

\ 

\‘\

_ 

_ 

_

I 

I~”mw||W\

_ 

£9 

3 
>_____ 

_§m___m_m/' 

.\\\L

V

_ 

’ 

A

_

9 

_

‘ 

QN 

MN 

NN 

EN 

ON 

o__

/ 

5____V 

2 
3 
3 
Q 
= 
Q 
9 
____’

O 

_°____p_°_P 

A8

I 

WMWIPQV 

OZ; 

+0:

_ 

’v 

+__: 

_ 

+6: 

Oh“

_ 

Os‘

_

_ 

O2

/ 

gwgsm 

V 

_5_mm_

Q 

_ 

l

_ 

5

V 

_N 

'\

I

V

(

_ 

_

\ 

|\‘__m,8__ 

Q 
_ 

N“ 

__N 

M8 

$m___6z__§2_§_h_v 

/F 

fig‘

N 

I 

\ 

‘N 

>99 

w_v

V 

ON 

_v 

' 

I 

I 

\

_ 

8

Q
_ 

I 

_N_ 

__ 

0 

Ag 

8 
mm

_ 

\ 
:_

i

2 

g°_gz_83§’__& 

_ 

Q

W 

__

m 
V‘

8 
H

R 

__8___8m_8§__g_ 

N_

4

’

_

_ 

_

_ 

up

I 

_

V

_ 

"M

> 

‘ 

Y

_ 

2
V

Q

Q

_ 

“Egg 

_ 

5°98 

__V 

V

V 

_

_

_

_ 

°__§°____ 

‘ 

__=____:_n___ 

Q___ 

‘Q 

8aVg::2_‘_':!a'

_ 

~___°\__>‘

_

_

3 

¥_\_

_ 

-\

‘ 

_ 

gaze; 

3+

_

V 

3+ 

_1

_ 

__ 

O8“ 

‘ 

O‘ 

OE’ 

O2
_



8 

67 

. D 
$1 can 

n-mun" I _ 

LIIEU 

LAKE TTAFI 
_ 

V 

V 
menu

I 

“ + 

. 

- 

' 

V 
"=""““"""°" 1 

. 

I 
‘ V‘. 

~ ~( _ 
' ~ 

U l 

, \F_ _ 14 

%*""€/»~ 
, K. /“W 1~/ I 

‘ _ . 

' 
'

\ 

_‘_ 
I 

Wu 
> 

-- 

sl _ 

- 7--’
.

, 
Ed!!!) 

_ l au.-in 

:3 

(b) 10 

. 

/—-———Z"~ 570- _
* 

w ‘A 
Q, _ 

O\O- 
~\\ ‘ 

0.. 

E. 5- V ‘V
’ 

-=A< . .s§> ,

_ 

,4, ~° 

Y 

' 5
. 3' Q V 

2:./u~/6‘ 
Q5, 

§\~\\ _ 
, 

4

. 

_ 
_\

. 

.FIGURE’3



8
V

6

> 

v 
WMDQE 

552 

ll 

_ 

_"_m_t_m_Q 

Dm¥o<E___|n__Im 

___________

_ 

"_m_EEn_ 

Qmv_O<mP|wOom_< 

_I1__Il

A

’ 

>

I 

A

_ 

gm; 

V 

OOM 

_ONN 

QVN 

n=N 

‘Ow? 

OD__ 

ON? 

OQ 

|_ 

_ 

_ 

_ 

_ 

_ 

_ 

_

F 

_

'

_ 

\\ 

__H__

E 

a 
__m__ 

____H__

@ 
“NW9

t 

_ 

_E 

v_____ 

_MmwmF 

|Mwwm? 

Y 

ll 

Mmwm_ 

I

_ 

UHmz=|_m__>__P

>



a 
09‘ 

99‘ 
QLI <51‘ 99 

99‘ 
06‘ 

96‘ 

99?,

n 

Q\ 9°‘ 
()\\ 

9.". 
0%‘. 

0 
er» 

I 
09‘ 

‘. 

r;\ 

I 
0" I 

av‘ 

‘ 
()Q.\' 

I 
99 

ll ll ll 
1‘ I» ‘

. 

,\ 
II 

““““ ulflfl‘ ul 1 
o@»|ul~ |gIml‘“¢Ifl|‘;|ul ‘“lI\‘N|nl 
O“ QI‘ QI‘ “I‘ “I“I‘ ‘QI 
'\>° ¢“nl‘ uflni‘ 1!‘ '1! 0* uh» ¢i‘¢nI'u¢l -1 

LAK'E'ONTARlO :\-aw"
. 

‘I ‘II ' 

1!” 1!‘ 
I““‘|nfl"'-mu‘ ‘“‘ 

$1
Q 

1!‘ 
I““‘I““‘:fih“m:\ ‘“1I“|“|fll ‘fll ‘“|Il 

1 I :1 1 n 
I 

‘\\%'g':\\'g\'¢\'g‘,‘¢‘¢ 
‘ 

, M; 9:\u!%%a‘!“ 
=='=“" 

\\ \\ \\ \\ 

. 
NIAGARA Riven 

WELLAND CANAL
' 

0 1 2 4;; 
-1 s 

" Iuiornerers 

A GFIID BASE REFERENCE POINT 
A TRANSPONDEFI SITE 
l CURRENT
0 _ 

METER Moomnca . 

NAVIGATION BUOY 

69 

ID“ 
~>< 

AV Niagara on the Lak 
ara 

ONTARIO Nia 

|I@ 

0 
_ _4

' 

_ 

LAK
l 

_ 
5k r——=—————————-—-+ 

?2s7'~ 

4 

' 

I, @501 T

I 

06*“ oe 
'24s °eoa '" u 

* '60s 
'247 ' osos - ." 

‘e04 
'24s Q 

_e1o ,6T7 
'60s ‘Z53

. 

‘Z49 - 

. 
°611 

' 

'

* 

‘ - °e1a 
' °eo2 ' '25? 

‘ '2s0 
_ 

_ 

' 

‘e12 
_ 

NUMBARA 
‘S01 

' 

-_- R- 
_UNWED 

_II,2m smms 
CANADA '

' 

‘$14 
'2se 

V 

,°2e0 I 

. 

‘ans 
'25s 

‘ 

'2sm 
's1e . 

_ 

°25.4 

10 km 

NEW YO 

7 

¢Q1)~Youngstbwn 
e -g, 

~\’ 

cg“ ' 

- 4 miIe 
Creek 

RK sure
_

\ 

Eowmmo 
tn 

V
. 

0 258 
‘$13

' 

P 25,9 

@262
' 

‘ass 

.,;,<»._,_:,~_-_ FIGURE 
19‘i,oo'

‘

5

I



A70 

Q/~”°'i'r*"‘ 'I44A~¢ a"\~‘-"" 
go-€—4-yo-‘~f\4-Y,‘-->»“\.--v 
4r»"n,'|/4" *"_!"¢vn ‘I-"'4-/V 

\;\‘v\.;\‘\“’I"*'."lr-‘."
_ 

0 ~, *-o>,¢v—';-“\.~\§_\. x 0 4 n ¢, 
K g . 

' I’ \\\ " * **~*<2:\*~»‘_+‘\ o\ ‘Q .9 ’,,</I 
, r ,3 I) ,4 _*,_+ 4; _‘ \\ . 

, _ \‘\“*iQ” 
/ ""——O—-0-V ‘ ' 

1 ‘ ‘ Q ’ /Z)/x ' —+ ¢——+-0

| 

I . 4 I 4- 

‘ . ._ ‘ ’ 
' 

._

4 v I 
f- 

/' 

_//'._ 

_

q 
/0 

r 
__

_ 

/////@u#J. /zvva¢@.__|. 

