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i
 ABSTRACT

Analysis of monthly observations of temperature, ‘salinity and
_ disso];ved oxygen cohtent in the basin formed by Rupert and Holberg Inlets
reveals a greater d'egrée of mixing than that found in most British Colum- .
bia Inlets.- Aithough relatively uniform water properties are constantly
found, there aré large monthly variations of the actual values.

) ’I_he wéter temperaturé correlates with the solar radiation
while the salinity" chaﬁées follow the river runoff which is in turn con-
trolled by precipitation. The variation in dissolved oxygen content |
appears due to a cambination of biologicai influences and influx of
Pacific Oceanic water. ’

A model has been developed which ascribes the monthly fluc-
tuations and vertic'al homogeneity to an accumulation of irregular mixing
events associated with the i:idal flow through Quatsino Narrows, a shallow
connecting channel.

~ Thermal microstructure measurements disclose a region of deep
furbulent mixing near the narrows and provide eVidence of an up-inlet

flow beneath the thermocline in Rupert and Holberg Inlets.
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CHAPTER I

INTRODUCTION

I.1  General Introduction

Industrial, scientific and public interest in Rupert and Holbefg
Inlets was generated during 1970 with the appl'icatioh and subsequent
granting of a permit to discharge wastes from a copper-molybdenum mine
into the bottam of these inlets. To determine the environmental effects
of this decision, those processes which cantrol the natural phenomena
within this region must be understood.

Although several published data reports exist for the Rupert-Holberg
system, discussion of its physical océanography_ has been limited to brief
caments in a general description of Vancouver Island inlets by Pickard,
(1963). The influence of 'f];esh water inflow, the uniformity of the water
properties and the high oxygen values in the deep water were mentioned.
It is in fhese réspects that Rupert and Holberg differ most significantly
from other inlets in British' Columbia. ‘

| This paper attempts to explain the unusual wniformity of the water

properties- and their monthly changes.

I.2 CGeographical Description

Rupert and Holberg Inlets are lc;cated near the northern end of
Vancouver Island (Fig. 1) and possess a shape typical of British Columbia
fjords (Pickard, 1956) being elongafed, narrow bodies of Water having
roughly paié.llel sides. Rupert Inlet is 10 kilometers long, 1.8 kilo-
meters wide and has a mean mid-channel depth of 110 meters. Holberg

Inlet is 34 kilometers long, 1.3 kilometers wide and has a mean mid-



Figure 1: Map of Rupert and Holberg Inlets




channel depth of 80 meters (Pickérd, 1963). Tbgether they form a basin
of 170 meters maximum depth which is separated from Quatsino Sound and
Neroutsos Inlet by Quatsino Narrows.’ Thié restriction is a long, narrow
channel with a sharp bend at its southern extreme. Its depth decreases
northward, culminating in the sill or minimum depth of 18 meters west of
Ma]{w/vazniht Island (Fig.. 2).

The priﬁicpal river affecting the water properties of the Rupert-
Holberg basin is the Marble River. It has a drainage area of 512 kilo-
meters% flowing from Alice Lake and éntering Rupert Inlet near the junc-
‘ tion with Holberg and Quatsino Narrows. This discharge location presents
a different situation to that of the typical inlet in which the fresh

water enters near the head.

1.3 | OceanographicAData

The oceanographic data used in this study have been collected by
three ageﬁcies. _

The Institute of Oceanography at the Univérsity of British Columbia
has conducted three cruises into the Rupert-Holberg area. A survey in-
cluding Quatsino Sound-Neroutsos Inlet was undertakén in May of 1959.
Two cruises investigating only Rupert aﬁd Holberg were conducted during
1971, one in March, at which time thermal microstructure measurements
were taken, and the other in April.

During the years 1965-~67, the Pacific Oceanographic Group of the
Fisheries Research Boaxd of Cénada, Nanaimo, British Columbia (Waldichuk
et al., 1968) conducted an extensive surveyvof several inlets along tpe
west coast of VancouQer Island which included the Quatsino Sound Region.

Surveys during August 1957, November 1962 and August 1966, included
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stations in Rupert and Holberg Inlets.
A programme to determlne the effects of the copperbnolybdenum mine.

