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ABSTRACT

England, L. A., R. E. Thomson, and M. G. G. Foreman. 1996. Estimates of seasonal flushing
times for the southern Georgia Basin. Can. Tech. Rep. Hydrogr. Ocean Sci.: 173, 24 p.

We use three box-type mixing models to estimate the seasonal flushing times for the
estuarine waters of the southern Georgia Basin situated between British Columbia and
Washington State. These models are the salinity model ofKetchum (1950), the modified,
tidal prism model ofKetchum (1951), and the segmented tidal prism model ofDyer and
Taylor (1973). For all three models, seasonal variations in the basin-scale flushing time --
the time to replace the existing volume of fresh water in the basin with runoff from the Fraser
River -- are strongly related to seasonal differences in river discharge and vertical mixing.
Calculated salinity distributions and flushing times for the tidal prism models vary widely with
small changes to the imposed mixing scales, suggesting that these models are less well
constrained by observations than the salinity model. The salinity model is considered to be the
most reliable ofthe three models examined. Flushing times derived from the salinity model
for the seasonal values of the observed input parameters are: 308 days (spring); 105 days
(summer); 188 days (fall); and 241 days (winter). Except for summer, less than half of the
resident fresh water is removed each season and complete replacement of the fresh water in
the basin requires about 1.4 years.
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England, L. A., R. E. Thomson, and M. G. G. Foreman. 1996. Estimates of seasonal flushing
times for the southern Georgia Basin. Can. Tech. Rep. Hydrogr. Ocean Sci.: 173, 24 p.

Trois modeles de melange de type boite sont utilises pour estimer Ie temps de
renouvellement des eaux estuariennes du detroit de Georgie sud situe entre Ia Colombie­
Britannique et I' etat de Washington. Les modeles sont celui de salinite de Kechum (1950),
celui de prisme modifie de rnaree de Kechum (1951) et celui de prisme segmente de maree de
Dyer et Taylor (1973). Pour les trois rnodeles, les variations saisonnieres du temps de

. renouvellement aI'echelle du bassin -- Ie temps requis pour remplacer Ie volume total d' eau
douce du bassin par l'ecoulement du fleuve Fraser -- sont fortement reliees aux.differences
saisonnieres du taux d' ecoulement du fleuve et du melange vertical. Les distributions de
salinite et les temps de renouvellement calcules avec les modeles de prisme de maree varient
grandement avec de petites variations des echelles de melange imposees, suggerant que ces .
modeles sont moins bien contraints par les observations que Ie modele de salinite. Le modele
de salinite est considere comme Ie plus fiable des trois rnodeles examines. Les temps de "," ,
renouvellement derives du modele de salinite pour les valeurs saisonnieres des parametres
d'entree observes sont: 308 jours (printemps); 105 jours (ete); 188 jours (automne); et 241
jours (hiver). Saufpour l'ete, moins de la moitie de I'eau douce residante est remplacee
chaque saison et le remplacement complet de toute I'eau douce du bassin prends environ 1.4,
ans.
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INTRODUCTION

The marine region of the southern Georgia Basin, formed by the Strait of Georgia, eastern
Juan de Fuca Strait, Puget Sound, and adjoining passages (Figure 1) is part of an extensive
estuarine system separating Vancouver Island from the mainland coasts of British Columbia
and Washington State. The basin serves as a waterway for coastal and deep-sea marine
traffic, supports major commercial and recreational fisheries, and is a receptacle for domestic
and industrial waste from a regional population of roughly five million people. Contaminant
loading of this increasingly populated and utilized region is strongly affected by freshwater
inflow and aerolian transport. Since accumulation of toxic substances within the basin can
cause short- and long-term (chronic) environmental damage, estimates of water renewal
times are central to understanding the fate of these substances and their possible impact on'
the water quality and marine food web. Because ofgrowing concerns about the general
"health" of the shared waters, the basin was the focus of a recent bilateral study under the
auspices ofthe British Columbia-Washington Environmental Cooperation Council (British.
Columbia-Washington Marine Science Panel 1994). Loss of shoreline habitat and concerns
over increasing contaminant loading were two major issues identified in the report.

The circulation of the Georgia Basin is driven primarily by winds, river runoff, and tides
(Waldichuck 1957; LeBlond 1983; Thomson 1994). Modification to the circulation results
from fortnightly variations in tidal mixing over the shallow sills that separate the various
sectors of the basin (Ebbesmeyer and Barnes 1980; Geyer and Cannon 1982; Griffin and
LeBlond 1990) and from wind-induced reversals in the runoff-driven estuarine circulation
(Frisch et al. 1981; Holbrook et al. 1983). Upwelling along the Pacific coast in summer,
surface convection in the basin in winter, and the Coriolis effect also modify the primary flow
patterns (Waldichuck 1957; Crean et al. 1988; LeBlond et aI. 1994). Roughly 70 to 80% of ­
the fresh water flowing into the basin enters via the Fraser River located south ofVancouver.
Most of the fresh water eventually exits the system through the southern tidal channels before
flowing into the Pacific Ocean at the mouth of Juan de Fuca Strait (Thomson 1994). Along
its path, the fresh water is mixed vertically with the high salinity water that enters the system
from the Pacific, resulting in a positive estuarine flow pattern in whic]; net seaward flow in
the upper layer « 100 m depth) is balanced by a net inward flow at depth (Godin et al. 1980;
Labrecque et al. 1994). The degree ofmixing between the upper and lower layers is
determined primarily by the relative density difference between the layers and by the intensity
ofthe tidal flow over the sills separating the various sectors ofthe basin (Griffin and Lelslond
1990; LeBlond et al. 1994). Surface wind stress and vertical convection in winter can also
affect the mixing between the layers.