- 

-

-

' 

' 

- 

.-.‘1'"7-/-,'-:--.:..<":' 

V.

. 

0 

*_._.-s,-. 

{ 

_. 

..

'
' 
’ 

1-"¢~'q~.\-\ 

’~\\\\ 

/§4£Aaaqqi 
/'4'/'r'=e-.-_~'- - 

///'4-v<_,<_-5 I
‘ 

//J4-¢¢¢| /‘xii-~.. a,¢¢~~¢ I
‘ 

_ 

.§$g:x:x@ M _
“ 

Q5 | IB|9s '1 
\\\ X _ 

. 0 um . \ 
V n6 _ 

1 'f'—_' 
‘ 

' uovznazn ' oso an/s "‘ 

N 

. 
A 

~- 

L._._.- _._,._._,_,_._, Sm/s" 

. 

I 
K _,\ 

Y x 
-i‘ 1-@

~ 

r+1>-&;_fi~sJ%~J+_§~:*\§\\?~Q$§£\\-‘\ ‘\ $\‘\\ 

K g ’ 
' g ' ‘__*\J~<$_4—_:\\:\\§\\:;\‘\\‘\~‘\~0~_k\. 

-1~_‘~;‘%. t. R ‘\‘\.%\‘\§‘\\*\.‘\ @_‘> 0-/./4% , 

'w~..»'<-v\~"\ x x ~'\\'\¢._‘\

r T //» 

€:<Q&_ 

.‘ > 1 __ ei-0 -v_ ~v_ 0"‘ +'-0 6 - ‘~ , 

1 
A -+1 *" ‘ 

0 _1M2nn H’ q 
qv-I V 

_ 

(Mo cn/s q_x‘__-glnn V_ > 

, , 
I._“h. . 

A 
_ Lqpn 

_ 

Z---r 
-...._,._._ . Y ._._._i _

\ 
.\ '\ 

Q~¢;€_\ 

/'/' . ,~+,__’Y~ \ '~‘I\ R. ~ /' . 

‘ //’ .9 -w *':b* L \ 
'_,-‘-o-"*1 v.

L 

‘\\ 
di:f§£\&

# .“II 
/' 

)' - \ 

[ . 
lil8‘l'Afl6E o !.O_Km_ 

‘ hi-1
§ 

‘ 

6UIllIEN‘_l_’8 O I00c|nIuc
_ 

- 

§ 

' 

. WIND Q ‘ 
i.Qnl_uoc 

0->-—| 

. \* \‘ 
'\

0

4
f

4 

4-V9 

7'! 

1‘ 

/'2'» 
/3/,' 

LL»); 

\>

I 

\: ¥

. 

§*'¢4 ¢/ :1/Z \\\\ Iv -_- bf

_ _‘\ 
, \ 

r \\_ _\ ‘ 

. '\ K \\,_:_n"k ,‘ 

/I K \ K Q R 1 I. ~,\1 \ 

T T 1‘ + ~ s - ., ~\'\\éb 
If F I C 6: A 9 _I \ ‘Q 

J I 4 I O O $ 

"""' ""~‘U\\~\\ 

%\ -‘\ 7/’ 

V/-rf/ §
. 

.; ‘,4 h . 

FIGURE 6 

Inn: ' DAD CU/5 

/7) 

F“ 

_” 

“_ 

“F 

G 4 O O O Q 1 r _____ __ _ 

/‘),I;ann /111444! //J14‘-'
I /A1;¢~¢. IIlOO00| 

-'1*r.=7"/7"

s
0
I 
’ 

/",I,v») 

1°

.

. 

L,/7,-.+.,;.

* 
' 

7'¢—0~>-0-ow;

‘

‘ 
£ 

‘*4--\-\

' 
" 

//\-\.\\\'\ 

7' 

j'~\\j\,\\

Y 

___‘ 

-\\=\.\\ 

9 

h_'l 

I1--_¢,,l Innuuuv . lIvuh| ---5.‘; ionvn . __ \...
iA 

Q 
m?‘:\. - 

socn/s i



/I

V 

“N 

QMDQE

_ 

_ 

__ 

_

_ 

u 

_

0

I 

‘ 

_J 

_

_ 

__

‘

3 

‘ 

f 
__ 

_ 

‘Id 

fit 

_ 

_ 

Y 

>

‘

> 

,

‘ 

ow/Am 

B 
____

_ 

___I___ 

_

_ 

__ 

I 

~ 
_V

_ 

__"\_oN|AK‘

_ 

A/L 
_‘

_ 

W

Q 

F 

kw/\

_ 

_

Y 

‘_ 

_

_ 

_

_ 

”_ 

_\ 

__

Y 

V‘ 

_ 

_|

>

_ 

1 
_

_ 

._ 

A

5

4 

‘ 

? 

_

_ 

_ 

._ 

mph 

V

¢ 

_ 

0\_ 

_ 
_

X 

1 

_ 

_

_ 

_ 

N

_ 

0' 

_

_ 

N”? 

_ 

__ 

_

' 

m_ 

0' 

_v__

_ 

WU‘

1 

XL? 

_~

_ 

‘
‘ 

{A 

V‘.

‘ 

“J:

_ 

_ 

__'

_

_ 

H~_‘V\ 

3

’ 

_ 

_ 

,_ 

_ 

\’_‘ 

W

t 

_ 

~’

_

_ 

Ffi 

Q 

x_Q_ 

$9 

Q 
:2 

R

_ 

‘Q’

O 
O__"_<;_

E 

_‘_\__I___

I

_ 

;

‘

5



HF 

WMDQHW

_ 

-‘___ 

_

_ 

\ 

_ 

‘

' 

>> 

r 

__. 

2 

‘

_

I

7 

Z 

wf

\ 

“Q 

_ 

‘___'_ 

_

‘ 

‘ 

_L

K 

V 

__ 

_

_ 

R 
‘V 

H_ 

{_/___‘ 

oN

‘ 

MN“

(

0 
A“ 

ON 

’ 

at 

‘j\A/\‘\0 

\\ 

_

_

_ 

\_ 

J’ 

“1 

___§>|_2_ 

mg

R 

O_EFzO 

m¥<|_ 

__A__ 

aim 

1‘

5

I 

km 
_. 

__

W



Tu? %f 

'73

I 

I K 

\ 
:*‘ 

. 
E 2.4-.. 

'->n“"fu ‘

_ 2@;;.+ I 

: 
f-'++ =_ 

.- 

' 33*‘? +~ 
-

E

5 

E | E 

' 

I 1 

’ 

- 
3 

= -.- 

?* 
” — 

*ilb.+l2IEI*§. _

l 

E % fi 
N I 

»'E3? i++ 

4 
.,—|-9 
' '11-**++ 

;
i 

.4-£- 

j 
2 ++ :1 

I-0N 20 15 1:0 Ks 

Q0 

O . 

!“'Q'QO_

\ 

1-(OI-DO 

PNIOO 
PPBQ 
POQO 
ODODO 

OIOO 
QPC. 
N-NO 
10090 

IOQO 
‘#100 

(‘MOO 

NBC 
FQO 
ac’
G 

(SST) 
(F=;'e 

d) 

fl- 

LAKE 

cs 

LAKE 

". 

RVER 

(SST)

* 

RVER 

(Fed) 

FIGURE

8a



QQ 

_

P 

5 

EDGE 

O 
O 

Q 
G 
O 
Av 

Q
G

0 w 
m

N F 

G 
Q 
__ 

N 
0 
€ 
m 
my 

N 
w
O 

F 
F 

Q 
Q 
my 

N 
Q 
0 
_‘ 

Q 
N 
__ 

m
Q 

i 

_ 

_ 

_ 

_ 

_ 

i 

_ 

i 

_ 

_

Q 

_ 

__ 

___

\ 

_M

_ 

IO. 

