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MANAGEMENT PERSPECTIVE:

- The fate of pollutants, nutrients.as well as contaminants, discharged by-large rivers into the coastal - =0z ies
-waters is an important environmental issue: The residence-time and the degree of accumulation
-..of contaminants.in.the sediments are determined:partly-by physical:exchange processes and partly-:
-.:by- biotic_processes-active: in- the. nearshore/offshore.regions::The-Niagara river. plume: in Lake -
- Ontario and the Fraser river plume.in the Strait-of Georgia ‘are-of similar:dimensions, and-arise " = == = o
... from rivers with discharges of comparable magnitude.-Considering these:two river plume Systems, -« ..« oo
-a-number of - important differences are immediately obvious. The Strait of Georgia has strong _
... tides and its waters are saline. On.the other hand Lake Ontario-has no tides and its water is fresh.-- == . . oo
+-A third- difference:is that;-although both-water-bodies have-approximately-the: same dimensions,”
... the Strait of Georgia is topographically more:complex: Each-of'these differences has consequences - i
----—-on the hydrodynamics of :the system, and the type of modelling required to successfully.calculate: 2w o
- velocity distributionsfor a pollutant transport model. Both-rivers.receive significant land derived =« - <o
sediment loads. Since fine sediments play strong role in the pathways and fate of toxic
' contaminants, modelling of these pathways is strongly controlled by the suspended sediment
regime.. Two different modelling scenarios-are presented to simulate the mixing of the river
plume in the coastal zone and to- determine the horizontal distribution of contaminants in water.- -
and sediments within the river plume. The results provides a basis to develop management
strategies to control the discharge of toxic contaminants into the coastal waters.




ABSTRACT

" The Niagara River plume in Lake Ontario and the Fraser River plume in
the Strait of Georgia are of similar spatial dimensibns-, and arise from rivers with
discharges of similar magnitude. Both rivers receive significant loads of toxic
~ wastes. The contaminant fate aspects of a previously-developed model for the

Niagara River plume (Steplen et al., 1987) have been applied to contaminant
modelling in the Fraser River plume in the Strait of Georgia, and are described
in this report, along with a review of the Niagara River plume modelling. Since
fine sediments play a strong role in the pathways and fate of toxic contaminants,
modelling of contaminant pathways also requires a quantitaﬁve description of the
- suspended sediment regime. Two different modelling scenarios will be described.
For the Niagara River plume, a near field model has been developed. The
hydrodynamics are barotropic, since the water column is well-mixed due to the
presence of the Niagara River sand bar. For the Fraser River plume, a far field
model has been developed. The hydrodynamics are baroclinic, since a strong
pycnocline separates the plume from the underlying water. The flow fields
produced by these models are used to derive a generalized transport/diffusion
model to simulate the horizontal distributions of contaminants. The model
partitions the contaminant between the dissolved and the adsorbed phases. To
simulate this partitioning, the contaminant transport module computes both
suspended- sediment concentration and total contaminant concentration. The
~ partitioning between dissolved and adsorbed phases is determined by an
equilibrium partition coefficient. Contaminant concentrations in the Niagara River -
- plume simulations compared reasonably well with observations. - For the Fraser
River plume, observational data for contaminants is presently unavailable, but the
modelled sediment distribution compares well with observations. In both cases,
the suspended sediment load plays a significant role in contaminant transport and
distribution. 4



i  INTRODUCTION

The fate of contaminants discharged by the Fraser River into the Strait of
Georgia is an important issue in view of continued and increasing utilization of the
Strait, as well a scientific uncertainties concerning the long-term fate of

~ contaminants. Similar concérns apply to contaminants carried by the Niagara -

River into Lake Ontario. Numerical models describing the distribution of

contaminants in these water bodies will greatly improve understanding of the

potential impacts of continued contaminant disposal at present rates, and the

recovery period as contaminant discharges become increasingly regulated and

reduced. This paper describes a preliminary investigation into modelling the

transport and fate of contaminants which are carried into the Strait of Georgia by

‘the Fraser R1ver Comparison is also made with the Niagara River plume in Lake
Ontario.

Considering these two river plume systems, a number of impo_rtant
differences are immediately obvious. The Strait of Georgia has strong tides and
its waters are saline. On the other hand Lake Ontario has no tides and its water

is fresh. A third difference is that, although both water bodies have roughly the:
same dimensions, the Strait of Georgia is topographically more complex. Each -

of these differences has consequences on the hydrodynamics of the system and the
type of modelling required to successfully calculate velocities for a contaminant

transport model. In addition, sediment loading is an order of magnitnde largerin

the Fraser River. Since fine sediments play a strong role in the pathways and fate
of toxic contaminants, modelling of these pathways is also strongly controlled by
the suspended sedi_ment regime. Two different modelling scenarios will be
described. For the Niagara River plume, a near field model has been developed.
The hydrodynamics are narotropic, since the water column is well-mixed due to
the presence of the Niagara River sand bar. For the Fraseér River plume, a far
field model has been developed. The hydrodynamics are baroclinic, since a
strong pycnocline separates the plume from the underlying denser water. The
flow fields produced by these models are used to drive a generalized contaminant

transport model to simulate the horizontal distributions of contaminants. The

model partitions the contaminant between the dissolved and the adsorbed phases.
" To simulate this partitioning, the contaminant transport module separately
computes suspended sediment concentration and total contaminant concentration.
The partitioning between the dissolved and adsorbed phases is controlled by an
adjustable parameter, the partition coefficient, which is taken to be a constant for
each of the simulations. Contaminant distributions computed for the Niagara
River plume simulations compared reasonably well with observations. For the
Fraser River plume, observational data for contaminants is presently unavailable,
but the modelled sediment distribution compares well with observations. In both
~ cases, the suspended sediment load had a 51gmﬁcant effect on the contaminant
transport distribution. ~ :



Crrculatlon and contaminant transport modelling in the Nragara River -
plume have been discussed in Murthy et al.. (1986); Lam (1978); Lam er al.
(1984); Simons (1980); Murthy and Miners (1989); Stepien ez al. (1987). Recent
modelling activities have focussed on the near-field, such as the model described
by Stepieni et al., (1987), which solves the contaminant transport equations in a
region 40 km by 20 km, treating the Niagara River as a _single point source.