The purpose of this paper isto provide estimates of the seasonal flushing times for the
southern Georgia Basin based on simple mixing models formulated for riverine flow in tidal
estuaries. The flushing time for an estuary, defined mathematically as the ratio ofthe total
volume ofriver water accumulated in the estuary to the volume of river flow introduced into
the estuary per unit time (Dyer 1973), corresponds to the average time required to replace
the existing fresh water in the estuary at a given river flow rate. Complete replacement is
achieved when the volume offresh water resident in the estuary has been removed or flushed
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from.the system by newly added river water. It is assumed that "all" of this volume offresh
water is removed when less than 1%"of it remains in the estuary. Seasonal differences in
flushing time arise from seasonal differences in river discharge and degree ofvertical mixing. "
Results from three distinct mixing models are compared and best estimates givenfor the
flushing times of the basin.

FLUSHING-RATE MODELS

Ifwe assume that the fresh water balance within the Georgia Basin is controlled primarily
by Fraser River discharge and tidally-induced mixing, we can estimate the flushing times for
the basin using three "classic" mixing models first developed in the 1950s for large river

"estuaries. Input to the simplest of these models, the "salinity model" (Ketchum 1950;
Ketchum and Keen 1953), are the mean salinity distribution in the basin, the volume ofthe
basin, and the flow rates ofthe main rivers entering the basin. The method has been applied
to flushing times for the New York Bight (Ketchum 1950), the Mersey Narrows (Hughes
1958), and the Bay ofFundy (Ketchum and Keen 1953). The second model (Ketchum 1951)
is based on a modified tidal prism method in which segmentationofthe estuary is derived
from the average travel time of a water particle during the flood. This model is more
comprehensive than the salinity model in that it requires a detailed knowledge of the tidal
range in addition to measurements of river flow and basin topography. The third model,
developed by Dyer and Taylor (1973), is a modified version of the segmented tidal prism
model. It uses a slightly different method for segmentation than the tidal prism model and
introduces a spatially varying parameter meant to characterize mixing processes in the
estuary. .

. THE SALINITY MODEL

The salinity (or "fraction offresh water") model uses observed basin salinity to compute
the fresh water distribution and flushing time of the estuary. In this model, the estuary is
divided into horizontal segments and each segment sliced into depth ranges. The verticaIly- "
averaged salinities, Snk, for each segment (n= 1,2,.., N) and depth range (k = 1,2, ..., K) are
specified and the flushing time, Tn, is calculated as

(1)
K K

T = ""Q klR = ~f. k V klRn c: n ~n n
k=l k=l

where Qnk is the volume of river water in the kth depth range of segment n, Vnk is the
volume of segment n for the kth depth range, and R is the known rate at which river flow
enters the estuary. The fractional concentration offresh water in each depth range for a given
segment,
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is defined in terms of the salinity, Ss, of the undiluted seawater entering the system from the
ocean. The variable Qnk = fnk Vnk is calculated for each depth range and totaled for each
segment to give the flushing time, Tn' for that segment.

To determine the flushing times for the Georgia Basin, the northern sector was ignored
and the southern region divided into five segments (Figure 1). This assumes that all of the
Fraser River discharge leaves the Strait of Georgia through Haro Strait, the largest of the
southern passages. Omission of the northern passages is assumed to have a minor effect on
the flushing times because, based on the observed volume transports in Juan de Fuca Strait
and Johnstone Strait, only about 15% ofthe river water leaves the basin through the northern
route (Thomson 1994). Similarly, Rosario Strait accounts for only about 15% ofthe fresh
water discharge through the southern route. Boundaries of the segments were made to .
conform as closely as possible to the main oceanographic regions as defined by the locations
of major sills and water property structure (Thomson 1994). Haro Strait, which separates
Vancouver Island from the San JuanIslands, was broken into two segments, as was the
eastern and western sectors of Juan de Fuca Strait.

Depth-weighted salinities were derived from the observed salinity distributions obtained
during monthly along-channel surveys conducted from 1967 to 1968 by Crean and Ages
(1971) and were calculated for the following depth ranges: 0-20,20-40,40-80, 80'-120, 120­
160,160-200, and 200-250 m. The mean salinity value for a given depth range was
considered representative of the entire segment. Salinities in the near surface layer of Georgia
Basin decrease with distance from the mouth of the Fraser River (segment 1), with the lowest
salinities occurring during the freshet conditions oflate spring and early summer (Crean and
Ages 1971). Observed deep water salinities in segment 1 ranged from 30.5 to 31.0 psu
(practical salinity units) in spring and summer and from 31.0 to 31.5 psu in autumn and
winter. Slightly higher deep water salinities were observed in segments 2 and 3. Undiluted
oceanic water enters the estuary at depth at its seaward entrance and, because of the
Victoria-Green Point and Boundary Passage sills, appears to extend only to segments 4 and 5
(Figure 1). A study of deep water intrusions in the system reveals that deep water passes over
the sills as gravitational flows (density currents) at fortnightly and monthly intervals
determined by the occurrence of significant neap tides (LeBlond 1983; Thomson 1994). In
general, the salinity increases monotonically with depth, with well-mixed regions confined to
the vicinity of shallow sills where tidal currents are strongest.

To account for seasonal variability in the water property structure and forcing functions,
data collected in December, March, July, and October (Table 1) were used to characterize
the four seasons. Values of river flow rate for each season (Table 1) were determined from
25-year(1955-79) means for the discharge at Hope, British Columbia, located approximately
100 km upstream ofthe river mouth. Since salinity distributions in the basin represent an
accumulated response to freshwater discharge, and to account for annual variations in the
Fraser River discharge, we used the average river discharge rather than the discharge for
1968, the time period of the Crean and Ages survey. We note that river discharge during
1968 was similar to the 25-year mean.