_ 

' 

I 

_I 

I 

EDI 

n 

Ill

_

‘

. 

‘I 

I 

U‘ 

U

> 

1‘ 

I’ 

‘qr O
_ 

L! 

“ 
t

V 

-V! 

I 

I. 

. 

. 

. 

. 

._ 
_> 

_ 

: 

‘.

_ 

+ 

kw 
+

+ 
___+ 

_# 

*0" 

“M

Q 

H
% 

_

+ 

mo 
+

\ 

_

V 

_u_m_"_ 

G

I 

O- 

'5 

m_¥j____A__ 

m_m_>_£_ 

A8 

N; 

7 

I‘ 

1 

I 

_

t

L3Wd 
3_

EVlflH3) myI‘



'75‘ 

O°° 
‘+6’ _ 

-4H°%<>© -0 A0 O 
°++s<> - 

' 8’ 
0°01 _ 

V o 
<> 

<> 

“A-gag‘): .4 

<> ekgaod, 

°°<2>°.b-fi%& 
-W’

O
0 

+ +'%°'_of_ _

<

0

0
20 

%.*<>z°f 

“O

° 

$°<»w§°;L " 

0°

d I-—-» (O_ 
CO 

F'e 

6 § + <> 

7‘ ,|% | I‘ 4‘ . N IO ~==' IQ OWQ 
-‘ »o 

. , 

- 

i‘ 

(1-ewfigs) aoua1a;;gp M!$,uab 

P-YQQ 
1='(0l-DO 

1'-iN¢DO 

POEOQ 
55689 

GOO 
QPO 

DAYS NNC 
‘PUG 
IDRIO 

¢l-DO '. 

(‘N90 

NBC 
‘PQO 
QC
Q 

FIGURE 

8c‘



W

H

K 

I 

+ 

__ 

In 

I”

_

d 
T 

|_ 

S 
_e SH

_

+
t 

1_ 

+ 

___W 

‘. 

___++__!T__ 

1* 

.1

l 

I 

/

_ 

'__

_

\ 

+_#I_ 

“T

E 
_

L

a 
+ 

-_+ 

_

_

_ 

‘ 

__ 

II 

"I 

I 

I
V

U 

+ 
I

’

_

+ 

_

_

i 

B.

. 

.- 

Y 

_‘ 

_ 

- 

G‘.

L‘ 

_.V

Y 

Q

_ 

. 

.v++. 

_ 

lg 

__

T 

‘

_

0 

4 

3 

_2 

1

_

O 

Ev; 

~: 

1440 1350

1
2 
so 

1170 1080 
900 8‘1O

K

S 

720

MD 
63° 54° 450 360

_ 

270 18° 
9’0



77

\

\ 

as% 

° <x> ' 
<>

. 

Y Q00 ‘ 

. + 6? _. 
- 9 . 

0;;00 $0 0

O 
. 
°o°3 J

‘ 

Y O
O 

°

0 

O» 

s: 

0 

+' 

#9"

O ° <9++-9<><§' 

0 Q 0° 
. _. 

-_ 

_|. ~»<><> 
1' + go 

_

? 
+ §’ ' + 

_ 

,0 

9

w 
. 

0° 

$0 %° - 
0843+ 

—\ 0-Hi-T-l+° <> 4+ 
"' 

mfl Fbd 

20 OOOCO Q Q’ Q Q ¢_m F‘ * I I 

Aoue/(onq' 

1'"'?§'O 

*<=’0JI-O0 

~~@¢ 
PPNO 
1"'OQO 

ODGDO 

(DOC 
QPC

6 
1
3
2
0
o 

DAYS 

|D<'O 

Q’!-DC 

(‘MOO 

use V 

-inc 
mq 
C V 

FIGURE

8e



m 
WMDUE

_\ 

N___o\=_€ 

sq 

‘l

_ 

ggg 

OZ_>> 

Zfig 

E9

A 

_||__||J_|4|||_‘|_|_ 

gsm 

__ 

~o_ 

E
> 

‘ 

lllll 

Iii, 

E9 

1'11

_
_ 

_____%u 

5_m______

_ 

WPZWIEDO 

Z<w_2

_ 

\|\' 

O_E<___Zo_

W

A 

W 

>

_

> 

_ 

_

_

I 
W 

\°_"__'

I

_

_

> 

_ 

I

A 

V 

A 

v_ 

_ 

_

_ 

Oifizo 

mg:

H

0 
O0’

_ 

O\/ 

_'

Q

é 

N

_ 

A 

ON, 

\ 

\_ 

J 

6
V 

flu 

’ 

_ 

4 

ow 

_

_

H 

_

_ 

_\ 

“_~ 

‘X
O 

O9 

’i 

AV

A 

A

> 

/\|

_



2 

$505 

‘I/I’? 

/I'll‘ 

u 

cg 

]l|Jl|J

_

* 

E9 

__|lIll*lllll|_

f 

__

_ 

V 

___

’ 

E9

‘ 

vEO> 

/Z 

q\/

_ 

H 

o_m<___zO 

>52 

)

3 

_*

I 

'__ 

__ 

“Z 

L1 

_Y__: 

O6 

_ 

>__ 

A 

J

_

V

I 

V 

6: 

o_”_<FzO 

wV_<|_

/ 

’ 

>__ 

%\/ 
\|/\

_ 

59% 

_2m____

_ 

V 

H 

_’

Z 

m$_<_“_w<_n_ 

wm_x< 

]_<_"__Oz_E 

__

> 

_, 

V 

_ 

__ 

__ 

_ 

‘Q 

_

4 

co”

_ 

_

I 

Q 

‘V

_ 

Q

\

\

V 

>_ 

o_ 

_ 

A_ 

_

’ 

Om

_

A 

_°‘\{\%_ 

‘N

\ 

\

> 

‘I'M:

_ 

Ax’ 

Wk\\W/?~A, 

<

L

_ 

A0‘ 

_

_

_ 

A‘ 

ii 

_ 

’

_ 

O0

I 

T‘

A 

|1“*‘¥‘ 

/ 

__ 

\\\\g

_ 

A 

_ 

>' 

l_Q

_

J 

O0 

__ 

8_

V

V 

v_ 

_J_



EP

_ 

_ 

_ 

_

> 

H 
4

_ 

V
_ 

1' 

4

_

L Sm Du1
_ .' 

MW 
ngbm

1YQ ‘E UmnUI ,1 C
_

E
_ 

R‘IDJ mwni 

$ 
>_ 

‘_v

M 

I

_

T

_

_ 

_ 

__ 

__ 

‘ 

‘I 

_-_ 

_

\
>

_ 

V_

_

_ 

"__V_N7 

___

4 

> 

__ 

_

, 

"‘ 
___ 

_ 

V 

__F~fifi_;“‘r_a_’.:...

‘ 

> 

_

_ 

_ 

‘ 

_ 

Ii

‘ 

’

' 

_

' 

_

V 

_

_ 

_;:_" 

_ 

i_q 

_
’ 

_

_

_ 

\ 

_r 

‘J 

‘ 

8 
_‘ 

I

' 

.... 

."",‘." 

III!‘

Y

_ 

I

I 

‘ 

I 

I 

I 

l

I

‘ 

_ 

la 

ll_l

’ 

‘ 

I 

”,,,_-a‘ 

’ 

V 

_

_ 

.....‘.IV' 

lr.‘i

_ 

‘

> 

mmu 

_\ 

Di‘- 

__ 

'7

_

1 

V 

A 
. 