The hydrodynamic component of the modelling for the Strait of Georgia
is provided by the GF4 numerical model (Stronach er al., 1988), which simulates
the motlon of the upper layer of water, mcorporatmg the effects of ndes, wmds,
modelled in a similar manner to procedures for the Nragara River plume described
in Stepien er al. (1987), in which the contaminant is partitioned between the
- dissolved phase and the phase adsorbed onto suspended sediment. The Strait of
‘Georgia model discussed here considers two point sources, the South or Main
Arm and the North Arm of the Fraser River, and covers the entire Strait of
' Georgla, extending 170 km to the north and 50 km to the south of the source

region. This report is organized as follows. Sections 2 to 5 have parallel sub-
sections, dealing with the Fraser Rive plume and the Niagara River plume
individually. Section 2 describes the physical setting of the two plumes, and the
state of lcnowledge of levels of contamination and contammant ﬂuxes Section 3
describes the hydrodynamlc and contammant transport models for both systems
and section 5 describes their validation. Section 6 discusses some modellmg
“scenarios in the Strait of Georgia. Section 7 summarizes the results; and reviews
the steps which are necessary to better understand and model the fate of
_contaminants in the system :

2 THE PHYSICAL SETTING

Figure 1 is a map of the southern Strait of Georgia showmg the Fraser
" River entering on the eastern side of the Strait. Flgure 2 is a detailed map of the
Fraser Estuary and the greater Vancouver region, showing the complex
distributary system by which the Fraser River flows into the central part of the
Strait of Georgia along its eastern shore. As shown in Flgure 2, the Fraser River
has three principal distributary mouths, the South Arm carrying about 85% of the -
total discharge, the North Arm carrying 10%, and the Middle Arm carrying about
5% (Anon., 1981). Each of these distributaries discharges through channels cut
into wide intertidal flats, Roberts Bank to the south and Sturgeon Bank to the -
north, ,

For the purposes of the numei‘i_cal modelling to be described in subsequent
sections, the mouth of the South Arm is assumed to be located at the Sand Heads
Lighthouse, situated at the end of a major training jetty extending 6 km from the
town of Steveston. . This jetty constrains the South Arm on the north side to a



* well-defined navigation channel as it flows across the tidal flats. On the south
side of the rfiver, the shallow banks similarly constrain the bulk of the river flow
to lie within the navigation channel, until the deep waters of the Strait of Georgia
are encountered. Observed water motions on Roberts Bank (Crean et al., 1988)
are consistent with the assumptmn that the Main Arm is contained w1thm 1ts
navxgatlon channel

. Snow melt forr_ns two thirds of the precipitation in the Fraser River
drainage basin. Consequently, river flow peaks in late May or early June.
Gauging stations maintained by Water Survey of Canada are situated at a number
of locations along the river, the most relevant for this report being the gauge at
Hope. Although there is some freshwater input into the Fraser River downstream
of Hope, 90% of the river flow reaching the Strait of Georgia passes through the
Hopeé section of the river. River discharge varies on average from a minimum of
600 m* s during the winter period to 8800 m* s during freshet. Flooding of the
Fraser valley is occasionally a major problem, the most recent severe flood being
in 1948, when discharge peaked at 15,200 m® s*. At the river mouth, the river
water level is predominantly determined by tidal fluctuations in the Strait of
Georgia. River velocities are similarly modulated by the tide, although there is

a net residual flux to account for the net discharge of freshwater.

- Tides in the Strait of Georgia are of the mixed type, with almost equal
contributions from the diurnal and semi-diurnal constituents. The orientation of
the Strait of Georgia is perpendxcular to the river channel, so that tidal currents
are directed across the river mouth. There is a significant amount of baroclinicity
in tidal currents in the Strait of Georgia and one of the most significant baroclinic
~ effect is the buoyant surface jet which results when the Fraser River enters the
Strait: the Fraser River plume. This plume is characterized by a thin layer of
brackish water of thickness 3 to 5 m in which cutrents are strongly dominated by -
the momentum flux from the constrained river flow, causing fresh water to move
rapidly away from the river mouth, with maximum flow at about % hour before
low water. - : :

In conjunction with this formation of a surface jet in the Strait, thereisa
-complementary phenomenon in the river - the salt wedge (Hodgins, 1977; Ages,
1979; 1988). The salt wedge is a slug of salt water which typically moves
upstream into the river on a rising tide, and is subsequently flushed out on a
- falling tide. The flow is more complex in detail: the wedge dynamics are
dependent on the magnitude of the river discharge and on the tidal range on each
cycle, so that the salt wedge may not necessarily be swept out on each ebb tide,
depending on the tidal range. The river mouth also represents a transition region
from horizontally one-dimensional flow to horizontally two-dimensional flow,
accompanied by a large degree of vertical mixing. The fluxes of fresh water and
salt water at the river mouth are thus quite complicated. For the model described
here, a simplified approach will be taken, the freshwater flux being related to
harmonic constants for the surface current at the river mouth.




Figure 3 shows Lake Ontario and an enlarged map of the Niagara Rlver _
_region, showing the 1-km grid used for the Nlagara plume modelling discussed
- later in this paper. The river mouth geometry is cons1dera.bly s1mp1er than the

Fraser River mouth, reflecting the lower sand load in sediments in the Niagara -
River and the different dynamics in the receiving basins. (
The discharge magnitudes in the Niagara and Fraser river systems are
similar, although the Niagara River daily discharge is reasonably -uniform
throughout the year, whereas the Fraser has a well defined freshet peak, with flow
- at freshet being typically ten nmes larger that mid-winter flows. The Niagara
discharge is estimated at 7000 m® s (Murthy and Mmers, 1989), compared to the -
Fraser River discharge which ranges from 600 m® s during mid-winter to 8800 -
m®s? during a typical freshet. Because of modulation by the tide, the
instantan_eous Fraser River flow undergoes daily fluctuations which range froma
near-zero upstream value at about high tide, to downstream flows exceeding twice
the daily average value at about low tide. The Niagara River has a similar
temporal variation, produced by flow variations which arise from the operatmg
requirements of hydroelectric generation along the river, which result in a strong
diurnal modulation of the daily discharge.