3
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THE MODIFIED 'tIDAL PRISM MODEL

In this model, flushing times for the estuary are derived from the observed rate of
freshwater discharge to the estuary and the specified tidal heights (Ketchum 1951). The
estuary is divided into segments, with the distance between the inner and outer boundaries of
consecutive segments set equal to the mean excursion of a parcel of water on the flood
(Figure 2), The average excursion is obtained from the volume ofwater entering each part of
the estuary on the flood and the known topography of the estuary. The length of each
segment, and hence the total number of segments, changes with the rate of freshwater
discharge and imposed tidal elevations. Along the length of the estuary, each segment is
defined such that the high tide volume in the landward segment is equal to the low tide
volume in the adjacent seaward segment. This requires detailed knowledge of the depth. The
intertidal volume, Po, of the innermost segment (segment "0") is supplied entirely by the river
flow, which has a volume flow R over one tidal cycle. On the flood, there is no exchange and
mixing of water across the seaward boundary of segment "0" and the intertidal volume
upstream (landward) of this boundary consists of river water only. Assuming that the low tide
volume, VI' of the first seaward segment (segment "1 ") is equal to the high tide volume of
the segment located immediately up-estuary, we find

Continuing seaward with this formulation, the low tide volume of segment n is equal to the
combined low tide volume and intertidal volume of the adjoining up-estuary segment,
segment n-l such that

n-1

(4) Vn = Vo + R + L Pj
j=1

where Pj .represents the intertidal volume of the jth segment.

Ifwe assume that complete mixing takes place within each segment at high tide, the
proportion of water removed on the ebb is given by the exchange ratio, Rn,defined as

(5) Rn =Pn/(Pn + Vn)·

The flushing time (in tidal cycles) for the nth segment is then,
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where Qn is the total volume of river water accumulated in the segment over many tidal
cycles. The total flushing time is the sum of the flushing times for each segment. Ifthe salinity
of the undiluted sea water is known, the high-water salinity in each segment also can be
calculated.

To estimate the flushing times, the Georgia Basin was sub-divided into segments starting
from the head ofthe estuary at New Westminster and extending to the mouth of Juan de
Fuca Strait (Figure 1). The low tide volume of a given segment was set equal to the high tide
volume ofthe adjoining upstream segment. To define the boundaries of each segment, we
used a computer program that incorporated digitized depths from detailed hydrographic
charts and tidal elevations derived from a high-resolution finite-element (triangular grid)
model for the region (Foreman et al. 1993). In plan view, segments were generally
rectangular in shape with horizontal boundaries defined by the width of the estuary and the
mean excursion ofa parcel of water on the flood. The number of segments generated ranged
from 7 to 21 and varied according to the input parameters of river discharge and mixing
depth. The hourly tidal elevations for twenty-one grid points located along the central axis of
the model were obtained from the combined elevations generated using the eight largest
diurnal and semidiurnal tidal constituents, which typically account for about 85% ofthe tidal
range. Computed elevations were averaged over a spring-neap cycle (15 days). Starting with
the high-tide volume of segment "011 and the digitized bottom topography for the basin, we
determined the mean tidal excursion for each adjoining segment and hence the positions of
the low-tide boundaries. Matching the tidal volume by adjusting the boundaries of the
segment was accurate only to about 1% because of the finite areas of the digitized depth
elements. Most of the difficulties were encountered near Roberts Bank at the mouth of the
Fraser River where segments widen abruptly.

The model assumes complete mixing in each segment over one tidal cycle. To account for
limited downward mixing of the brackish surface water with the underlying oceanic water,
calculations for each segment were made only to a specified mixing depth, The.mixing depth.
replaces the bottom of the estuary and can be determined in two ways. The most straight­
forward approach is to equate the mixing depth with the depth of the mean halocline
observed for each segment of the basin for the season of interest. Alternatively, the mixing
depth can be selected as that value which yields a salinity structure which most closely
resembles the observed salinity structure. Both estimates were tried and their respective
results discussed below.

THE DYER-TAYLOR SEGMENTED PRISM MODEL

Internal inconsistencies in Ketchum's (1951) tidal prism model, due to a simplified mixing
assumption and segmentation of the estuary, lead Dyer and Taylor (1973) to formulate a
fl?ore general segmented prism model. Ketchum's model forces the entire low tide water
column of segmentn to move landward on the flood, thereby causing the concentration of
river water to remain the same in that column of water when it occupies segment n-l at high
tide. This can lead to concentrations of unity (100% river water) in downsteam segments,
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which is incompatible with the model requirements. In their segmentation of the estuary
(Figure 3), Dyer and Taylor set the intertidal volume of the innermost segment, Po, to be half
the river flow R over one tidal cycle. On the flood, there is no flow across the lower seaward
boundary of this segment. The low tide volume, VI' of the first down-estuary segment is
supplied by the river on the ebb and is entirely made up of river water at low tide. Segments
1,2, .." N are defined consecutively so that:

n = 2, 3, .., N-1

where the parameter a. (0 < a < 1) is associated with mixing. On the flood, the whole system
can bethought of as acting like a piston, pushing a volume ofwater aVn+1 upstream to
occupy a Vn plus Pn (or just P1 for n =1) at high tide. This water mixes with the volume
(l-a)Vn . which is the water remaining in segment n during low tide. On the ebb, an extra
volume equal to R must also pass downstream.