- was begun in the spring of 1971 and‘ié presently scheduled to run until

September 1976. Monthly surveys, encampassing six stations (Fig. 1),
| included observations of temperature, salinity and dissolved oxygen.
After June 1972, salinity and dissolved oxygen were measured once every
three nonths. Temperature was recorded using an Applied Research Austin
thel ET lOO Marlne Thermometer until March 1972, after: which reversing
thermometers were used. Salinity and dissolved oxygen were determined by
titration using the nethods<described by Strickland .and Parsons (1968).
All data from the mine monitoring surveys wereAmade available through
Professor‘J. B. Evahs, Chairman of the Mineral EngineeringrDeparbment of

The Uhiversity of British Columbia.



. CHAPTER II
- CHARACTERISTICS OF THE RUPERT-HOLBERG BASIN V@LI‘ERS
II.1 Monthly Variability in the Physical Properties

Plots of the monthly values of temperature, salinity and dissolved
oxygen content for several depths at Statlon B are shown in Flg. 3. The
data collected during the surveys conducted by the mine show uniform
distr'ibution of thése properties within Rupert and Holberg Inlets and
hence this station is representative of the entire basin. |

The temperature throughout the water oollmm- changes steadily with
a minimun in early spring and a max:mum in late‘srmner or éarly autumn.

' Wlthln Holberg vthe mxmwn temperature in the deep water occurs during
early October whereas in Rupert and at Station E the maxumm is found
ét‘"the beglnnlng of ‘September .- Below 30 meters, the water in Rupart
Inlet during Septenber is approximately 0.2°C higher than at an equivi-
lent depth at Station B. During October it is 0;2° C lower.

Salinity' shows more variability with a genéral trend of high in mid-
sufrmér and late winter and low in early spring and late autum. Surface
salinities at Station B (not plotted) vary between 12%and 31%s, while
below 30 meters salinities Vary from 29%. to 32%. . Below 30 meters,
the difference between maximm and minimum salinity 1s 3 %o independent
of depth. | |

Monthly changos of the order of 1%eare not uncamon. As density
(and G )is primarily dependent upon salinity, the decreases in salinity
correspond to decreasés in its density.

The dissolved oxygen content tends towards high values in winter' and.

spring, with lower values during summer and autunn. Significant short
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Figure 3: Monthly values of temperature (a), Salinity (b) and dis-
solved oxygen content (c) at Station B in Holberg Inlet.




_term increases in oXygen appear during August 1671 and December 1971;

Monthly data for Quatsino Sound, Station D, are displayed in Fig. 4;
The variability of the upper layers, surface to 60 meters, is similar to
that within Rupert and Holberg. The bottom water (60_to 116 meters) has
different characteristics with a maximum in January and a smaller tempera—.
ture range than the upper layers. ‘

Except during the autum months, the salinity trends at station D,
for all depths are.alike.and follow a pattern close to that of the basin.
The'differenée in the salinities between the tob and bottom layers is
greater at stétion D, than in the deeper Rupert-Holberg basin. The mag-
nitude of the saiinity fluctuations decrease with depth at station D.

. Although a wider range of oxygen values exist within the water
colum at étatian D, the trends of‘thé oxygen are similar to those found
in the basin. A notable increase,especially in the upper layers, occurs--
during August 1971. Oxygen values at the 30 and 46 meter depths are ffe—
quently higher than those found at the 9 meter depth. Cause of this un-
usual .occurrence ﬁay result from an influx of low oxygen values in the
surface waters of Neroutsos Inlet due to the exiéfence of a pulp and paper
mill at Port Alice. The mill is still in operation. |

Figuré 5 shows the temperature, salinity and dissolved oxygen content
profiles at.Stations B and D during surveys taken in September 1971 and

- February 1972. These months are representatiVe of summer and winter

- ... structure respectively. All stations within the Rupert-Holberg basin

exhibit similar shaped profiles to those of Station B, excepting Station
‘E, where a slightly greater degree to vertical uniformity normally exists.
These profiles indicate that below 30 meters a more hamogeneous Wwater

body is found-in the basin, than in Quatsino - Sound. .
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Studies by Pickard (1961 , 1963).indicate the water properties in most
British Columbian inlets are not as uniform as those found in the Rupert-~

Holberg basin.