A major difference between the Fraser River and the Niagara River is the
sediment load they carry. The annual Niagara River sediment load is
approximately 4.7 million tons (Murthy and Miners, 1989). The annual Fraser
River load varies between 12 and 30 million tons of sediment, 80% of which is
carried during the freshet period betwecn May 1 and July 15 (Milliman, 1980). -
Thus, the Fraser carries up to six times more sediment annually than does the
- Niagara, and most of the load is transported dunng a two. and a half month
penod . _

The geometry of the two river mouths is also different. In plan view, the
Niagara has a single distributary channel terminated by a river mouth bar. This
bar leads to locally increased currents, and to a vertically uniform distribution of
‘density in the vicinity of the river mouth. The Fraser River, immediately
upstream of its entrance to the Strait of Georgia, travels through a dredged -
channel, cut across a 5-km wide expanse of intertidal flats. It then discharges into
~ deep water at the edge of the flats. The drop-off of the river bed at the edge of
the flats is steep, and a river mouth bar does not form. - -

The receiving basms for the two rivers are also dlsmmllar The Nlagara
~ plume discharges into Lake Ontario, a non-tidal inland lake i in which the density
cortrast between the plume and the ambient water is due to thermal differences,

" and seldom exceeds 0.5 sigma-t units. The-Fraser discharges into the Strait of

Georgia, a tidal, salt water body, in which the density contrast between the plume

and the ambient water is governed by salinity differences, which give rise to-
variations in density between the plume and the underlying water of up to 25

sigma-t units. ' '



The level and nature of contaminants in the Niagara River are well
documented, (Elder et al., 1981; Warry and Chan, 1981; Allan et al., 1983;
Niagara River Toxics Committee, 1984). However, the corresponding
information for the Fraser River is not as readily available, although sources of
chlorophenolic compounds, for instance, are discussed in Carey and Hart, (1988).
Similarly, the spatial distribution of contaminants in Lake Ontario is a subject of
‘ongoing monitoring programs, and is discussed by Allan ez al. (1983) and by
Frank et al. (1979), among others. The spatial distribution of contaminants in the
Strait of Georgia and the Fraser River Estuary is by contrast poorly known,

- although this distribution can possibly be inferred from maps of surficial sediments
. prepared by Pharo and Barnes (1976), particularly because of the important role
that the settling of suspended sediment plays in the fate of contaminants.

3 - OBSERVATIONAL PROGRAMS
UThg Emg' er Plgme

A number of observational programs have been carried out to describe the
surface current pattern in the Strait of Georgia and in ‘the Fraser River plume
(Stronach, 1984; Thomas 1979; Giovando, 1972). These observations provide
consistent descriptions of the plume based on drogue tracking experiments.
Detailed salinity and temperature observations are not as readily available, mainly

~ because the éffort required to maintain drogue patterns did not allow an extensive

network of CTD stations to be occupied during drogue tracking experiments. -
Nevertheless, sufficient data has been acquired to allow reasonable verification of
model hydrodynamics (Stronach ez al., 1988). One of the major validation studies
concerned a comparison of GF4-modelled salinities with surface bottle-cast data
collected during conditions of both high and low river discharge, along a line from
the river mouth to the northern limit of the Strait of Georgia, a distance of 180km.
GF4 reproduced both the spatial gradients of salinity as well as the seasonal
variation. The modelled currents tend to be somewhat smaller than observed
using surface drogues, but the comparison is not entirely fair, as GF4 calculates
an average current over the upper layer, whereas the drogues tended to occupy
only the top half of the layer. Nevertheless, the comparison with the sahmty
distribution indicates that transport of scalars is calculated reliably, whlch is the
most.important criterion for contaminant transport modelling.

Therc are no data available on contaminant 'concentrations in the plume.
Carey and Hart (1988) have examined contaminant concentrations in the Fraser

~ River and found that the supply was sporadic for many chemicals, often triggered
by a rainfall event.

The Niagara Plum



The contaminant modelling prograrn for the Niagara River was coordinated
with an intensive physical and chemical field program. In 1982, seawater samples
on a grid throughout the plume were collected on seven cruise between April 13

and November 12. The principal outcome from these cruises was the selection

of two compounds which could serve as tracers of the Niagara River Plume:

~ 1,2,3,4-tetrachlorobenzene (1,2,3,4-TeCB), and 1, 2,4-trichlorobenzene (1,2,4-

TCB). Other compounds were elther ubiquitous, or only present on a sporadic

_basis. In 1983, three cruises were involved. The water sampling procedure was
" modified to determine more accurately the partitioning of contaminant between

dissolved and- partxculate components. - In order to determine the velocity field
during the 1983 cruises, up to 15 sail drogues per cruise were released about 1.5
km upstream of the river mouth, and tracked using a Mini-Ranger system until
they had passed out of the area covered by the plume. - The ship course pattern

- for seawater samples in these cruises was determined by observing the real-time

drift pattern, in order to maximize the probability of sampling in the contaminant
plume. The data for contaminant and sediment concentration and velocities allow
a high degree of comparison between the Niagara River plume model and
observations.

4 THE HYDRODYNAMIC AND CONTAMINANT TRANSPORT
MODELS o

V_'Ir‘heNi RrverPl meH r ic M 1

The regron around the mouth of the Niagara River has been found to be

: well mixed in the vertical, so that a barotropic model adequately describes the
current field in that region. Thus, the two dimensional model described in Simons

and Lam (1986) was used to provide the hydrodynamic component.

GF4

: GF4 was developed in order to model the velocrty field in the Fraser River
plume, and hence is ideally suited to contaminant transport modelling (Stronach

“etal., 1988). GF4 models the upper 1 to 5 m of the water column, and calculates -

velocmes, salinity, and layer thickness on a 2-km grid. "The variability in the

upper layer thickness is governed by baroclinic processes in the model and can be

related to the changmg density profile as one proceeds away from the river mouth.
The underlying water is assumed to be of uniform salinity, representing a seasonal
average of intermediate and deep waters in the Strait of Georgia. Cuirents and
pressure gradlents in the lower layer are calculated by a vertlcally mtegrated tidal
model, using the same 2-km grid as GF4.

The Strait of Georgra model was run from May 1 to June 15, 1988 using

~ observed wmds over that period, and historical values for the monthly mean



Fraser River discharge. All results in this réport were taken from this 45-day
period. This time period was chosen to coincide with sampling programs reported
by Kostaschuk ‘et-al. (1989). Previous experience with GF4 indicated that the
~model comes to equilibrium in about 15 days from an initially uniform state. It
-has:been: assumed that a similar spin-up time is-required for.the.contaminant:and
:sediment-models,: and thus the modelled data after May- 15 can:be-considered:
valid.