High and low water concentrations of river water, CnHand CnL, respectively, are defined
for each segment, n, by assuming that undiluted sea water enters the mouth of the estuary on
the flood (Cl = 0, when n is the last segment) as follows:

n = 2, 3, ...,N

where Co (= 1) is the reference concentration ofthe river, The flushing time, in tidal cycles
for each segment is

The total flushing time for a region of the basin is the sum ofthe flushing times for each
segment.

Segmentation of the Georgia Basin system was achieved in asimilar manner as for the
Ketchum model, with the above noted differences at the estuary head incorporated into the
computer program. Input values of river flow rate and tidal heights were identical to those
used in Ketchum's model. Criteria for choices of mixing depth and mixingparameter values
are discussed in the following section.
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RESULTS

The flushing times for the southern Georgia Basininchiding western Juan de Fuca Strait,
have been simulated for each season using the three mixing models. In this section, we focus
on summer and winter estimates since these represent the annual extreme conditions.

THE SALINITY MODEL

The portion offresh water, fn
k, and associated volume of fresh water, Qnk, in each depth

range for each ofthe five specified segments has been determined from (2) for each season.
Fresh water estimates were based on the values for the undiluted sea water listed in Table 1
and the along-channel, depth-averaged salinity data from Crean and Ages (1971). For all
seasons, the total percentage of river water was highest for segment 1, ranging from 13.5% in
summer to 7.2% in winter, and decreased seaward to segment 5, where it ranged from 3. Oro
in summer to 2.8% in winter. The entire water column was diluted with river water
throughout the estuary except for the deep waters (> 120 m) of segment 5. Substitution of
the sum of derived values of Qkn for all depth levels and seasonal river flow rates (Table 1)
into (1) yielded the·total flushing time, Tn' for the entire segment. Table 2 shows values of .
flushing time and depth-averaged flow for each segment for summer and winter. Estimates of
the depth-averaged mean flow rate, Un= Ln/Tn ' have been calculated from the segment
length Ln and the flushingtime.

Table 3 provides a summary of the total fresh water accumulated in the basin and the
flushing times needed to maintain a steady state balance of fresh water within the entire basin
for all Seasons. The summer and winter flushing times correspond to the vertically-integrated
values presented in the last row of Table 2. According to these results, fresh water is flushed
out ofthe estuary most rapidly in summer, the time of maximum river input to the system.
Assuming that each season is about 91 days duration, roughly 87% ofthe fresh water in the
system is replaced during the summer. The longest flushing times (> 240 days) occur in
winter aria spring when less than'40% of the fresh water is replenished in a season. 'The
depth-averaged flow rates for the entire estuary are 2.7 cmls in summer and 1.2 cm/s in
winter.

We can estimate the long-term flushing time, T"", for the basin by examining the
progressive removal offresh water that enters the basin in early spring. By the end of spring,
70% of the original fresh water remains in the system. This is reduced to 9% by the end of
summer, to 5% by the end offall and to 3% by the end of winter. Continuing, we find that by
the end ofthe next spring, less than 2% of the fresh water that had entered the basin the
previous year remains in the system. Ifwe set 0.01 (1%) as the fractional limit for complete
flushing, then T ~ I'::: 1.4 years, which is equivalent to the value of 1.3 years obtained by
Waldichuck (1957) using observed water property structure and 1.4 years derived by Crean
et al. (1988) using the GF6 finite-difference numerical model.

7
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THE MODIFIED TIDAL PRISM MODEL

The segmented tidal prism model has been used to calculate flushing times and salinity
distributions for the study region. With the exception of the mixing depth, the required input
parameters for the model (tidal elevations, bottom topography and river flow) are known
with considerable accuracy. Since the function of the mixing depth is to simulate the vertical
extent of surface entrainment processes within the estuary, it varies considerably with
location and season. The results for summer and winter data reveal a strong dependence of
the flushing times and depth-averaged transport velocity on the specified mixing depth (Table
4), detracting from the usefulness of the model.

We applied several values of the mixing depth for the summer and winter regimes. Both
constant and variable mixing depths were used in the computer program but, due to the
nature ofthe model, only small « 20 m) changes in the mixing depth produced realistic
results. Results for three different values of the mixing depth for both winter and summer are

.presented in Table 4.

Initial values (model run 1) were equated to the main haloc1ine depth and determined from
the along-channel salinity distributions published by Crean and Ages (1971). Summer mixing
depths associated with the upper halocline are shallow « 10 m) throughout the estuary. A .
mixing depth of6 m was chosen for run 1. Simulated flushing time and freshwater volume
were much lower than those values produced by the salinity model while average transport
rates were considerably larger. Although the simulated salinities were 10 to 20% lower than
observed, the salinity distributions generated by run 1 compared quite favourably with
observed salinities. Winter mixing depths vary markedly along-channel; the estuary is well­
mixed to about 60 to 80 m depth in Haro Strait and Boundary Passage but only to about 10
to 20 m in the Strait of Georgia and Juan de Fuca Strait. The largest change in the winter
mixing depth, used in run 1, was 20 m. The variable mixing depth of20/40/20 represents,
approximately, a mixing depth of20 m for the Strait ofGeorgia (segment 1, Figure 1),40 m
for Boundary Passage and Haro Strait (segments 2 and 3, Figure 1), and 20 m for Juan de
Fuca Strait (segments 4 and 5, Figure 1). The resulting model results, including exchange
ratio, accumulation of river water and salinity distribution do not agree well with
corresponding data generated by the salinity model or with observed salinity distributions.
The exchange ratios are much lower and the percentages of river water are higher, especially .
near the estuary head, producing lower salinities than those observed. The mixing depths
chosen are too large, indicating that vertical mixing was not complete to these depths. Where
the mixing depth was increased to 40 m the exchange ratio became very low, causing the
salinity to drop in these areas. Observations indicate that salinities gradually increased down­
estuary. The flushing times for this run and for the salinity model were comparable, except
for segment 3 (Hare Strait), where the deep mixing zone resulted in a much longer flushing
time than for the salinity model.
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The second set of mixing depths (run 2, Table 4) corresponded to those depths which
produced a simulated salinity distribution that most resembled that observed. As was