II.2 River.Runoff and Precipitation
.The close correspondence between precipitation and the Marble River
runoff is shown in Figures 6, 7 and 8. The daily-values of precipitation
and river discharge during.the months of October and November,1971 are
displayed in Fig. 6. The precipitation was recorded at the mine site.
The discharge data were supplied by J.S. Areneault of the Canadian
Fisheries Servicez(personél commnication). Generally, fluctuations in
- precipitation produce correséonding fluctuations in thé dischérge. How~
ever, the actual relationship between these two features is non-linear.
The discharge data réflect'the possibility of a filtefing effect on the
' preciﬁifétion, for example, Several of the low freguency fluctuations in
precipitation aie not evident in the discharge data. A lag of approxi-
mately one to two days éxists between peaks in rainfall and river dis-
charge. A
Figures 7 and 8 show the weekly and monthly means of precipitation
and Marble River discharge fo% all the available data between March,1971 -
and June,1972. The sources of data were the same as for Fig. 6. The
peak in precipitation during early September is of questionable magnitude.
As in the daily data, both the weekly and monthly means show a correspon-—
dence between precipitation and river runoff.
II.3 Tidal and Fresh.water Inflow Volumes

A comparison of the basin volume to the tidal prism and fresh water
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inflow is given in Table 1. The Voiumes of Rupert and Holberg Inlets
are calculated on the basis of a rectangular basih. The mean values
previously quoted are used for the dimeﬁsions. The tidal prism is de-
fined as the surface area of the inlets multiplied by the increase in
depth due to the tide. The average tidal prism is determined using a
tide of 2.8 metres while an increase of 4.2 metres is used for maximm
conditions. These are the ranges for Coal Harbour (Cénadian Tide and
Current Tables (1971)). |

A drainage area of approximately 580 km2 sgrroﬁnds Rupert and Holberg
Inlets, excluding the Marble. River drainage of 512 km2. No majbr river
V' system exists within thé former area. Thué based entirely on the relative
sizes of the drainage a.reés, the,t'otal volume of the fresh water flow mto
- the basin is assumed to be appro;d.mateiy twice that of the Marble River.
The average discharge is tabulated fram the total of all daily measurements'

divided by the number of days. The maximum inflow occurred November 11, 1971.
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Table 1.

(a) Volune of Rupert-Holberg Basin and Quatsino Narrows
Volume (lO6 m3)

Rupert Inlet : 2000

Holberg Inlet ' 3400
Rtipert—Holberg Basin 5400
) Quatsino Narrows ‘ ' 30

(b) Volume of Tidal Inflow (Tidal Prism)

Volume (10° m> / tidal cycle)

Average Conditions 170

Maximum Conditions : 260

(¢) Volure of Fresh Water Inflow
Volume (1‘06 m3 /day)
Average Conditions o 12

Maxinmum Conditions ' 40
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ITI.4 Discussion of Data

The vertical uniformity of temperature, salinity and dissolved oxygen
content, accompanied by théir month to month variability suggesté a process
operating'on a time scale of less than a mouth vhich is capable of increas-.
ing or decreasing the salinity;_temperature‘and density of the entire basin
water. Increasing deep salinities and densities can be attributed'to in-
trusions into the basin of denser water from Quatsino Sound. However the
periods of decreasing bottom densities require an influx of energy to
raise the potential energy of the uater within the basin.

Camparison of the sea surface temperatures at station B with the
nonthly mean air temperatures and the mean air temperatures 3 days immed-
iately preceding the sea measurements are shown in Fig. 9. All air temper-—

—-atures were recorded -at-the mine site. A -closer resemblance between the
‘sea surface temperatures and the 3 day average of the air temperatures
implies the surface layers are controlled by short term changes of air
temperature. Eetermination of the actual relationship requires further
data. It seems safe to assume howeuer that tho temperature of the sur-
face layers are primarily controlled by solar influences. The similarity
in temperature trends between the deep water and the surface layers (Fig.
3b) suggests these solar influences are felt throughout the watér colum.
This further suggests the existence of a vertical heat transfer_mechanism
within the basin. | | )

: The likeness between the monthly fluctuations of surface salinity and
:thosé of the deeper water within the basin (Fig. 3b) infers the existence
of a mixing process. These salinity changes are inversely related to.