Contaminant.. Transport and Fate

- 'The contaminant transport model was developed by adding two' sub-
models, one. for suspended sediment and one for contaminants, to an existing
~hydrodynamic model. The two new sub-models incorporated. both transport and
diffusion. of the relevant scalar field. The sediment model accounted for settling:
of sediment, and the contaminant model partitioned the contaminant into a fraction
adhering to the sediment, and a dissolved fraction. Stepien et al. (1987) noted
that the presence of suspended sediment had a. significant effect on the
concentration of contaminants, because contaminants have a tendency to be
adsorbed onto sediment, and are then removed from the water column as the
sediment. sinks. The adsorbed amount is given by a partition coefficient relatmg
the adsorbed concentration to the suspended sedlment concentratlon

n~Cs; .

- 1
I el )
& = 13 ncsscT @

where C;, C, and C, are the total, particulate-adsorbed and dissolved
concentrations, Cs; is the suspended sediment concentration and = is-the partition
coefficient. This partition coefficient was found to be reasonably constant in the
~Lake Ontario field study. The same value was used for' the Strait of Georgia
simulations; despite two significant differences between the systems: -+ - -

1. The sediment levels are considerably higher in the Fraser River, and the

- difference in grain size distributions between the two systems is not
parametenzed

2....." The chemical regime in the Fraser River undergoes a profound change

when the fresh water encounters salt water, giving rise to flocculation.
_This-effect has not been incorporated in the simulations described: here:



The transport and diffusion of the suspended sediment and total contaminant
concentration were calculated accordmg to equatlons (3) and (4) below, also taken
from Steplen et.al. (1987):... e

- - 3 - ahc o -. P —‘-\ T - R ’ —..
ST RV U= KV WG WGy O
aC, _ . | R wnCgg
V- = KV -h -—C )

where U is the two-dimensional vertically integrated transport vector, h is the -

layer thickness for GF4 or-the depth for the Nlagara plume model, V is the two -

dimensional spatlal gradient operator, K is the horizontal eddy diffusion
_coefficient, and w is the net settling velocity. -

Model Parameterizations

The horizontal eddy diffusion coefficient used for the Fraser River plume
was 100 m%/s for both sediment and contaminant;:identical to the eddy viscosity.
For the Niagara plume simulations, it was 0.1 m%/s, based on dye diffusion studies

- (Murthy, 1969). These two numbers represent a large difference in the value of

~ eddy diffusivity, and further modelling and observations in the Strait of Georgia -

will be required to determine if lower values of eddy diffusivity provide improved
solutions.

‘In order to test the effect of sediment adsorption in the Fraser River
plume, two simulations were done, one in which the partition coefficient was set
~at 0.077 L mg’!, the average of the two values used by Stepien et al. (1987), and
one in which it was set at 0.0 L-mg, to test the sensitivity of the contaminant
distribution to the adsorption process.

Sediment Processes

For the Lake Ontario- simulations, ‘the sediment settling rate was
deteriined by operating the model for three setthng rates (1 2,and 3 m/day), to
determine the best.fit to. the observatlonal data.

For the Strait of Georgia simulation, ‘the sediment settling rate was
determined from an independent set of field measurements. The sediment settling”
rate and the sediment concentrations at the river mouth were parameterized in.
terms-of simple algebraic relations, discussed below. The net settling velocity w



is composed of two terms: the intrinsic setthng velocity of suspended sediment in
a stationary medium, as determined in laboratory measurements, and the
downward turbulent flux, parameterized as a combination of entrainment and
depletion velocities, calculated by GF4 and discussed in section 3.1. In the model
described here, the two-way mixing process due to entrainment and deplet.ron
reduces to a one-way flux of contaminant, because contaminant concentrations in
the underlying layer are assumed to be zero. Hence, of the two velocities
calculated by GF4, only the depletion velocity is relevant to the sediment and

cont_amiriant models. : A

_ The intrinsic particle settling velocity requrred an ad hoc parametenzatlon
In general, the sediment load is comprised of a range of grain sizes, and hence a
- range of settling velocities. Since a single constituent sediment model was used,
the simulation of the intrinsic settling rate had to be approached in an empirical
manner, which was developed as follows. Near the river mouth, the suspended
sediment load contains a large fraction of sand which settles rapidly. - At
' increasing distances from the river mouth, the grain size distribution shifts toward
finer fractions, and the average settling speed is reduced. In order to simulate this
shift in intrinsic settling speed with a single sediment fraction, the particle settling
speed was made proportional to the square of the sediment concentration:

| w = woCYC; S
where w, was 1.0 cm s?and C, was 1000 mg L. As Equation (5) indicates, the.
settling velocity ranged quadratrcally from a maximum value 1 cm s? for a.

concentration of 1000 mg L (the maxrmum river mouth concentration value), to
: values as small as 0. 000025 cm s? for concentratrons of 5 mg L, '

Hence, the setthng speed is largest near the river mouth, and decreases
with increasing distance from the river mouth. The river mouth concentration of
sediment, the boundary condition for the sediment model, varies tidally, depending
on the energy of the river flow. Initially, the relationship between concentration
and instantaneous river flow was assumed to be linear. However, this
parameterization did not produce sediment concentrations which compared
favourably with observations. A reasonable calibration was achieved by makmg
- the river mouth concentratlon vary quadratically with river flow, as given by
equation (6):

c - 500 - (Q/9360) - ©

A concentration of 500 mg L was chosen to correspond to a flow of 9,360 m*
!, the average daily discharge for June. If the concentration give by equation (6)
exceeded 1000 mg L‘, it was reduced to 1000 mg L. | .



The concentratlon of contaminant at the river mouth was not tidally
modulated ‘but was set to a uniform value -of 100 mg L.