" mentioned previously, a mixing depth of 6 m for the summer regime gave the best salinity
match. Presumably, a smaller mixing depth would have provided an even closer match.
However, the estimated flushing times of 25 days or less are much shorter than those
predicted by the salinity model and are unrealistic. For the winter regime, a constant mixing
depth of 8 m produced a salinity distribution most closely resembling that observed. The
simulated salinity values were 0.2 to 5.5 % lower than observed values. Once again, run 2
produced freshwater volumes and flushing times considerably lower and average transport
rates considerably higher than those of the salinity model.

The third set of mixing depths in Table 4 correspond to those depths which produced
flushing times and river water volumes that most closely resembled those of the salinity
model. To obtain a summer flushing time similar to that of the salinity model (~ 104 days),
the summer mixing depth had to be increased to 18 m. The resulting salinity distribution was
then 15 to 30% lower than observed. Similarly, for a winter flushing time similar to that of
the salinity model (::::: 241 days), the mixing depth had to be increased to 25 m. The resulting
winter salinity distribution was 25 to 45% lower than observed. Thus, we cannot match
simultaneously both the flushing times and salinity distributions of the two models. Average
transport rates for both winter and summer were almost identical for the two models
(compare Tables 2 and 4).

Exchange ratios Rn given by (5) did not vary greatly throughout the estuary. All model
simulations revealed higher exchange ratios near the estuary head, decreasing gradually
seaward, and then rising slightly near the mouth of the estuary. Larger mixing depths resulted
in lower exchange ratios. For a summer mixing depth of6 m, exchange ratios ranged from
0.24 to 0.35. For a winter mixing depth of 14 In, they ranged from 0.12 to 0.19.

DYER-TAYLOR SEGMENTED PRISMMODEL

Flushing times and salinity distributions have been computed for specified input
parameters, including the mixing depth and mixing parameter (Table 5). The low and high
water concentrations of river water, CL and CH

, also were computed for each segment.
Several different values of cx., the mixing parameter, were used in the model. A constant
value of a.= 0.15 produced the most reasonable and stable (i.e. non-oscillating) values of
freshwater concentrations and the most acceptable salinity distributions throughout the
estuary. Unstable solutions, when concentrations offresh water oscillate about unity and
salinities become negative near the head of the estuary, occurred if a large (> 0.3) mixing
parameter was combined with a.small « 10 m) mixing depth. The model allows a. to vary f

along-estuary; however, for the southern Georgia Basin, it was found that even small down­
estuary increases in the value ot the mixing depth produced a salinity profile that was too
"fresh", especially near the estuary head. According to our computer simulations, the larger
the value of a. the higher the concentrations of fresh water, and thus the lower the salinity
values throughout the estuary. The model results need to.be constrained by the observed
salinity values which indicate that the southern Georgia Basin is composed mostly ofhigh-
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salinity water except very close to the Fraser River delta. This topic is discussed further in
the following section.

Three sets ofmixing depths are presented in Table 5 for both the summer and winter ....
regimes for a value of the mixing parameter, a. = 0.15. Run 1 used those values of mixing
depth (50 01 for summer and 60 01 for winter) which gave flushing times, freshwater. volumes,
and average transport rates that most closely resembled those produced by the salinity model.
Simulated salinity values from run 1 also closely matched the observed salinities. For the
summer regime, salinity values were 3 to 10% lower than observed and winter values were
0.6 to 5% lower than observed. These differences are much smaller than those produced by
the Ketchum model. It is obvious from these results that the Dyer-Taylor model leads to
improved simulations of estuarine regimes. The mixing parameter allows the model to
involve a greater portion of the water column in the calculations while only allowing a small
portion of the water column to be transported on the flood. We remark that the product of
the mixing depth and the mixing parameter used in run 1 produces depths (7.5 m for summer
and 9 m for winter) that are similar to the mixing depths used for run 2 in the Ketchum model
(6 m for summer and 8 m for winter), which produced the best match to the observed salinity
distribution. Not only did run 1 generate a strong similarity in salinity distribution, but it also
yielded excellent agreement in all other derived values (compare Table 5 to Table 2 and 3)
which was not the case for the Ketchum model. As suggested by the observed salinity data,
it is not unrealistic to include the top 50 to 60 m of the water column in the vertical
entrainment process. Unfortunately, there appears to be no method for choosing the values

. ofmixing depth except through matching simulated with observed salinities.

When the mixing depth was increased or decreased by 20 to 30% (runs 2 and 3, Table 5)
we observed large changes in output parameters, namely the flushing time, freshwater volume
and average velocity. For flushing time prediction purposes, this indicates the importance of
determining the mixing depth to an accuracy ofat least 10%. Changes in the salinity
distribution were not as pronounced.

DISCUSSION

SALINITY MODEL

The three principal factors affecting the salinity model are the river flow, the salinity
structure and the undiluted (background) salinity. Seasonal mean river flows vary markedly
from year to year so that it is important to know how discharge variations change the nominal
flushing rates. Estimates of the flushing time varied most at small flow ratesf 5xl03 m3/s),

making the model most sensitive to small changes in winter river discharge (Figure 4a). For
3 3 .

summer, when flow rates are high (> 5x I0 m Is), there was much less dependence on flow
rate variations. For a given flow rate, summer flushing times were slightly longer than winter
flushing times.