- fluctuations in river discharge (Fig. 8) and hence also precipitation
. {Fig. 7). -The time response of the basin water to discharge changes

appears to be between one and four weeks.
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More frequent salinity data are required to establish an accurate
time response. |

Pickard (1961) has deséribed seasonal variations in Bute Inlet and |
Indian Arm where salinity fluctuations are cbservable to 30 and 50 meters
respectively while temperature changes are appaferit to 100 meters depth
in both. The extent of the seasonal variability irll‘the Rﬁper_t—Holberg
Basin thu.s indicates a diffe;:ent mixing process than normally found in
British Columbian inlets.

Assuming similar conditions of solar radiation énd rainfall exist
on both sides of Quatsino Narrows, the temperature and salinity distribu-
tions of the upper layers of Quatsino Sound and Rupert-Holberg Inlets
would have marked resemblance‘. Thus mixing of surface water from either
side of the narrows into the basin would produce the same result . The
question as to the relative amounts of water fréxn either source that are
mixed into the Rupert-Holberg Basin can only be answered after determining
the cause of the mixing process.

The near ilniformity of the oxygen content throughout the water colum
impl.ies‘ frequent mixing within the basin. 'Ihe' lower valueé during the
surmier and auvtum may be attributed to an influ>;: of low oxygenated water
fram the Pacific Ocean into Quatsino Sound. Iane (1962) has shown upwelling
to occur during summer along the coast of Vancouver TIsland (off Amphitrite -
Point) and then nbve into the shelf. Pickard (1963) ,reports evidence of
upwelling off Quatsino Sound but with no aistinct seasonal variations. The
rise in salinity during June,1971 and the low‘ tamperatures within the deep
water during the summer at Station D are additional evidenée for upﬂe\lling.

Also during the summer, sinking organic matter, caused by an increase in
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biolégical activity, may use up oxygen in the deeper ‘waters. An increase
of chlorophyll (Fig. 10) indicates the high August oxygen values té be
associated with a plankton bloom.

Investigation into tidal effects leads to a possible explanation of
the mixing. Assuminé complete and instantaneous mixing with an average
tidal volume per tidal cycle, then in one month about lS%Ivof the original
water will remain in the basin. The average monthly fresh watef discharge
is 1/15 of the entire volume of the basin. During a high runoff month
~this volume inflow doubles. Mixing the average fresh water inflow into
the basin throughout the Qater @olumn would produce salinity changes of
approximately 2 %e .

Excellent conditions fof mjxj_ng exist within Quatsino Narrdws due to
its geographical configurétion (Fig..2). The majority of watér flowing
into or out of Quatsinb Sound must pass through a narrow channel north of
Quattische Island as shallow banks prohibit the movement of large volumes
of water south of the island. On a flood tide, 'this effect produces a
narrow eastward flowing current which pas‘seé north of Quattische Islahd.

A large deflection is needed to redirect the current northward towards

Rupert and Holberg. Its mamentum however, resiéts any immediate redirection
of flow and causes the current fo continue its approach towards the eastern
shore of Quatsino Narrows. Surface current data (Ca;nédian Hydrographic ‘
Service, 1972) show the current to split ﬁea'J: the shore, part moving south
to create a large eddy south—-east of Quattische Island and part hugging the
east shoreline as it heads north through the narrows. Several smaller
eddies, produced by indentations along the éastern shoreline are also\ cbserv-

ed further up the channel.
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Data collected in August 1957 (Waldichuk et al., 1968) during high
tide suggests that this eddy stirs and mixes the water. Over the

20 meter depth surveyed, the den51ty changed by only 0.27 of a oL unJ_t
“and an instability was present between 9 and 14 meters. The density
of the upper 10 neteré was greater than that observed at equivalent
depths outside the narrows. AAt 20 meters depth however, the density
was Slightly less in thé narrdws ﬂqan that observed in Quétsmo Sound.
Mixing will also be associated with eddies. During an ebb tide, similar
conditions to that of the flood tide produce mlx_mg within the same
region. The upper layers of the Rupert-Holberg basin fiow southward
through the channel and beyond Chlsen Point. The required redirection
of the flow westward into Quatsino Sound is at first prohibited by the

momentum of the flow. The current studies previously mentioned show

o the formation of a large anticlockwise eddy south-east of Quattische

Island and a westward flow past the northern end of this island. - Very
» turbulent water throughout the narrows has been personally cobserved auring
both flood and ebb tides. |

The volume of Quatsino Narrows, between Makwazniht Island and
Quattische Island (Table 1), is approximately one sixth of the average
tidal prism. As the .tides are send—diﬁrnal the water within the tidal
prism spends approximately 1 hour within the Anarrows‘. This allows
sufficient time for the mixing, described above, to occur.