The mstantaneous river dxscharge was determined by first interpolating a
- daily discharge value from the monthly mean daily discharge values, the latter -
assumed to apply on the 15th day of each month. The interpolated daily dlscharge
- was then tidally modulated, using harmonic constants for currents at the river
mouth (Stronach, 1977). .

v The Nlagara plume model used finite difference methods as descnbed in
Simons and Lam ( 1986). In GF4, a second order, flux-corrected transport
algorithm was used. The Arakawa C-grid used for GF4 naturally lends itself to

~ the divergence form in which equations (3) and (4) are cast. The flux-corrected

algorithm was 1mplemented by first computing -the updated contaminant or
sediment field using a Lax-Wendroff estimate of the flux terms. These fluxes are
then second order accurate in space. By itself this method generally produces an

acceptable solution, but leads to small amplitude, small wavelength spatial

oscillations and hence small negative values of the transportéd scalar at the leadmg

and trallmg edges of features such as the sediment plume

The next step in the numencal process is to identify those cells in which
the transport terms actmg alone lead to either a negative value of concentration or

a relative minimum in the concentration. For each of these cells, the unphysical

scalar field was corrected by recalculatmg the transport terms using upstream
differencing, a method which is first order accurate in space. The upstream
differencing method suffers from considerable numerical dispersion which makes
it unsuitable for the general transport process. However, its inherent numerical

' dispersion makes it suitable for correcting the spurious errors generated by the

second order method on a cell by cell basis. Care was taken in implementing this

.algonthm that mass was conserved by recalculating the scalar field in all cells

which were affected by the change in the order of the method for the. ﬂux
calculation. _

- This flux-corrected method is considerably simpler than other implementations

described for example by Zalesak (1979). It does not propagate a box-car shaped
distribution through a grid as well as Zalesak's method, but it does propagate
smoother distributions at least as well. Since the modelled contaminant

distributions are relatlvely smooth and contain no mechanisms to generate steeper

gradients, this scheme is well suited to contammant modelhng in natural water -
bodies. _

5  MODEL CALIBRATION AND VERIFICATION



The verification of the GF4 hydrodynamic model has been discissed in
Stronach er al. (1988). The limitations imposed by data availability did not allow
extensive calibration and verification of the sediment and contaminant transport -
modules for the Strait of Georgia. It was possible, however, to calibrate in a
limited manner the intrinsic setthng velocity used in the sediment transport
module. This was done by comparing the modelled distribution of suspended™
sediment along a line from Sand Heads to Porlier Pass W1th observations reported
by Kostaschuk er al. (1989).

Figure 4a compares the observed and modelled results at'a tidal phase
- corresponding to high river flow (14:00 PST, May 20), and Figure 4b compares
them at a tidal phase corresponding to low river flow (7:00 PST, May 20, 1988).
The agreement in Figure 4a is excellent, partly because the function specifying fall
velocity was adjusted to agree with this curve. - However, there are more
measurement points than adjustable constants, so it is likely that the fall velocity
function applies to other combinations of tide and river flow. Both observed and
modelled results in Figure 4b show the same gradual decline in sediment
concentration with distance from the river mouth, although the modelled
concentrations are systematically too high. The fit to observational data in both
plots is acceptable, and justifies the use, for the present, of a single constituent
sediment model. The comparison of the modelled and observed contaminant
concentrations in the Niagara River plume was a principal part of the work
described in Stepien et al., (1987). Of the three observational penods in 1983,
one data set was set aside for calibration of the model. The major parameters
available for calibration were the sinking rate of sediment and the partition
- coefficient. The partition coefficient was determined analytically to be 0.087 mg

L™ for 1,2,3,4-TeCb and 0.067 mg L™ for 1,2,4-TCB. The sediment sinking rate
was determined by comparing the modelled suspended sediment distribution with
that observed in the plume. Three values were tested: 1, 2, and 3 m d'. The
accuracy of the modelled concentration fields, in terms of standard error, was not
particularly sensitive to the three values of sinking rate, being 1.07, 1.05, and
1.12 ng/L, respectively. On the basis of these values, a sinking rate of 2 m d*
was used. Figure 5 is typical of the calibration achieved with this settmg In
 these diagrams, the instantaneous values from the model at 1700 on October 4
(contours) are compared with the pseudo-synoptic sampled values (circles),
obtained over the period from 14:50 to 21:00. The spatial patterns are similar,
as are the levels. The standard deviation between computed and observed values
was 1.5, 0.7 and 0.7 ng L™ for total, dissolved and particulate concentrations, and
0.7 mg L™ for suspended sediment concentration, well within the uncertamties of
the observed data. .

6 STRAIT OF GEORGIA SCENARIOS

- Stepien et al. (1987) provide a number of examples of flow fields and
contaminant distributions for the Niagara River plume. In this section, the



modelled spatial distributions of the contaminant and sediment j)lumes for the

- Fraser River plume will be examined in order to provide an indication of the

mechanisms of contaminant transport throughout the Strait of Georgia. Because

. the calibration of the sediment transport model was done for the high-flow rates
“of late May, it is likely that the model results will be reasonably valid as long as

- conditions do not differ markedly from the cahbratlon penod May 20 was
selected as representahve of this period. '

Flgure 6 presents the wind txme-senes at Sand Heads for the months of
May 1988 and June 1988. Generally speaking, both months were relatively calm,

- without either particularly strong winds or extended periods of persistent winds.

However, a reasonably strong northwest wind on June 3 provided an opportunity |
to examme the effects of stronger winds on contaminant distributions.

Ma218

The modelled distribution of contammant and sediment on May 20 has
been plotted to determine the spatial extent and temporal variations of these scalars

‘under relatively high river discharge conditions and also to examine the

effectiveness of sediment adsorption as a mechanism for removing contaminant
from the water column. Thus, two runs were done, one in which the contaminant
was allowed to adsorb onto sediment as given by equations (1) and (2), and

_ another run in which the contaminant was assumed to occur totally in t.he
dissolved phase, i.e., the partition coefficient was set to zero.