The relationship of the estimated flushing time to the salinity distribution was calculated as
a percentage change in salinity for the entire estuary relative to nominal values derived from
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the observations (Figure 4b). Results clearly indicate that the flushing time was most
dependent on winter decreases in salinity and least affected by summer increases in salinity. A
5% decrease in salinity in winter more than doubled the flushing time while in summer the
corresponding change was less than a factor of 1.5. Within Juan de Fuca Strait, large
departures in salinity are unlikely so that the nominal values presented in the previous section

. are probably representative of the region. In particular, comparison of the observed salinity
data collected in the strait in 1967-68 (Crean and Ages 1971) and 1989-90 (R. Birch, ASL
Environmental Sciences, Sidney, B.C., personal communication) shows basin-wide
differences ofless than 1%. As for basin-wide changes in salinity, the impact of background
oceanic salinity changes on flushing times was much greater in winter than in summer (Figure
4c). For example, a change from 32.0 psu to 33.0 psu increased the flushing time by 130
days in winter (from 180 to 310 days) but only by 25 days in summer (from 50 to 75 days).

THE MODIFIED TIDAL PRISM MODEL

Based on our findings, the modified tidal prism model works best when: (1) the estuary is
well-mixed; and (2) the cross-sectional area increases fairly quickly downstream. Although
neither of these conditions strictly apply to the Georgia Basin, the model was useful for
acquiring approximate estimates of the flushing time and for determining factors which most
affect such calculations. One advantage of the model is that only the topography, river flow
and tidal range need to be known in detail. A major limitation of the model is the inability of
the segmentation method to accommodate large changes in mixing depth. In order for the
freshwater volume, Qn, in each segment to remain less than the total high tide volume (Pn +
Vn) ofthat segment (substitute (5) into (6) and solve for Qn), the ratio of river flow, R, to
the intertidal volume, Pn- must remain less than unity; put another way, we require Pn > R. If
there is a sudden increase in the mixing depth, matching ofvolumes between segments forces
a reduction in the surface area of the segment and hence the intertidal volume, Pn- is also
reduced. To ensure Pn > R, the increase in mixing depth must remain small.

Flushing times for the tidal prism model (Figure 5a) indicated a much weaker dependence
on river flow than the salinity model at low discharge rates{5 5><;103 m3/s). However, at
high discharge rates, the dependence on river discharge was similar for both models. As with
the salinity model, winter flushing times (low river discharge) were longer than those for
summer (high discharge). The rates of change of the flushing time as a function of river flow
(slope of the curves) were similar in winter and summer. As with the salinity model, summer
flushing times were slightly longer than winter flushing times for the same river discharge
rate. The dependence on tidal range, measured relative to the nominal values obtained from
the numerical simulation of Foreman et a1. (1993), had little effect on flushing times (Figure
5b), and differences in tidal range as high as ±10% did not substantially change the results. In
contrast, the flushing time for the basin was strongly dependent on the specified mixing depth
(Figure 5c). For example, increasing the depth from. 10 to 20 m increased the winter flushing
time from 60.to 190 days and the summer flushing time from 45 to 110 days.
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DYER·TAYLOR SEGMENTED PRISM MODEL

The effects of river flow, mixing depth, and mixing parameter variability on flushing times
have been examined for the Dyer-Taylor model. Nominal values for the latter two parameters

.are 40 m and 0.15, respectively. Model sensitivity to changes in river discharge (Figure 6a)
was similar to that of the modified prism model in that flushing times gradually increased with
decreasing flow discharge. At the lowest flow rates, the relative change of flushing rate as a
function of river discharge was much lower than for either the salinity or modified tidal prism
models. Unlike the previous two models, winter flushing times exceeded those for summer
for a given river discharge rate.

The effect ofmixing depth variation on flushing times in the Dyer-Taylor model (Figure
6b) was similar to that of Ketchum's model (Figure 5b), with greatest rates of change
occurring during winter when flow rates are low. It appears that large alterations (10 to 20
m) in nominal mixing depths less than 60 m do not greatly affect the salinity distribution but
do create large changes in the flushing time. This may be due, in part, to the model
requirement that the salinity ofthe last segment at the mouth of the estuary match that ofthe
deep oceanic water.

For both summer and winter, flushing rates were strongly dependent on the mixing
parameter, a (Figure 6c). This dependence was especially pronounced for winter runoff
values when large flushing times in excess of one year are predicted for mixing parameters a
> 0.3. Such large values are unrealistic. To maintain reasonable (close to observed) salinity
distributions and freshwater concentrations within the estuary, the mixing parameter in the
model must remain small. The value a = 0.8 suggested by Dyer and Taylor (1973) as a
reasonable value for typical estuaries is not applicable to the Georgia Basin. At such high
mixing values, the model predicts basin-wide salinities that are much lower than observed.
Specifically, segment 1 became composed entirely of river water for high mixing parameters,
contrary to what is observed even during summer when river runoff is high. At low values of
(J. (0. I ~ a ~ 0.2), salinities are at their highest values throughout the estuary and most
closely match observed values. In their study of the Raritan River, Dyer and Taylor (1973)
found that the salinity distribution varied from an entirely seawater estuary for a ~ 0 to an
entirely freshwater estuary for a ~ 1. Based on the observed salinity distributions, we would
expect the value of a. for the southern Georgia Basin to be low.