Thﬁs the narrows mixes the fresher and denser sections of the upper
layer Wthh enters the channel. This mixihg .res-ult‘s.in the density'of
the water within the ﬁaritows being greater tha.n that of the surface lay-
ers outside. Upon entering the Rtjpert—Holb;erg Basin on a flood tide, this

-water will sink beneath ‘the less dense, low salinity layer formed by the



Marble River. Iess -ehergy is then required to mix this water into
the deeper water of the inlet as it is already below or at least
partially through the pycnocline.

plots of isopleths of o, are shown in Fig. 11. These enforce
the concept of exchange as envisioned above. The bottom waters
in the basin are less or Vét least an equivalent density to the
upper 40 meters of water in Quatéi_no Sound, indicating that changes
in the uppér layers will likely be reflected by changes in the bottom
waters. Although isopleths are drawn smooth through the narrows,
the water is probably more homogeneous than indicated for reasons
previously discussed. .

Observations suggest Vthat the mixing energy 'is 'supplied by
the tidé and the process enhanced by the penetration bf the water

below the pycnocline.
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CHAPTER IIT

ENERGY CONSIDERATIONS

III.1 “Enexgy Input

The rate at which available energy flows into the
Rupert-Holberg basin is calculated using the method of Taylor
(1919). Consider a given volume of water wi_licﬁ at time t is enclosed
by a surface area A (extending the entire depth under consideration). ‘
The rate at which energy (W) is transported.across surface A is

T Spg (%-}l)\ (v cosB) (D+h)}dS + fp (D+ h) (1_1%12) (v cosB) as

2 1
+/f %— (D+h) (v cos8) ds ()

where h —J':s;he tidal height above mean sea level o

b is the density of the fluid‘ (assumed homogeneous)

g is the acceleration due to gravity

t is the time measured after an arbitrary turmn to flood

D is the depth of the sea floor below mean sea level

¥V is the velocity

8 is the angle between the current direction and the element dS
and dS is the element of length along A (Fig.12).
The first term represents the rate at which work is.done by the

mean hydrostatic pressure on that portion of fluid originally within
A; thé second term is the rate of gravitational potential energy

transport across A, with zero potential at mean sea level; and

the last term is the rate at which kinetic enerqy crosses A.
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Conbining terms

=g / Dh v(cosd) ds +& 5./ v(cost) (2gn’+ Dv*+ hv?) &5 (2)
Averaging over one tidal cycle this equals the energy dissip_ated
by friction and by raising the gravitational potential energy by |

mixing. This assumes no net increase of kinetic energy within the

. basin.

For the Rupert-Holberg system the tidal height and veiocity

to the first approximation teke the form

2rt
ZTT (t"To) :

h =H cos —= ' )
T v = -V sin 7
To

wﬁexe H is the maximum current velocity,

V is half of the tldal range,

T is the t1d:11 perlod | '
and T, is the time difference between'high water in Rupert Inlet
and turn to ebb at Quatsino Narxows. |

- Averaging over oné tidal cycle, the iast three terms dissaﬁpear
and the average rate Qf énergy crossing the sill (U), assuming
conditions are uniform across the channel, is given by

= % pghv (sm?{% (cos®) DL | - @
where I. is the length across the sill."

The nunerical values of the constituents are

p=1.023 gq/em® g =9.8 mfsec? H=1l.4dm
V = 7.0 knots = 3.6 m/sec T = 12 hr.25 min = 745 min
To = 1llmin | sul—z——w—;-.— sin 5°18'= .09 6 =0°

'J' . N

cosb=1 D= 20m L = 250 m
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-&mstituﬁné into equation (3), the average energy which ﬁmét
be dissipated within the basin by frigtion Iand mixing is found to
be on the order of 107 joules/seodnd; This value multiplied .byb
the tidal pericd tT) gives 5 x 10" joules as thé total enérgy to be
dissipated during one tidal cycle. The average energy per unit
volume of the incoming tidal water is then the total energy divided by

the tidal prism and has a value of 3 x 10° joules/meter?’