Figure 7 shows the tidal elevation at Point Atkinson for May 20, and the

preceding and following 6 hours, Arrow heads show the times of vector plots,

and squares show the times of surface property contours. In order to describe the
flow characteristics of the Fraser River plume, Figures 8, 9, and 10 show
representative current fields for an ebb, for low tide, and for a flood tide

- respectively. The ebb tide plot, Figure 8, shows a strong ebb flow south of the

river, but north of the river currents are considerably weaker, and. much of the
flow is directed in the northward, flood direction. The low tide plot, Figure 9,
shows the jet of water 1ssu1ng from the Fraser River being deflected by the Gulf
Islands and by a flow coming from the north along the Vancouver Island shore.
A front forms between these two water masses, as indicated by a shear line about

4 grid cells (8 km) off the Vancouver Island shore. The flood velocity field,

Figure 10, shows the strong flood tidal flow south of the river jet and a well-
defined jet moving from the river mouth to the Gulf Islands and then back to the

~ Sechelt shore. As noted in Figure 9, the flow near the Vancouver Island shore,

north of the river, differs considerably ffom the flow in the main part of the .
Strait, in this case being directed toward Vancouver Island. :

Figures 11 and 12 show the upper layer salinity field calculated by the
model at the times of the Kostaschuk ez al. (1989) survey. Figure 11 corresponds



to high water, and indicates that in the area south of the river, the plume has been
compressed, as shown by the large salinity gradient there. North of the river
mouth, the plume extends as far as the southern tip of Texada Island. Figure 12
corresponds to low water, and shows the plume has expanded to the south, asa -
result of the preceding ebb tide. North of the river, the salinity fields of Figures
11 and 12 do not differ substantially. For the wind and tide conditions prevailing
on May 20, the currents north of the river tend to be directed primarily northeast,
along the axis of the Strait, and do not undergo a significant reversal during the
ebbing tide, as shown for example in Figure 8. Consequently, the salinity
distribution north of the river mouth tends to be nearly stauonary A strong
northwest wind would presumably change this situation.

Figures 13 and 14 show the corresponding distribution of suspended
sediment, the contoured values being concentration in mg L. The distributions
are quite similar to the salinity distributions. This similarity is not surprising, as
both scalars are advected by the same velocity field, and both undergo losses,
through vertical mixing in the case of salinity, and through both vertical mixing
and settling in the case of sediment. Figure 14 shows considerably higher
concentrations of sediment near the river mouth, a consequence of the tidal
variation in sediment supply given by equation (6).

Figure 15 plots the time series of modelled Suspended sediment
concentrations at the river mouth, and at 4.5 and 9.0 km from the river mouth,
from 18:00 PST May 19 to 06:00 PST May 21. These positions are plotted on
Figure 13. Also plotted is the time series of river discharge used as a boundary
condition for the model. The rapid decrease in concentration away from the river
during times of high sediment discharge is apparent in these time series. Also
present, but not readily apparent, is the phase delay of the maxima of
concentration, which occurs later in time with increasing distance from the river
mouth. This phase delay is associated with the time for the sediment maximum
to propagate away from the river mouth. The sediment time series at the two
outer stations in'the Strait also dlsplay a temporal asymmetry, the rising-part of
- the curve being steeper than the fallmg This feature indicates the manner in
which GF4 simulates the propagation of a front through the system the front i is
present, but not well-resolved.

Contaminant Concentrations With Sedimen Adsor tion

Figures 16 and 17 plot contours of contaminant concentration, for the same
times as the sediment contour plots in the previous section, and for a partition
coefficient of 0.077 mg L. The contaminant concentration was set at 100 mg L!
-at the river mouth, so that contoured values represent the percentage of the river
concentration. The distribution of contaminant follows a similar pattern to the
sediment and freshwater distributions, because again, similar processes are acting.

e
!



~ Figure 18 is a time series of contaminant concentration at distances of 1.4,
4.5 and 9.0 km from the river mouth. These locations are shown on Figure 16.
The river mouth time-series is not plotted, as it remains steady at a value of 100 -
mg L. The rapid decline of concentration near the river mouth can be observed
in tlus plot as well as the smaller rate of decline farther away.

. In order to demonstrate the effect of the adsorption of contaminant on
sediment, the above simulation was repeated, but with the partition coefficient set
to 0.0L mg™. Flgures 19 and 20 plot the contammant concentratlon at the same

: _contatmnant levels are much hlgher in the non-adsorblng case.

Figure 21 is a time-series plot of contaminant concentration, from 18:00
PST May 19 to 6:00 PST, May 21, at distances of 1.4, 4.5 and 9.0 km from the
river mouth. These locations are shown on Figure 19. Figures 18 and 21 indicate
that the ratios of concentrations between the two simulations, with and without
adsorption, is about 5 to 1 for the station 9 km from the river mouth. This ratio
indicates the large role which sediment adsorption plays in the distribution of
contaminants in the Strait of Georgia: concentrations in surface waters are much
lower than would be the case if sediment adsorption were not present.
Furthermore, the distribution of contaminant can be seen to involve the entire
water column, and the contaminant-laden sediment must be tracked all the way to

the sea-floor if one wants to model the ultimate fate of the contaminant.

une 2:4, 1

Typical satellite images of the Strait of Georgia, such as Figure 4 of Crean
(1977), show the Fraser River plume being swept southward as a result of strong
northwest winds. As indicated in Figure 6, during the simulation discussed here
there were no periods of particularly strong northwest winds that could move the
plume significantly southward. However, there were a few periods of persistent
south and southeasterly winds followed by persistent northwesterly winds such as
June 2 to June 4, that illustrate the mﬂuence of wind forcmg on water motxon and
contammant distribution. :

June 1 and 2 were characterized by southeasterly winds, fo]lowed on June 3 by
relatively strong northwesterly winds with peak speeds of 9 'm s at Sand Heads.
[Figures 22 and 23 are plots of the contaminant concentrations at 0:00 PST on June
2 and June 4 respectively . During the period of southeasterly winds (Figure 6)

* there is a slight intensification of contaminant concentration along the Sechelt coast - |

that is advected laterally into the central part of the Strait under the influence of
- the subsequent northwesterly winds (Figure 23). Figure 23 also reveals a decrease



in concentrations that is primarily due to the increased wind mixing during the
penod of stronger northwest winds. This characteristic can be seen, for example,
in the central part of the plume adjacent to the mouth of Howe Sound where
concentrations are substantially lower on June 4 than on either June 2 (Figure 22)
or May 20 (Figures 16 and 17).

~ Figure 24 is a plot of the surface current field at 0:00 PST on June 4,
which is almost identical in tide phase to Figure 25, corresponding to 00:00 PST
- May 20. The southerly set to the currents on June 4 due to the northWesterly
winds, and their increase in speed, compared to conditions on May 20, is
' apparent particularly in the southern part of the Strait.