’“

_ 

'.m:|.‘_l‘-‘P 

Iv

I 

...... 

,"l__,

' 
'0] 

’3 

/ouL Sm‘0

\

I 

_ 

_*\

_ 

IIIII 

OI

I

0

‘ 

' 
'

.

. 
D.

8 

V 

__"_‘HM"

L
R 

m_

m
’
’
I 
I

I
I
'
' 

I.

I 
I

'
,
:

\‘
‘‘

\~_
___

___

.. 
._

‘ 

_ 

'_ 

_

_ 

.

_ 

.

_

_ 

__ 

’

_

_ 

_v_‘

.

SSEmSDNW

UWGHm1_L mg 2Q402 Mu142 
_‘ 

__ 

_q 

mu

N 

w 
V 
mu

N 

?b__ 

w 
A‘ 

n_ 

qb_

K 

°I_m_o\¢._Aomm\:V 

_¥

0 

Kg? 

£2‘!

| 

la 

O...

'

PC(YC
I

NE
4WER"F



ZO9 
TI 

V 

I 

_‘ 

_:“:___::

' 

'1

. 

__

) 
S1

RU 

>|

0H(D0" R’ E
‘ P‘

) b
_ 

;

(

I 

_ 

Q 
N 
_

Q 

b_ 

Q 
N 
O 

N
_ 

vb_

Q 

fl:*v_O\~Jl_UuWw:Ov 

>__wzua 

_u’_¥

A 

‘Y 
V‘

Z0 

II

\ 

R

m0

I

1 

[qr

_

W 

mi

> 

_ 

__‘ 

‘fix? 

"‘i.:‘.-..'I'l 

I‘ 

‘I him 

M" 

flu 

__

_ 

l_ll_\‘____W_‘ 

‘K 

"

\

_ 

___\ 

_ 

__ 

M 
_

_ 

' 

I

'

,

_

_ 

_ 

" 

V_

H 

_

_ 

U
M 

H 

M 

_

_ 

_

I 

in 

_ 

h_ 

_ 

___

_

‘

I

_ 

I

_

N

I 

;

_ 

TI

_ 

°_ 

__

_ 

‘I

_

S ‘RUO myD. 
R_

_ 

E 

_’

P 

J’ 

V‘ 

__ 

m 
vn‘

_ 

__ 

’_ 

Mm
N_ 

_

_ 

__u~ 

___ 

_°_

6

> 

L‘ 

‘_

_

X 

_ 

2'

_

Y

' 

|_"_u___""M

‘ 

\'-‘||'\‘____H_'____’

_

_ 

“_ 

__‘-___1____

_ 

ll‘ 

D‘: 

I 

\\-

n 

~ 

I:

IV 
fix 

m M WW 

“H

_

m 
_"

W 

M

k
M 

W

_ 

__ 

__

I543 
ZJ 

‘

H_ 
Wp_
_ 

_

C 6_( 
4Y_ _C 3“ 

_‘w 

____

E ‘F

6432, _U
II 

_42 
UJ ‘H 4)w 

_2'

Y UC INE 
‘4W

E 2R
‘ 

F_

U42'
1

IO 

)

‘ 

I

‘ 

‘b7’

I 

v‘|_ 

__~_ 

\‘._

9RUDOIREP 
I

‘
0ImD0I RI El

P 
\_

~ 

'

_

Z
>

0 9

4

( 

‘v‘I__._

‘ 

_. 

_R

_

I 

~ 

I 

Hgnmfi.

: 

W 
I

I 

H

_ 

H‘ 

___________":__“ 

W) Mm

21

2

_ 

\ 

‘R 

_w_H_H 

“‘H_‘u_fih>fi‘_uJ

_

_

I

.

E
H 

P 

nu 

4_

GH 

_i 

_" 

U‘ 

:3‘ 

or 

ll“ 

___'_

t

_

_

2

| 
N 

‘|" 

:2

' 

‘vi 

‘l|'|__.||_\___““____i 

I‘ 

_.

_ 

__ 

nHu

I 

to 

|‘||H‘ 

_"__H_________

I 

I 

\ N 

’:_\ 

ll’, 

:n_:_"

' 

_
_

> 

_

‘

/

M 

I’

I 

I’ 

__ 

__ 

_" 

__

i

_

W

_

u 

__

"

_

m 

__

n

_ 

M

> 

__

_ 

‘ 

Mm

' 

__

1 

O

_ 

_ 

_‘ 

dU_ 

Q 
V 
n
N 
b_ 

AW 

Q_n

N 

b_ 

Q
Q 
n 
N 
°_ 

w 
Q 
n 
N 

_\ 

_:1t_°\~’__uuw‘t°v 

_>%_mzwc 

_w 

_¥ 

>2O _9 

TII

3 

_ 

‘I 

' 
\
~ 

:2: 

:"“_,"

I 

_\ 

’“:_VI_

‘

_ 

‘"HL‘_‘__“_W

‘ 

\‘_‘ 

______‘___'_"__“§__‘ 

V‘ 

pf“ 

__“__._ 

I'll,‘

_ 

hu‘ 

F, 

*2,‘ 

‘I 

___‘_\ 

X’ 

__D_ 

“_

_ 

-’

_ 

I

_ 

_:Fm!o\N_._°ww\:Q_ 

*__mzwn

I
‘ 

_

0

E \_

—

_ _

A

H

_

U 
Um

V 

‘NE 4%
_

E 
‘FU 4

_

AG54 3

V 

2J 
‘

H WP
_C 6(

4
Y 3HCN 2% 

__

O
. 

_~v“ 
‘_F

643 _2 mu 

V 
fi 
N_ 

b_ 

T 
E
N 

bé 

@ 
Q 
M 
N 
C_ 

Q 
Q 
W 
~
_ 

b_ 

_Q 

Q 
E
N 

b_ 

Q
é 
E
N 
b_ 

Q 

N 

O_ 

O
Q 
0 
N
_ 

_I_L‘U\N"_OWm\ZO_ 

>__wZWQ 

_W__¥_

_



5 

5 
QCURRENT METER MOORING 

m)

Y 

==, “" 

582 

_ 

WIND STRESS 
- 0 TEMPERATURE STATION 

'9 1‘1"13'415 17 19 
' 

Q 
' O5 10 

JULY 
V 

' 

dyn'/cm‘2
' 

-10 _ 
-_5_ 5 '-O -5 10 

.15.] 1'1 1 |/I--~-|-| | l’| | | |5|~--L.5

0 

£1’. 

10L \.)@5p):° 

‘ll 
..;..»...,......

Q 

_ 

. 

v 

_, 

‘a .-‘,1.’ ‘. 
V

_ 

X2 .f 5 YORK 
' ONTARIO 5 X4 

5 
5 X6 ' 

-=5-| 0 0 | i»-| | | | |*-|~~-| 1 | I '|”l--»| | I |" 
-10 _ 

. _ 

X (km)
5 

JULY 17,1984»
/ 

FIGURE135 

5 -- O 5 10



10
7 

2.0 

PTH 

(m) 

DE 

40- 

50- 

50.-I 

DEPTH 

(m) 

DEPTH 

(m) 

UO 

Q! IY_I 

I 

83 

Ia) 
I

I 

LI LI I6Q
- 

‘ 
. ,_ <\9* {Q 11 , , 

~ " *' L~_ _ 
, _ H —

_ 

_ 

. 

‘ 

I H 

_
Q 

_ 6 _
. 