ITI.2 Energy Required for Mixing

Energy to overcome the buoyancy force is needed when mixing

waters of unequal density. To mix a layer of thickness hl

,Of density @ Some mechanism mst

and den-
sity .e, into a thicker layer h2 ‘
do an amount of wérk per unit area of
=(egh) - 2—“+ (Qgg‘) "h,

which reduces to -
o) o3 .

To simulate flood conditions in Rupert and Holberg Inlets,
a 10 meter layer, whose density oorrespohds to the 9 meter depth
at station D, over a 150 meter layer whose dehsityv equalé that
found at the bottom of the basin is chosen. Table 2 shows the mixing -
energy per unit volume required asétﬁm'ng it is contained within
the upper layer. These values were obtained by dividing the work

done per unit area by the thickness of the upper layer.


http://joul.es/meter

Table 2
Energy Required for Mixing Durlng Times of Mine

Conducted Surveys

Month | 0 lom/emd) o, (amlen®) (ioteslnd)
March 8-10, 1971 1.02333 1.02344 80
April 5-6 © L.02326  1.02353 198
June  14-18 ' 1.02434 1.02488 397
July 6-8 1.02332 $1.02407 552
g 2-4 1.02387 1.02487 736
Sept  1-2 o -~ 1.02319 1.02440 891
oct  4-5 . 1.02306 1.02360 397
Dec  7-11 1.02223 1.02297 528
Jan  3-6, 1972 1.02319 1.02368 360
Feb  1-3 1.02389 1.02405 "5
March 17-22 1.02200 1.02325 £920
April 5-7 ~ 1.02238 1.02306 501
May  1-3 1.02245 1.02257 - 88

Jume  5-7 ~ 1.02291 1.02359 - 501
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I171.3 CI:grlparison of Energy Input To Energy Requlred For Mixing
| On an é;rerage, each cubic meter of water witiﬁ.n _the tidal
priém cohtaiﬁs'éxcess energy of tllé.order of 3000 joules. If
mixing similar to that assumed in the model did occur, then between '
50 and 1000 joules per. cubic meter of incaming watér would be needed.
Much energy would be diésipated by molecular viscosity. .Hdﬂever
if only a small fraction of the available energy per tidal cycle is'
 used in raising the potential energy, its continual injection into
‘“the basin would still produce the required mixing.

Fnergy between 250 and 3000 joules per cubic meter of incoming
- water would be needed to mix the surface water from Quatsino Sound
into the basin. Thus the mixing within the narrows deéreases the

required energy for mixing in the basin by approximately 2 to 3 times.



CHAPTER IV
DESCRIPTIVE MODEL .

IV.l A Model |

A descriptive model is developed to visuvalize clearly the
processés which occur. Figure 13 shows a diagrammatic picture of
- flood and ebb tide. conditions. A three layer system is considered in
Quatsino Sound: A, an upper layer; ‘B, the pycnocline region; and
C, the bottom water. Layer D, represents the homogeneous water
within Quatsino-Narrows. Rupert and Holberg c.onsis-t of é low salinity
layer, E, above a layer extending to the basin floor, F. The order
of increasing‘dens_ity is E,A,D,F,B and C. | Sligh_t modifications
to this order are discussed later. .

During a flciod tide, layers A and B are forced into Quatsino
Narro&s where they mix to homogenity, thus producing more of layer
D. At the opposite end of the narrows, layér D enters into the
Rupert—Holbérg Basin, sinking below the low salinity layer,E, and
rhixing into the region F. 'Ihe degree of mixing depends upon the
density difference between D and F and the available énexgy.

On an ebb tide, layer E and part of layer F move into the
narrows to become well mixed. 'I’his water eventually passes into
Quatsino Sound at a depth dependent upon the density difference

between it and layers A and B.

IV.2 Discussion
This model illustrates how water from the narrows is injected
~ into the basin. The momentum of the incoming tide pushes aside

the low salinity layers of the basin between ‘the narrows and Hankin
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Figure 13: Schematic Diagram .showing flow conditions between
Quatsino Sound and the Rupert-Holberg basin dur- .

ing (a) flood tides and (b) ebb tides.
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Point. Visual observations show turbule.nt‘water within this area
during a flood tide and contrasts with tﬁe apparent calm conditions
surrounding it. . The density difference e\}entually causes the incoming
water to sink below the fresher layer. Thermal microstructure
measurements (Chapter V) suggest thaf the majority of thé tidal inflow
is then stirred into the basin just beyond the sill. This éauses the
greater vertical uniformity observed at Station E. Internal mixing
couid_ then procéed by pressure gradient currents due to the density
difference between this region ‘and the rest of the inlet.