7 CONCLUSIONS AND RECOMMENDATIONS

The modelling and observational program for the Niagara River plume
demonstrated that the proposed contaminant model, including the effects of
partitioning ‘and sediment settling, offered a reasonable description of the
contaminant transport processes near the mouth of the river. The modelhng work
in the Strait of Georgia extended that process by examining the fate in the
presence of much higher sediment concentrations and by examining the process
over much longer time and space scales. ,

Summary of Strait of Georgia Modelling Results -

The preliminary calculations reported here, using a coupled hydrodynamic
and transport-diffusion model for the Frasef River and Strait of Georgia, have
provided intuitively reasonable results using salinity and sedfment as scalar tracers.
The sediment distribution agrees quahtatlvely with satellite imagery, and with a
limited set of in situ measurements. The salinity distribution has also been shown
in earlier work (Stronach et al., 1988) to agree with observed distributions. Thus,
the dynamics of scalar transport in the Strait of Georgla appear to be correctly
modelled.

Apphcauons of the model in this study have aiso shown several important |
features that must be considered in contaminant modellmg in general, and for the
Strait of Georgia in particular:

L The geographic e.xtcn,t of relatively high concentrations of contaminant is

quitc large, extending up to Texada Island before a 1% dilution from

- river.values is achieved; consequently the model must include the entu'e
Straits of Georgla and Juan de Fuca.

2. Adsorption of contaminants onto sedxment isa major controlling factor;
however, data on contaminant partitioning amongst the grain sizes and



\ sedlment types occurring in the Fraser River, in the presence of saline
water, are not presently available to the degree requxred for detalled
modelling, and this represents a serious data gap.

3.  Even small wind events can change the contanunaht distribution
significantly, and hence wind forcing becomes an important. factor in
~ contaminant modelling.

' Recommended Modelling Tmprovemen

. The fate of contaminants in the Strait of Georgia originating from the
Fraser River is an important issue, and a reliable numerical model is an essential
tool both for management decisions and for sampling and monitoring program
‘design. Based on the degree of success achieved with limited resources in this
study, and the work of Stepien et al. (1987), developmernit of a three-dimensional
contaminant dispersion model for the Strait of Georgla and Juan de Fuca is
strongly recommended. Such a model would provide major improvements in the
management of contaminant loads in the Frasér Estuary, and in understanding the
distribution and fate of contaminants in the Strmt of Georgla For example, the
model would provide mformatlon on:

1. sites of contaminant accumulation;' _

2. the dlStIlbUthl‘l of Fraser-derived contaminants relauve to the dlstnbutlon
of contammants from other point sources in the Strait;

3. the long-term effects of partxcular water quality objectlves (Swam and
Holms, 1985). ’

The elements to construct and cahbrate such a model are rev1ewed bneﬂy below.

The model used in this study, GF4, deals only with currents in the top
three to five meters of the water column. Contaminants enter other parts of the

water column, either by mixing downward, or by attaching to sediment and

settling out. Thus, the hydrodynamic model must extend through the entire water
column. Presently the most appropriate hydrodynamic model is GF9 (Stronach,
1992). GF9 is a fully three-dimensional model that has been carefully calibrated
to the dynamics of the Straits of Georgia and Juan de Fuca. It provides reliable -
velocity fields using fixed levels to describe-the vertical variation of properties,
with a dynamic interface to separate the Surface layer from the underlying waters,
similar to the GF4 formulation. This dynamw formulatlon for the uppermost layer



is parucularly appropriate for the strong density: stranﬁcatmn characterizing the
Fraser R1ver plume. ,

iment Balance Model,

In view of the importance of river-borne sediments to the fate of
contaminants, a sediment balance model incorporating a range of grain sizes and
fall velocities is required. This model would eliminate the ad hoc formula in the
present model relating fall velocity to sediment concentration in favour of a more
physically correct dlstnbutxon of fall velocmes related to grain size:

~ The sedlment balanoe model must be cahbrated and verified against
observed sediment distributions in different seasons. The verification should use
a combination of remotely-sensed imagery, to provide complete spatial coverage,
and in situ measurements using high-resolution néphelometry and water samples
to give detailed date in areas of particular interest. Instruments such as a
nephelometer operated in towed and profiling modes could be used to give three-
dimensional fields for quantifying the satellite image data. The imagery and
concentrations fields would then be compared with model output. As Carey and
Hart (1988) point out, it is often difficult to verify a contaminant model directly
because of logistical considerations for sampling, the expense of analyses, and the
episodic nature of the contaminant inputs. However, verifying the sediment
module provides a good means of verifying many of the processes which enter -
into. the contaminant model. '

roved Models of Contaminant Adsorption

Numerical experiments in this study have demonstrated the sensitivity of
contaminant fate to sediment adsorption assumptions. Physical-chemical
measurements will be required to refine and calibrate the contaminant adsorption
model by grain size and sediment type, and to understand the effects of salt water
on the process

‘Injproved Rgolu_gfion of the Fraser River Mouth

_ Roberts and Sturgeon Banks are biologically important regions. The

' pathways of contaminants onto Roberts and Sturgeon Banks consist primarily of

recirculation from the Main Arm discharge and fluxes from localized sources such

as Canoe Pass, Middle Arm, various small gaps in the jetties south of the Main

Arm, and through the lateral movement of small amounts of the Main Arm flow
,southward across Roberts Bank .



- GF4 considers only two of these sources: the South Arm and the North
Arm. The significance of the other, smaller distributary mouths as sources of
contaminant has not been addressed. Their importance could be assessed by a
combination of field studies and the development of a hlgh resolution sub-model
for the Roberts and Sturgeon Bank areas.

o Addmonal data are requlred for the rate of supply of suspended sediment
~ at the river mouth, taking tidal fluctuations into account. Some information on the
fluxes of contaminants could be obtained from the contaminant transport model
developed for the Fraser River by Lam er al. (1988). In fact, the Lam er al.
Fraser River model could be dynamically linked to the Strait of Georgia model,
* including the hlgh-resolutlon banks sub-model, to provide a complete Fraser
‘ Estuary- -Strait of Georgla contaminant transport and fate model.

anntifigg_tion 'o'f" _Other Sink Mechanisms

Aside from sedimentation, processes that act as sinks for contaminants, and
the availability of data to describe them, were not identified in this study..
Additional work is required to identify such processes and models for them.
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Upper layer contaminant concentration field predicted by GF4 for |
00:00 PST on June 2, 1988. Adsorption of contaminant onto
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" mouth value.
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sediment is incorporated into the calculation. Northwesterly winds -
were prevailing at the time. Units of concentration are % of river
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SEDIMENT TRANSECT: MAY 20, 07:00 PST
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Suspended sediment transect on May 20, 1988, at a stage
of the tide corresponding to maximum river flow and
sediment concentration (a); and at a stage of the tide

corresponding to minimum river flow and concentration.