'
I 

.,
- 

JULY 11,1984 
x2 TEMPERATURE _

~ 

1.8 

Q! 

10- 

20 

WO 

40- ~
. 

5°’ JULY 11,1934 ‘1 

I I I I I I 

' 

I 

W 

I' 

8 3.88 588 7.88 9.88 

(b) . 

I 1-! I-Y,I _ 

U 
> 
Z 

* 

V 

?_.1‘-B7 —11. 1‘ ..-- Al L i
. 

2’ 
Kl

> 

- 11

\ 

x4 TEMPERATURE .

Q 

6°-I I I I 

‘ 

I I I 
- 

I I I 

O 1 2 3 ‘4 5 6 7 8 9 10 

QO 

40 

so 

0! ' 
'4 

' if , . 

.,' 

1° 
V 

‘ 2] V 

__ 
2° ' 

I

Y 

V ' &. E 
21°‘ 

(C)

'

- g‘ 

50
V 

JULY 1'/,1f9a4W I, 
_ 

-
- 

' xe TEMPERATURE ‘7 FIGURE 14 
'1 - 5 T I 

- 
I 

d 
I 

1 T ~~"~»-'I I» 4 T- 
2 3 4 5 6 ‘L 8 9 IO 11 

DIST/-"\NCE (km)



DEPTH 

(I11) 

DEPTH 

(‘m) 

84' ~ 

-LO 4/. 

Q i1_~~_-—_-~_- 1_-,__- 
_ 1 Y 1 

- 1 
_ 

1 V 1 1 -__~__1 ,1 1 1

' 

-(,9 “20 , X27 _'
. 

A1 TEMPER-ATURE 
1 

_7 _ m_____ _JULY17,1984 
15 

1 1 1 1 1 
1‘ 

1 
1‘1 1 

1~~1-1 
.-1.69 ‘-5.69. -3.69. -1.69‘ .31 2.31 4.31 . 6,3 

O 
h 1 

.1 VI -_1_1M ALJ 1’ 
1

* 

10' 

NQ 

30 ' 

40 

.. 
_;‘— ‘—” 

.. 

"7 129* ~:19:;._ 
" 

.

1 f———~f‘73 . 
- .- ' 

, 

» °_ . _ 1 f - -1».- 

\. 1» 

-v 

'A3 "TEMPERATURE _

A 
_-.* '/ 
._ ____....5'

I 

»1 

JULY 17, 1984 ’

1 

Q, 

10 

Q0-1 

- 

1 1 1 1 

" 1 1 1 1 
1 1~~-~ 

1 1 

-6.76 -4.76 -2.76 7-0.76 1.24 3.24 5.24 

(C) 1 

1

1 

1 

1 
_ 

1 

' 
" 

.~ 
4 

1__~v_1 -1 
_ 

1 Y I /-1-1 . I LI“ 
19 " 

1 '20‘ "2/1" 
" ‘W 

_ 
4 

7_ 
_ 

. 118 _ 7 _ 

“ 
- —"§»>1s% 

_1 7~._~-11» 5 - ‘ - 

87:, *7 
. . __ __ . _ _H‘:___ _6 

v_ i‘ _ 

DEPTH 

(‘km 

(DO 

40- 

50 

so 
-5 

A5 TEMPERATURE W 
JULY 17, 1984 

1 

1 

1 7 

DISTANCE. (km) 

-1 1 1 1 1 1 1, 1 1_ 1 1 71 r 

.7-'3 
_ 

-3.73 =1.7>3 0.2-7 ' 

72-.27 4.27 _6.27 7-27 

FIGURE 15



Y 
(km) 

// 

, as

/ 

.l\ 5 »O 5 10 
15.! | | 1 g I | | 1»-Mu; I | | |~1_|._I u L15 

I / 01 ""‘ " .|_ _ _ 
_:..'--.I’-'- ""'3' ~'-'3- * -~"'-_'.- ._-.- ' ~'-'9 nu 

‘p . .| 
ll 'n0‘,O

. 

_ . 

-9 _ 

,v "’_ 
-v //v, . 

-—_>

Q 
+v/'2 

¢ '-n C-P * 

_ .10 ms‘2 _ 

-1 
- JULY17, 1984 -5"‘ S + 

.. 
‘ 

_ 

A //,1 
- 3 -v ' 

_‘
_ 

_ 
‘ B’, ff’ f I X, 4' -> _" 

C, / \ 

_ 

A F‘ _. 
10‘ ._> 

., 

_D°/"V ' 

- .. 

*1" Y‘ I

’ 

1 
,

E 

"'51~~~|-~_| | | 
| 

'|" 
| | | 

| 
.|" I r t 

| 
I," '| ”'| -|~ |'-'-5 

-10 "-5 .' O‘ ‘ 

‘ 5 10 

X (km) 

FIGURE 16



OflH3lS 
_

d 3" 
__Q

) 
_owWOHi3WH) MW

_ 

E; 

NF; 

ms 

2; 

_E~

F ON 

S 
MEDUE 

ki? 

>__- 

“ 

_' 

_

-
u 

__ 

_'_ 

_ 

I_ 

‘ 

I--V‘ 

H 

i_ 

W 

Vammmwbzwmgo 

< 

> 

_ 

_ 
_ 

_____ 

_______ 

_________ 

, 

Y

_ 

H:

_ 

_ 

>

_

_ 

_ 

‘ 
_ 
_ 

I 
I 
I 
‘ 

_
_ 

_ 
_ 

_ 
I 
I 
U 
_ 
_ 
_
_ 

I 
_ 

_ 

‘ 
_ 
_ 
_ 

_ 

.
_ 

I
‘ 
I 
‘ 

_
_ 

C 

.__

‘ 

_
' 
‘ 
_ 

_ 
‘

_ 

_ 
_ 

_ 

~.__"h.'_ 

_ 
_ 
_ 

_
' 
. 
_" 

_ 
I
_ 

. 
I 
_ 
_ 
' 
I 

"‘ 

_ 
_ 
I 
_ 
_ 
_ 
_ 
_ 
I 
‘ 
I 
_
_ 

in 

_
_ 

U 
I 
_ 
_ 
_ 

__

_ 

v_>_

_ 

K 

__ 

_

_ 

I

_

_ 

+ 

____'__

5 

.___>l'

_

_

_

_ 

ON‘ 

_

’ 

’_

’ 

_ 

__

i 

_‘_ 

HS_S

I

) 

F 

_

_ 

_‘

.

O
N 

_

_ 
_____ 

______________ 

__ _ 
______ 

__ 

_____ 

'_ 

‘ 

'_o 

H~ 

~_ 

~_ 

___________ 

_i3; 

______ 

_~ 

______ 

:.3~;' 

__________ 

i

T

_

M 

0% 

________ 

____________ 

:3 

:_ 

+ 
~_

_ 

_ 

M

_

G

1 

gm 

* 

T

3

O 

¢° 

+
‘ 

Q. 

M‘ 

l 

‘W 

*

H 
1 
5 

__

_M 

_
_ 
' 
_ 
_ 
_
_ 
I 
_
_ 

_ 
_
_ 
C 
_ 
_ 
_ 
_ 
_ 
_ 

_ 
_ 
_ 
_

_ 

I 
I 
_ 

_ 
_ 

O
‘ 

_
_ 
‘ 
_ 
. 
_ 
_ 
_ 
I
_ 

_ 
I 
C 
_ 
_ 
_ 

_

‘ 
I 
_ 
_ 
_ 
_
_ 
>
I

O
w

3

3 
IfZI\



Y 
(km)

/ 

,\ 

'31 g 

JULY 17 . 1984 
PHASE SPEED 

-*1O "5 . 