CONCLUSIONS

Our findings suggest that the salinity model ofKetchum (1950) provides more reliable
estimates of the Georgia Basin flushing times than the Ketchum (1951) modified tidal prism
model or the Dyer-Taylor (I973) segmented prism model. The Ketchum tidal prism model
failed for the southern Georgia Basin. Model results which produced flushing times close to
those predicted by the salinity model yielded unrealistic estuarine salinity distributions.
Conversely, those model runs which produced realistic salinity distributions gave flushing
times much lower than those predicted by the salinity model. The Dyer-Taylor model was
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more successful. Using reasonable values of the mixing depth and the mixing parameter,
model results compared favourably with those for the salinity model. Simulated salinity
distributions were within 10% of those observed, and flushing times were within 11% of
those simulated by the salinity model. For both tidal prism models, small changes to mixing
scales caused large changes in the computed flushing times. This "sensitivity" of the Dyer­
Taylor segmented prism model and the difficulty in determining a more well-constrained
mixing depth for input to the model, detract from its usefulness for the complex estuarine .
system ofthe southern Georgia Basin.

The salinity model has the advantage that it is strongly controlled by the along-channel
freshwater dilution of the background salinity field. Collection of along-channel salinity data
for all seasons is expensive and time-consuming, but if these data exist they can be used to
considerable advantage in the salinity model. The salinity model sets the standard against
which the other models are to be compared. Ifwe assume an average duration of91 days for
each season, the salinity model results imply that, for the southern Georgia Basin, roughly
29.6% ofthe water is replaced in spring (flushing time, T == 308 days), 86.9% in summer(T ==
105 days), 48.5% in fall (T == 188 days), and 37.9% in winter (T == 241 days). Complete
replacement of the fresh water in the Georgia Basin requires about 1.4 years. Since
contaminants transported into the basin by the Fraser River can be lost through flocculation,
chemical transformation, sedimentation, and other processes, the total estimated flushing time
is a conservative estimate for the removal of non-conservative material from the basin.

Acknowledgments

We wish to thank Patricia Kimber for producing the figures, Diane Masson for translating
the abstract into French, and Sharon Thomson for assisting with the preparation ofthe text.

13



References

British Columbia/Washington Marine Science Panel. 1994. The shared marine waters of
British Columbia and Washington. Report to the British ColumbiafWashington
Environmental Cooperation Council, August 1994, 119 p.

Crean, P.B., and A. Ages. 1971. Oceanographic records from twelve cruises in the Strait of
Georgia and Juan de Fuca Strait, 1968. Dept. Energy, Mines and Resources, Canada.
Vol. 1: 55p. .

Crean, P.B., T.S. Murty, and J.A. Stronach. 1988. Mathematical modelling of the tides and
. estuarine circulation: The coastal seas of southern British Columbia and Washington

State. In: M.J. Bowan et al. (eds). Lecture notes on Coastal and Estuarine Studies 30,
Springer Verlag, N.Y., 471 p.

Dyer, K.R 1973. Estuaries: A Physical Introduction. John Wiley & Sons, London, 140 p.

Dyer, K.R, and P.A. Taylor. 1973. A simple, segmented prism model of tidal mixing in well­
mixed estuaries. Estuarine and Coastal Marine Science, I, 411-418.

Ebbesmeyer, C.c., and C.A Barnes. 1980. Control of a fjord basin's dynamics by tidal
mixing in embracing sill zones. Estuarine Coastal Mar. Sci. 11:311-330.

Foreman, M.G.G., RA Walters and RF. Henry. 1993. A model for simulating currents in
eastern Juan de Fuca Strait and the southern Strait ofGeorgia. Oceans '93,
Engineering in Harmony with the Ocean, Prod. Vol. 1,335-340.

Frisch, AS., 1.R Holbrook, and AB. Ages. 1981. Observations ofa summertime reversal in
the circulation in the Strait of Juan de Fuca. J. Geophys. Res. 86: 2044-2048.

Geyer, W.R. and G.A. Cannon. 1982. Sill processes related to deep-water renewal in a fjord.
1. Geophys. Res. 97: 7985-7996.

Godin, G., 1. Candella, and R. de la Pat-Vela. 1980. A scrutiny of the current data collected
in a section of the Strait of Juan de Fuca in 1973. CICESE Informe Tecnico, OC­
8001: 138 p.

Griffin, D.A and P.R. LeBlond. 1990. Estuary/ocean exchange controlled by spring-neap
tidal mixing. Est. Coast. Shelf Sci. 30: 275-297.

Holbrook, J.R., G.A Cannon and D. Kachel. 1983. Two-year observations of coastal­
estuarine interaction in the Strait of Juan de Fuca. In: H. Gade, H. Svendsen and A.
Edwards (eds). Coastal Oceanography, Plenum Press, N.Y.: 411-426.

14



Hughes, P. 1958. Tidal mixing in the Narrows of the MerseyEstuary. Geophys. 1. Roy. Ast.
Soc., 1: 271-283.

Ketchum, B.H. 1950. Hydrographic factors involved in the dispersionof pollutants into tidal
waters. J. Boston Soc. Civ. Engrs. 37: 296-314.

Ketchum, B.H. 1951. The exchanges offresh and salt waters in tidal estuaries. 1. Mar. Res.,
10: 18-38.

Ketchum, B.H. and D.J. Keen. 1953. The exchanges offresh and salt waters in the Bay of
Fundy and in Passamaquoddy Bay. J. Fish. Res. Board Canada, 10: 97-124.

Labrecque, M.A., R.E. Thomson, M. Stacey, and J. Buckley. 1994. Residual currents in Juan
de Fuca Strait. Atmosphere-Ocean, 32: 375-394.

LeBlond, P.H. 1983. The Strait of Georgia: functional anatomyofa coastal sea. Can. 1. Fish,
Aquatic Sci. 40: 1033-1063,

LeBlond,P.H., D.A. Griffin and R.E. Thomson. 1994. Surface salinity variations in Juan de
Fuca Strait: Test ofa predictivemodel. Cont. ShelfRes. 14: 37-56.