Observed concentrations (from Kostaschuk et al., 1988) are
indicated by solid squares modelled concentratlons by a

contlnuous ||ne
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N h SUSPENDED SEDIMEN"I : . PARTICULATE

" Figure 5:  Total and fractional 1,2,3,4-TeCB cor‘)_Ce_ntr?tion (ng L™1) and

suspended sediment concentration (mg L™"). The observed
values (circles) were sampled between 1450 and 2100
GMT; the computed values (contours) were for 1700 GMT, 4
-October, 1983. ' ' :
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Figure 6 Winds at Sand Head for May and June,"19:88.
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SURFACE CURRENTS |
MAY 20, 19_88,’ 10:00 PST
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3 - ' 123°
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- 100 cv/s

Figure 8:  Surface current field predicted by GF4 for 10:00 PST on
~ May 20, 1988, corresponding to an ebbing tide.
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' SURFACE CURRENTS
MAY 20, 1988, 14:00 PST .

“Vancouver
Island

49° <~ 49°

—  25cm/s

= 50cm's
= 75cm/s
= 100 cv/s

Figure 9:  Surface current field predicted by GF4 for 14:00 PST on May
20, 1988, corresponding to low water. :




SURFACE CURRENTS
MAY 20, 1988, 18:00 PST '
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Figure 10: - Surface current field prédic,ted by GF4 for 18:00 PST on May -
-20, 1988, corresponding to a flooding tide. | S



UPPER LAYER SALINITY
 MAY 20, 1988, 07:00 PST

Vancouver
Island
oy

Vancouver

Figure 11:  Upper Iayer salinity field predicted by GF4 for 07: 00 PST on

May 20, 1988 correspondmg to high water:




UPPER LAYER SALINITY
© MAY 20, 1988, 14:00 PST

Vancouver

Vancouver
Island _
49°— / N ) .  49°

Figure 12: Uppé‘r layer salinity field predicted by GF4 for 14:00 PST on
May 20, 1988, corresponding to high water.



SUSPENDED SEDIMENT CONCENTRATION
MAY 20, 1988, 07:00 PST | :

Vancouver

Vancouver
Island -

49°— 49°

" Figure 13: Upper layer suspended sediment concentration field
predicted by GF4 for 07:00 PST on May 20, 1988,
CO{respondmg to high water. Units of concentration are mg

The solid squares indicate stations that are 4.5 and 9
km from the river mouth for which time series are plotted in
Figure 15.



'SUSPENDED SEDIMENT CONCENTRATION
MAY 20 1988, 14:00 PST

124° ‘ 30" , < i

Vancouver
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49°

124°

Figure 14:  Upper layer suspended \sednment concentration field
predicted by GF4 for 20:00 PST on May 20, 1988,
co1rrespond|ng to high water. Units of concentratlon are mg

.
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CONTAMINANT CONCENTRATION
MAY 20, 1988, 07:00 PST I

T =

Vancouver
Isiand
49°—

“Figure 16:  Upper layer contammant concentratlon field predlcted by

' ' GF4 for 07:00 PST on May 20, 1988, corresponding to high
water. Adsorption of contaminant onto sediment is
incorporated into the calculation. Units of concentration are
% of river mouth value. The solid squares indicate stations -
that are 1.4, 4.5 and 9 km from the river mouth for which
time series are plotted in anure 18.




" CONTAMINANT CONCENTRATION
MAY 20, 1988, 14:00 PST '
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Figure 17:  Upper layer contaminant concentration field predicted by
GF4 for 14:00 PST on May 20, 1988, corresponding to low
water. Adsorption of contaminant onto sediment is
incorporated into the calculation. Units of concentration are -
% of river mouth value. '
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' CONTAMINANT CONCENTRATION (r = 0)
MAY 20, 1988, 00:07 PST

40— \J

Vancouver
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49°
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Figure 19:  Upper layer contaminant concentration field predicted by
- . GF4 for 07:00 PST on May 20, 1988, corresponding to high
water. Adsorption of contaminant onto sediment is not
incorporated into the calculation. Units of concentration are
% of river mouth value. The solid squares indicate stations
that are 1.4, 4.5 and 9 km from the river mouth for which

time series are plotted in Figure 21. :




CONTAMINANT CONCENTRATION (m= 0)

- MAY 20, 1988, 14:00 PST

) ;o-_ <
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49°

Figure 20:

'Upper layer contaminant concentration field predlcted by

GF4 for 14:00 PST on May 20, 1988, corresponding to low
water. Adsorption of contaminant onto sediment is not
mcorporated into the calculation. Units of concentration are

. % of river mouth value
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CONTAMINANT CONCENTRATION
JUNE 02, 1988, 00 00 PST g

- o e , ' 1230

Vancouver
Island
49°

124°

Figure 22:  Upper layer contamlnant concentration field predicted by
GF4 for 00:00 PST on June 2, 1988. Adsorption of
contaminant  onto sediment is incorporated into the
calculation. Southeasterly winds were prevailing at the time.
Units of concentration are % of river mouth value.




CONTAMINANT CONCENTRATION
JUNE 04, 1988, 00:00 PST

Figure 23:  Upper layer contaminant concentration field predicted by
- GF4 for 00:00 PST on June 4, 1988. Adsorption of
contaminant onto sediment is incorporated into the
calculation. Northwesterly winds were prevailing at the time.

_Units of concentration are % of river mouth value.



SURFACE CURRENTS
JUN. 04, 1988, 00:00 PST
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Figufe 24;

Surface current field predicted by GF4 for 00:00 PSTon June

14,1988,




SURFACE CURRENTS
MAY 20, 1988, 00:00 PST
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Surface current field predicted by GF4 for 00:00 PST on May

20, 1988.

Figure 25:
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Think Recycling!
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Pensez d recycler !
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