- O > 5 ‘ 

1O 
15 

_ 

.l
r 

. .;-.-_-._--_..._._-_-__.1-_-._-_-. .--_ 

9 Q Q 9 "92 O 
5- ' ' 5 

- . . ~ - - 

' 04 
I 

. ooa 
10-A 1 > 

I 

‘ 

»

~ 

~" Q ’ 

v-V 
'1 9 ' 

_» .

V 

V O 
\ 

* v,\__V_ w 

-. 0 QR“, _ Q owe 
Q Q

O / 

...1Q .. 

~X (km)A 

Q FIGURE 18 

5 O ' 5 10



m__Vm_~_DQ"_ 

NEO\_C>u ‘Tl! 

F
’

Q

\ 

_w:g< 

mwm___::__ 

D 
__ 

OH 

QN 

3‘: 

NN 

6N 

Q_ 

D_ 

Q_, 

N_ 

°_i

_

/
_

Y

V 

_ 

_/_N_/ 

/ 

I

_

8 

mwwmhw 

QZ_>> 

$\_ 

7 
_fl

w 

\§_4__’

\

%



2 
§5- " 
>“

Y 
(km) 

15 

10 

-5-1 I | |\~|";|' 1 | _+ e 
| 

0 I 
l_Ml 

| 
1 I I i F“ 

10 

OI 

-51 s o 1 + 
| 

| r ,0 In-7; a 1 + | 
| 

r 1 0 v|Wf'-5 

-*1O -5 O , 

' 5 ' 10 
15-.| I r | 1 I | 0 | | I r u | | I | 1 4 | L

J 

' X (km)
V 

' 5 110 10r|r|?e|v|9L|||||0||L15 

. _-_.

-

0 

'

V

. 

Q
I

‘ 

79 

;: 

-

1 

1 

__§'ooaoo6o'o_o 

1 

no-=0‘ 

,o_ 

oo_\$‘o.o 

'

_ 

',Qq‘Q

- 

"T 

' 

of 

“figs” 

Q. 

'0 
000 

V 

a,

, 

l 

.

0 

A. 

L

.

.

j 5

.

. 

~ e 

SURFACE TEMPERATURE '
- 

JULY 16,1985 »

'

-
~ 

.-

-

- JULY 16, 1985 - 

— _ 

- /; 37
— 

- ‘V Q ~ 

‘ .4 
ff , 3 _ 

—> 
_ - .5m s'1 

_. Q» .‘ 

’ 
-I 

‘ 
~’* ' _ 

_ /\°; - 

: 
T11 

I

‘ 

\w‘,\\\\,-
_ 

- ‘W _
-

- 

X (km) 
FIGURE 20 

10 -5 - ‘o - 5 10



DEPTH 

(m) 

DEPTH 

(m) 

DEPTH 

(m)

O 

0| 

_l 

90 

(8), .. 
"V 1* v 

V19 -I 
v - ~~ .., \-,, A »- ~ :o— ~» 

-'1 
_\ 

-/ 
J 

- 

‘ ' 
» 

’ 
. .7:-._'.. 

I 

1*; 
_ 
.@- __V -. 

‘ 

A1 "TEMPERATURE JULY -1e.19as _ 

5
I 

.0 I I, I~ IN I .I~~.»I ~I.~~|~~ -I~ I-
_ -1.15 

. 
-5.15 -3,75 -1.15 -.25 - 

' 

2,25 425 
_ 

5__g5 Ux@ Q! I Y_l Y._I 

_- 

- 20 _- 
_

, 

T -_ r>\1a '9_ _ 2_1
_ *'6,T_\- 

7 
7_ H ‘

. 

—‘- 
. .1: :§>~ * — :_ I --* 

I 
" 

.,i.;: 
, _ 5 _ 

0)O

4 

40- 
H‘ 4

‘ 

so-- 
’

*

/ 

.- 

A6 TEMPERATURE JULY 16,1985
4 

’I 
I I 

_ I 

- r 50‘-II 
I I I I I I _I, VI I I 

+5 -3 -.1 _ 1 a - 5 1_ A 9 

20- 'i W 
_ M

I 

O0O 

(C) 
Q, | ll '7 1"Y+|.-if. ['17. |" 

. fi | 

» 

’ 

" 

- - 21'" 

. 

_V V 
‘I __i-19.20. 

H 18 
- 

fi‘ =§;I 

40- 

50 

60 

JULY 16,1985 —
» 

‘I 

I 

‘ 

, DISTANCE (km) 

' xe TEMPERATURE ’ »-/: 
V I _l' 

I I 
"—-‘I K I Fr‘ 

2 4 6 a 10 
FIGURE 21



Y 
(km)

Y 
(km)

J 

1 191 
\. 

(a) LAYER DEPTH On)

-

Q 

10 5 O 5 10 
15.] 1-» 1-1-1 1 1 I 

1' 
1 4 =1»--~l’ 1 1 1 1 I 1' 1 1 1 L1 

- . 
_- \ 

1 JUEY16J985 
(b) PHASE SPEED_ 

-10 '5 0 5 10

~

- 

1 - -

I

I 04

_

0 00 
-1

Q
e

0
0

‘ 

.0

0 
0Qg0_oo

0
Q 

“Q =1, 

-. Q °"° 

-1 .1 

.10 
_ 

_ 

,-s o ~ 

X (km)

/ 

FIGURE 22 

-—

-

_ 

o . ,. 

5 10

5 

10 5 O 5 10 
15_l‘1 1 

11~I----1~1,1 1 I 1 1‘-1~1 I 1 1 1 1 L15 

10

5



" 0.8 

V0.6 

0.2 

-0.2 

' 0.6 

0.4 

-O52 

0.4 

~ 0.2 

I 

92 

k

. 

Ia) 
,\ 

I 
1'.

C 
4 

\\- 
A 

. /
I 

\ 
Y . ‘I

\ 
_.I .§ ° A-I10 * 

‘I. , \\G‘_10~ 

I _\\ 0 

_ I-I-10 \\ ' 

x‘ ' 

_ ALONGSHORE 

I 

\\\
I 

\ 0 

0-I— ,- -— - -==°#+-+-+- 
IA

~ 
’\ 

| 

0 0 
I 

'
. 

. , I 

__ 

b 
‘

‘ 

'1’ 
I 

» 

I 
"I

i 

0* 2 Ia 4I 5 

1<> 
\ . 

_\. ~ 

. \ 
V

_ 

\
' 

_. _\_I‘ 
_ v\§ ° A'10v

\ \ 
V

0 
_ 
‘\ 0 

._ 
l 

” \~‘ . 

O 8_ CRQSS--SHORE
\ 

, 

. e 
. . _\ QV 

’ V\\ t . 
I "“'-Q-0__-‘-_@_ 

' ' 

V 

., 
’\\ 

- 

4 l 

¢|_ H10 I 

1 I I I I I 

0 -1 2 . 3 4 .5 
I 

I LAG (days) 
FIGURE 23



3 
BEQE 

Awsg 

_@<|_ 

OF 

Q

Q 

A

w 

N

O
A 

_ 

_ 

_
_ 

__

_ 

_ _ 

__

_ 

A_ 

_

_ 

_'_‘__o_| 

$8 

gs 
N5

F

_

4 

Q 

//I’, 

_u~ 

II/4//I 

_ 

_l 

N16‘ 

!_/IIQII 

A

'

' 

/4’)

y 

A

V 

V 

J‘, 

_|_o

_ 
q 

‘X 

Amw\m_E\_Q|

/

I

A 

/
/ 

wmd 

i?w:__\N:_JO4

V

_

_ 

_Z

I 

H

>

) 

/ 
/

_ 

/I, 

/¢ 

_ 

_v_© 

1’ 

’

_

_ 

£55 

>0 

7/
_

N

’ 

/X 

mwmo 

~,_/Am /I

A 

_ 

/1/’

\ 

F
_

OOHH3W H_ONOO3dHD3Nl



l\

"

_ 

mNm_%o_"_

) 

i
A 

_ 

_ 

g 

1 

_ 

-

_ 

-

V 

an

( 

_; 

9
A 

Q 

Q 

N

w 
4 

0 

Q’

m 

F

Q 

_ 

_ 

F;

| 

[Q0 

|_o_ 

_*J*y_lO 

O

O 

-‘

g x 

N 
~_mE_g

_ 

__m\_L_ 

_)_<m_Ew 

__wWo5

U 

2&5 

_2<_m_E8Zq_<_

. 