During ebb conditions the fresh water layer, the majority -
of which originatés from the Ma.rblé River, flows out toward the
narrows entraining the deeper more saline water into it. A fldw
is required to replace the saline watef. Duri_ng: flood tides, the in-
jection of the water beneath the v‘low salinity layer just beyond the
hérrows necessitates-a subéurface flow to spreéd:the -‘water. throughout
the basin. It is noted that normal estuarine circulation requires a
subsurface up-inlet flow to replace the saline water entrained into
the continual outfiowing surf_ace. layer (Tully, 1949). Hdwever, lack -
of such a regular outflow,due to the major fresh water inflow being
concentrated near the mouth, changes the nature of the circulation from
that of the typical inlet. - »

The depth and water proi)erties of the layers described in the model -
undergo continual change. River runoff, solar radiation, winds, precipi-
tation and, in the case of Quatsino Sound, outside influences from the
Pacific Ocean all combine to modify these iayers. The model presents an
influx of less dense water into the basin. It also allows for deep

flushing and mixing. If layer A is very shallow or is denser than the
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basin wéter, the tidal inflow would plunge ‘over the sill, dropping to

the basin floor. The observed increases in the density of the deep

water in the basin are most likely to have occurred through gradual

rather than large scale changes of this néture. A continual increase in
the density of theAWater fiowing through Quatsir;O'Narrows; caused by
decreasing runoff, would result in a corresponding increase in the density
of the deep water in the basin. Sudden large scale decreases in the
den;ity of the deep water would seldom be expected. However, upwelling
off the coast and subsequent inflow into Quatsino Sound might produce the
nécesséry conditions for this to happen.

The ebbing waters from Qﬁatsino Narrows are assumed to flow into
Quatsino Sound at -a depth dependent upon ;_;he density difference between
the incoming and existing Waters. If ’chis depth is shallow, the
water could re-enter the narrcws on the f_oll’owingi flood tide. Existing

circulation patterns may remove it entirely. Further data are required

~

to determine the actual process which occurs.



CHAPTER V ' -

THERMAL MICROSTRUCTURE MEASUREMENTS

V.1l In’.c'.roduction

Thermal micrdstructure refers to temperature and ten@erature grad-
ient fluctuations on the scale of a few centimeters. Maésuxerrenté of
this nature were taken in Rupeft and Holberg Inlets between March 6 - 10,
l97£ . Twenty successful recordings werer obtained .at nine separate loca-
tions: throughout the basin (Fig. 14). Figure 15 shows the state of the
tide at the time the measurements were taken. Four other reoordings
were unuseable due to technical probléms or instrument calibration. The
instrument used ooﬁtained two thermistors separatéd horizontally by one-
half meter .and attached to the bottom of a _free—falling, rotating instru-
ment package (Osborn, 1973). The fall speed was on the ordef of 20 cen-
fimeters per second. | One thermistor mounted along the central axis of
‘ Ehe instrument recorded the vertical temperature prbffile. The other ther-
mistor recorded the temperaturé in a helical path about the central axis.
Absolute ﬁemperatures are ‘found by comparison of the instrumentt's temper-
ature signal to the temperatures recorded previously by' réversing thermo—
nmeters. -Thus small errors may exist in these absolute valués, however
the temperature differences are accurate. The temperature signals were
differentiated aﬁd sent through a 25 hertz low pass filter to obtain the
temperature gradients. The noise level of the gradienﬁs is 4.25 x lO—3
c® /cm. |

Since a general account of microstructure in inlets has not yet heen

published the feature of thermal microstructure in inlets are discussed.
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Figure 14 . Map showing location of microstructure measurements within Rupert and Holberg Inlets
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Due toA the irregular topography, those features observed within tile R‘upért:-—
Holberg Basin may not be typical of British Colurbia Inlets but Subseqﬁent

measurements in other inlets have produced comparable results. The final

. section. of this chapter contains the information revealed rby the micro-

structure about the Rupert-Holberg System.
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V.2 Genéral Discuésion of Thermal Microstructure