Thomson, R.E. 1994. Physical oceanographyof the Strait of Georgia-Puget Sound-Juan de
Fuca Strait system. In: R.H. Wilson, R.1. Beamish, F. Aitkens and 1. Bell (eds).
Review of the marine environment and biota of Strait of Georgia Puget Sound and
Juan de Fuca Strait. Proceedingsof the BC/Washington Symposium on the Marine
Environment, January 13 & 14, 1994, 36-100.

Waldichuck, M. 1957. Physical oceanography of the Strait of Georgia, BritishColumbia. 1.
Fish. Res. Board Canada 14: 321-486.

15



Table 1. Input parameters for the salinity model. The undiluted salinity was obtained from
salinity data col1ected near the entrance to Juan de Fuca Strait by Crean and Ages (1971).
The flow data for the Fraser River (R. Birch, ASL Environmental Sciences, Sidney, B.C.,
personnal communciation) was measured at Hope, British Columbia.

Spring Summer Autumn Winter
Undiluted salinity, Ss (psu) 32.90 33.85 33.80 32.50
River flow, R (m3/s) 1750 5750 2750 1500

Table 2. Summer and winter flushing times for each of the five segments used in the salinity
model. The last two columns give the mean flushing rates, Un, for the various segments.

Segtn~~t .. Length (krn) Flushing Time (days) Depth-averaged velopity·(cnys)
,to

<r, summer winter summer winter.
1 63.0 63.4 129.2 1.2 0.6
2 18.4 4.2 8.4 5.1 2.5
3 36.2 6.8 11.9 6.2 3.5
4 39.4 11.6 25.2 3.9 1.8
5 91.4 18.7 66.1 5.7 1.6

Total 248.4 104:6 240.7 Mean 2.7 Mean 1.2

Table 3. Net flushing times for all seasons (sum of flushing times for all segments) using the
salinity model.

Season River Discharge . Freshwater Volume FlusllinS Time Fraction .....
··(ni3/s) .(xlO1bm3) ·· (days) Replaced'

Spring 1750 4.66 308 0.30
Summer 5750 5.20 105 0.87
Autumn 2750 4.47 188 0.48
Winter 1500 3.12 241 0.38
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Table 4. Summer and winter flushing times and verticaIly-averaged transport velocity using
the modified tidal prism model. The first mixing depth (model run 1) for each season was
based on the depth of the halocline; the second (model run 2) was that depth which gave the
best salinity distribution match to the observed data; the third (model run 3) was that depth
which gave mean flushing times equal to those from the salinity model.

Model Run Mixing Depth Freshwater Volume Flushing Time Average Velocity
(m) (xlO IOm3) (days) (cm/s). .

Summer 1 6 1.25 25 11.5
2 6 1.25 25 11.5
3 18 5.14 104 2.8

Winter 1 20/40/20 2.60 201 1.4
2 8 0.62 48 6.0
3 25 2.96 229 1.3

Table 5. Summer and winter flushing times and mean verticaIly-averaged transport rates for
the segmented tidal prism model for various values of the mixing depth and freshwater
volume. The mixing parameter ex. = 0.15.

Model Run Mixing Depth Freshw~terVolur.ne Flushing Time Average V~19¢i,tY

(m) (xlO'Om 3) •..••. .... . (d~ys) (cm/s) .. .

Summer 1 50 4.97 100 2.9 ,

2 40 4.10 82 3.5
3 60 6.09 123 2.3

Winter 1 60 2.78 215 1.3
2 40 1.52 117 2.4
3 80 4.14 319 0.9
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Figure Captions

Figure 1. The Georgia Basin region. Boxes denote the borders of the five domains used in the
salinity model calculations.

Figure 2. Segmentation of the Georgia Basin for Ketchum's (1951) modified tidal prism

model. The low tide volume, Vn, of the nth segmentis equal to the high tide volume,

Vn-l+ Pn-l ofthe adjacent upstream segment. River water enters the region from the left and
exits to the right.

Figure 3. Segmentation of the basin for the Dyer and Tayor (1973) segmented tidal prism
model. Similar to Figure 2 except that the amount ofvertically mixed water in each segment
is determined by the specifiedmixing parameter, a.

Figure 4. Flushing times (days) for the Georgia Basin derived from the salinity model. (a)
Flushing time versus rate of river inflow (m3/s); (b) Flushing time versus mean estuary wide
salinity (ppt); (c) Flushing time versus background (oceanic) salinity (ppt).

Figure 5. Flushing times (days) for the Georgia Basin derived from segmented tidal prism
model. (a) Flushing time versus rate ofriver inflow (rrr'Is); (b) Flushing time versus tidal
range as a percentage ofcomputed tidal range from the finite element numerical model of
Foreman et al. (1993); (c) Flushing time versus mixing depth (m). For (b) and (c), we assume
nominal summer and winter river discharge rates of 5750 and 1500 m3Is, respectively (Table
1). The nominal mixing depths are 6 and 14 m, respectively.

Figure 6. Flushing times (days) for the Georgia Basin derived from modified tidal prism
model. (a) Flushing time versus rate ofriver inflow (m3/s); (b) Flushing time versus mixing
depth (m); (c) Flushing time versus mixing parameter, a. For (b) and (c), we assume nominal
summer and winter river discharge rates of 5750 and 1500 m3/s, respectively (Table 1). The
nominal mixing depth and mixing parameter are 40 m and O. 15, respectively.
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ESTUARY SEGMENTATION FOR KETCHUM'S MODEL
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ESTUARY SEGMENTATION FOR DYER - TAYLOR'S MODEL
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