503 

_)_<m_"__5-w8_“_O 

___ 

603 

_)_<w_h_5wZO|_<

l 
Al 

66

I 

N06 rgo

I 

‘O
Q lmowo ‘Q06



ON 

EEOE

_ 

U
U 

_

‘ 

u 

_:Q 

_ 

mm 

W“ 

__ 

_ 

M

F 

__<Dn__wm_m

D 

HO 
mg 

__ 

Wm‘

_ 

‘Q? 

__ 

___Q\____ 

0” 

I 

~’ 

§<mmPwwZOJ< 

WIDOI

_ 

WIDo____

¥ 

Q 

Q’ 

o_

O 

9

Q 

Q»

Q

N 

o_

r 

é 
_ 
1 

i 

__ 

_ 
_ 
_ 

_ 

_ 

rmo 

_

_ 

_
_ 

_ 
_ 

_ 

_ 

_ 

__ 

Fmol 

Q 
_“_m_:_g 

_

® 

"_mE_”_Q

M 

\)/

\

I 

\\

X 

“nu 

Y

I 

‘vol 
igl 

‘V- 

Ndl itolmw 

_

_ 

‘fl 

O

I

A 

\ 

‘

O 

_ 

_._ 

I, 

\\R 

’
_ 

?
W

W 

_‘\ 

ll 

_ 

_°

0 

‘Md

A

T 
‘Do 

_

‘

V 

WIDOI“ 

‘P 

Q 

Q 

_Q

N 

__ 

_ 

’_

4 

_ 

_‘ 

_ 
__ 

_ 

_‘

_ 

Ind

_

°F 
mdl 

\\

H

\~

Q 

m_m_t_"_o

_ 

__ 

>

‘ 

_

\

i 

Q_o

I 

ind! ‘Nd!

‘ 

_ 

_ 

__ 

kl‘ 

IL

> 

_

_ 

t
_ 

\{“*|, 

5 

A’

I 

l_ 

_-"EH,-‘ 

L. 

I 

\

_ 

I

\ 

_

_ 

_

_ 

/’__\\

_

(

’ 

__

I 

_

‘

IIII
_

_

(
I Q 

xvL

I 

_"o

O

- 

[Q0

l 

‘O 
|q°{4 

_ 

’

SZ __ 

fl 

‘Nd

VM
I 

F6-

S _6_v 

V 

i
_

_ 

_ 

~ 

___ 

‘

_

‘

V

5

_ 

‘ 

9_

_

- 

Nd 

W W

>

I 
I/U‘ 

I’ 

no ‘Q0 '66

_ 

_ 

_ 

‘_
M 
A8 

/

V 

w_"_8____ 

N 

Hm_wE__“_n_

V

_

_ 

_\
_\

_ 

‘i 

_

'

_ 

_

h
I 

“IV 

mm“ 

.1 

F 
[MW]

_ 

/‘J: 

_ 

v_ 

N’ 

1| 

__° 

/' 

‘Nd

I y 

Ind l‘° I06 

Amy 

‘ 

‘Q0-

\

_ 

__ 

‘Q0- 

i 

Vi 

Nd‘ 

_

\ 

| 

_. 

‘V 

_ 

Lu 

D 

\_' 

\ 

_° 

ya

Q 

9 

Q

Q 

V 

Q
‘ 

N

O

_ 

i

_ 

i
_ 

_ 

i 

C 

_ 

I 

rno- ‘Q0,

i 

\ 

Nd‘ 

_

w 

I 

I

' 

- 

_

_

I 

Pd‘

VZ 

I

O

X WXL nuVL nw7



No 

~_Nm_gmE 

|_<_Jn__wm_m_

Q 

mg

_ 

Fwy

_ 

3? 
Q 

_U__

‘

_ 

_2<wE___w 

‘£05

‘ 

2501 

__

_ 

WEDOI

’

9 

Q
_ 

Q 
V_ 

Q

_ 

N 

O 

9

Q 

Q
A 

>QV 

N 

O
_ 

_ 

___ 

_ 

_ 
‘é 

__ 

__ 

l 

i

_ 

' 

_ 

_ 

_ 

_

_ 

_ 

_

_ 

___ 

_

F 

w___h_mE_g 

_ 

I 

mu 

cutie

_

’

_

_ 

_

‘ 

\

I

_ 

\\), 

I

V 

\ 

I’ 

_

‘ 

GHQ‘

'

\ 

\ 

I 

\

I 

L‘ 

‘l 

\\ 

I 

I,

_ 

\ 

'8

_ 

_\ 

No 

.\ 

_v

V

_ 

/I

I 

I 

_

I

_ 

\\

_ 

‘A 

‘OI 

,1 

I’ 

I, 

‘I 

:+ 

| 

I’! 

b’

_

I

q 

A’|L1|b?J¥‘[ll,l‘*[/‘BHkrH{‘ 

Q

Z

_ 

g
’
\ 

‘L 

(_

_ 

\ 

_

I 
I 

_

X 

\

)

‘ 

__/ 

\_ 

II‘./_

\ 

1

|P O
k 

MIDOI

_ 

Q 

Q 

0

> 

Q_ 

N 

[C 

_ 

_

_ 

_ 

_ 

_ 

_ 

_

_

_ 

'3 
Fwd‘ 

___“_wE_g

_ 

__ 

‘___°l

’

\\ 

_, 

_ 

A

8

I 
_ 

‘II’ 

\\ 

I,

M 

\ 
I‘ 

[K 

NO 
|_'w

\ 

\ 

~ 

‘

_ 

‘I. 

‘.

I 

_ 

_O
q 

i

_

‘

_ 

‘O 

> 

‘

I 

‘I 

\_ 
_

_ 

‘I’ 

\

I 

\
_ 

-8 

\ 

Id

Y 

,l!.‘\\_9III?I|‘_\

_ 

_

l 

Nd 

’ 

_‘

2
O ‘- _’ 

Yo

_ 

‘|m__°

_ 

I’ 

\ 

O-

’ 

I

> 

I

, 

\
’ 

>

_ 

‘Nd 

_v 

A 

ulllfllfilrl\\b1\L?‘Lu"lP//Jrlld 

-06 
'___°l 

_

_ 

\_ 

igl 

\\ 

Y 

\

\ 

\\ 

7,,

\

_ 

\
‘ 

\>\

\ 

all!‘ 

‘\ 

>

‘

' 

$_°l

I

I 

‘ 

‘IN-DI 

_I 

*_c|

_ 

\\ 

I, 

4

_ 

x.‘

\
_ 

I 

_ 

ll 

\\ 

'4 

’, 

\\\

_ 

Q\

‘ 

H
_ 

fl! 

\\\ 

to 
lg

_ 

Ig 

tan ls 

A_o_ 

__ 

wage: 

A

_

9 

Q

0 

Q
_ 

_N’

O 

_

_ 

_
I 

_ 

_ 

_ 

_ 

_

_

_ 

‘no 
Fwd‘

N 

mm_t__"_n_ 

_ 

V

_

_

_ 

’

V 

_ 

‘Ir

\

| 

Q__°l

>
_ 

_

‘ 

‘ 

_\\\\_r/’, 

1‘ 

|vmwo| 

\\‘-||:.>“ 

Kr!‘ 

\
_ 

\____\_

_ 

_ 

N6’ 

\*\\

_

Y

\ 

m 

.“

_ 

V 

I’

_

8 

_

_

I 

‘ 

s_

I
_ 

Q

_ 

_

>

_ 

‘x 

[ix 

‘L__ 

.|!_||'_\‘\_°\ 

_"__ 

\_
' 

_I 

no
l 

N6 

1| 

ndofl Q6

E _

Z 

_ 

lo

X 

\‘\._

/ 

\ 

lb

W



W



‘

I 

/M 

W 

%
4

é 
‘éi 

3

_ 

> 

p_

N 
_ 

‘M:Mm1\_“e%W‘_>

‘

‘ 

_‘

x 

Lwfigyt 

5 

AW 

M 
15 

_> 

_"D$%%Mw

‘ 

‘V

> 

1

‘ 

_' 

xfifiv 

M 
i

Y

_ 

kw 
y

_ 

V
_ 

\
‘ 

52",, 

Y

L 

igtw

2

_

I 

ggwr 

U 

Rf 

V

‘ 

Mi 

_,

‘ 

;_ 

fit

‘ 

I 

my sax
N 

¢W 

“rig 

7 

“V 

Q, 

“N _ 

Q 
&‘V_,; 

3% 

‘éimfi 

\ 
V_

W 

‘U 

dd 

I 

VH4 

xq

M

A 

mi“ 

WW 
4* 

wk

W 

Va 

‘_ 

MT

5 

an

m 

_

Z 

__ 

6? 

u

V

> 

V 

\

Q 

_v

“ 

m 

M 
»

L
A 

_

5

g

I 

_‘ 

My

‘ 

"V 

[H 

/A 

‘N 

‘_ 

W‘ 

“M W 

Hy“

v 

$ 

‘N 

4 

kw 

,1‘ 

‘V 

ix

2

' 

V

1 

_ 

B

_ 

L‘

K 

~S}__WmU 

8§:m: 

V‘ 

W

_ 

‘I 

V‘ 

0%

_

I 

_q 

:;§_H_£M_>

_

_ 

W_ 

‘WE 

aw 

Q‘ 

LXNMNWV 

V‘/V

‘ 

W
_ 

wmwvé 

Z 

71% 

uwu 

M 

J 
_

_ 

“

I 

WM 
»v 

H

v 

H 
n 

V, 

fi 

IN

I 

I

I 

imfik

u

‘ 

3 
v

F 

_| 

_ 

>7

’ 

my

I 

“W

y

Q 

3%

I 

v‘,___x_ 

“WW?

_ 

NWWMW 

_‘

V 

Mwmk’

_ 

“my 

I

‘ 

n/“Ink” 

‘_

I 

m 

‘ 

TH 

_§_

_ 

> 

“A 

J: 

1,3 

“‘
I 

L”~;w@“,$

_

_

x WW‘ WM 
A

K 

$2

I 

’ 

_I

1

h 

H: 
‘U

V 

$WX 
Wm 
“M

A
Mfi

W M73 

‘

I 
_~ 

fin

_ 

iwwQ 

f 

NM‘ 

_, 

'29

M 

_; 

my
v

‘

Y

M MM

} 

“M ,4
W 

M 
V,

I

I 

“F

_ 

&Ww___ 

__ 

Wpmwflg 

Va 

“WK 

mmfi

v 

‘H 

K 
_

I 

'31 

_A

v 

_I

I 

VAN“

Q 

€M%V_v/Av

I

F 

Mm“,

’ 

“M 

3“ 

iwhkfih 

M9 

If

x 5

WW

V 

My 

IV

M 

WWW; 

__ 

‘%MW%‘%%AV

X

m

_ 

VQWWMW‘

V 

$2 

‘ 

V‘ 

5 
__ 

WWQHMHM 

W

Y

_ 

_§(Y%‘xvj& 

‘V 

[W 

¥_4_¢W\’u:_fi

Z 

>_4_

W 

WV” 

Q
‘ 

i§_“_, 

mg“; 

T 

‘$46 

WC

V 
“W 

Ix 

%WM%mW} 

k
~ 

amkwm 

W7 

‘ii 

fl“fl 

V»/My“)

_ 

73 
7 

‘x 

at 
my

K

*
‘ 

7

_ 

WW

V

Y

Q 
mi? 

w_ 

) 

mm” 

My1 
_ 

'7

x 

Hy 

vim)W

‘ 

flyM 

tlnmw

‘ 

K

H 

n(__)M“pMA“Vfi: 

NMm_mm“:vv_‘ 

(N

V 

W’ 

K 

fig 

k
’

_ 

V 

ug 

wzfi 

uwmfww

‘ 

‘J/W3 

Wmhgfi 

&f%%”__ 

_

5 

Fflkgk 

E 

Q“ 

k

“

H

3 

’_

W 

MW

W

‘ 

x%:%x 

_ 

I 

VJ? 

by

K 

WW3 

% 

qnufig

‘ 

/U

I 

V 

_WwWfi_ 

T
M

V

}_ 

2% 

>1 

V‘

I 

A‘; 

‘s 

awn

’ 

i 

xflfiqmfiwfiqw 

MW’

V 

/V/}W_ 

Mg” 

’_ 

Vang?“ 

V_

k

L 

_> 

‘_ 

fig 

Wwflagk 

§%§m%§M$@$

§ X

y 

K’

U 

Mfi{v3w“$’ 

‘V 

fig“ 

)TW%_“y%_§%_;_ 

W532 

WWW“)

I

2 

>7“

‘ 

5’ 

\_

¢

WW 

UE 

fig 

ix 

£5‘ 

A’

x 

WW3“ 

? 

WWW“ 

V’ 

‘Av 

)7 

w“ 

_’

3

> 

Raw”, 

&

Q 

NH
_ 

WV

E 

¢§%W 

fig 

Kgiw 

jw 

_ 

rm 

__>vY_

_ 

[W 

“W

L 

WW‘ 

_MM_ 

M 

h_ 

%W__w_

, 

V_ 

W} 

Q“ 

V‘Nx§M_M$ 

éflwfifl 

mNmV_aM_‘E 

W%_‘:$M“ 

Q 

Maj 

_;jMv

, 

AH

W 

flw

_ 

A 

\ 

‘ 

gig 

?_ 

Zgxw 

V 

/3&9‘ 

_§_F__Nfl%

3 

fivmh 

kw 

A 

MW 

I‘ 

z_Y§:_ 

Lyfiiw 

’w$%w§T 

“sgf

' 

vWw§%

M 

Hm, 

PM

t 

_,1»‘§fi7UH_‘“ 

‘ME

M 
JHVM

_ 

_ 

QM

I 

N‘ 

_‘ 

_//k,_W“d 

AA 

W? 

“xi 

$5 

I

3 

5“

‘ 

3;?’

FkCWN _GaMh 

_% 

4*

_

fl 

E 
GW 

K 

)‘q4n‘N‘XV 

M 

3;» 

“S

y 

M
n

gm



ml

H 

u

" ‘"9 

m__m7

L

093 fl m1 I1 

"N5 MID 
"M mm vl

H