Diétinction between mixing and stirring in the oceans and:atmos‘—
phere was first made by Eckart- (1948). Velocity differences within a
fluid initially cause a steepening of any existing gradients of tem- .
‘perature or cancentration and an extension of the interfacial area.
This process is called stirring. M;'.xing is the reduction of these
- gradients in témperature of “concentration by molecular diffusion. The
molecular flux is dependent‘ only upon the steepness of the gradient and
the coefficients of molecular diffusivity, thus by increasing the grad-
ients stirring serves to hasten mixing. In addition to thereby increas-
ing the flux, . stirring‘ increases the amount of mixing by enlarging the
area over which mixing takes place. Turbulence is a major source of
stirring in the ocean. Caﬁses of; tﬁrbulence below the upper layers ane un-
]mown, but shear instability is: strongly suspecfed. Measﬁrenents of small
- scale themmal gradients disclose the location and the extent of stirring.

Regions of stiri‘ing’ are indicated by num:aroﬁs, closely spaced (i.e.
high frequency) vertical temperature gradients (Fig. 16). These gradients
vary in magnitude and fluctuate about a lj_né of zero gradiént. Velocity
microstructure neasufements by Osbom (.personal communication) reveal the
éxistenoa of velocity fluctuations in regions of high frequency témper—
ature gradients. The steepness and magnitude of the tenperatuﬁce gradients
depend on the rate of s’rLirring and the molecular diffusion. . Sharp gradients
| confined to one side of the zero gradient line ‘indicate an interface be-
tween two temperature 'zones- (Fig. 17). Heat diffusion operates to thick-
en these interfaces and causes the gradient to widen. The widﬂu of the
gradient therefore indicates the time since the formation of ﬁhe interfade

(Osborn and Cox, 1971). A wider spread denotes an older interface (Fig. 18).
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Figure 16: A region
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Intrusions are detected by the interjection of wa.rmer .or colder water
into a hqmgeneous region (Fig. 19).

- The vertical camponent of the temperature gradient varies consider-
ably throughout the water coiumn. Stirr:i_ng-is normally observed just
below the sea surface. Daily variations in the intensity of this stirring
suggests control by climétic influences such as wind. Below this zone,
irregularly positioned lfegions of stirrings are detected which vary from
tens of centimeters to seveial meters thick. Sheets and layers as seen

by Woods (1970) near Gibraltar are not observed. -

Drop number 11 (Fig. 20), taken off Straggling Islands in Holberg
Inlet, illustrates the microstructure associated with the "mixed" layer

and the thermocline zone of classical theory. The top 3.5 meters shows

an overall ten@erature spread of only 7.8 x 10—2

2 1

c® but with gradients as
high as 3 x 10 Cc’ cm ~. BAs mentioned above, the stir.ri_ng»in this layer
is most- probably due to the'weather". This zone corresponds to the "mixéd"
“layer. | |

The next seven meters is the thermocliné region with the temperature -
changing by 1.17 C ® . This change is concentrated in three interfaces_
(Fig. 20). Limited stirring occurs below the third interface. .The :
* thermocline cbserved elsewhere in Rupert and Holberg Inlets e&?hibits stirring
throughout the entire region. |

The‘deep region, extending fram below the thernbcline to the maximm
‘depth attained, usually consists of small "telrpérature changes and limited
regions of stirring. On drop mumber eleven, the temperature spread between
10.5 and 70 meters is approximately 0.2 C® with the gradients seldam

reaching beyond the noise level of the instrument. ~ Stirring found within

this deep region in most other parts of the inlet is much lower in intensity
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Y

than the stirring in -the ‘upper layers. - |
A comparison of the temperature gradients recoraed by the two therm-~
istors on the instrument shcx&s similarity in large scale properties, such
as the positions of regions oontéining grédients, ‘average rﬁagnitﬁdes of
the gradients and the existence of large interfaces. 4 Smaller features do
not matéh, lending further support to the idea that }'the.se regions are ‘-
activeiy stirring. V-At times one thermistor can be seen to pfecede tﬁe other
thrgugh a specific gradient by 10 to 30 centimeters (Fig. 21). Calibra-
tion of the instrument shows the rocking motion to be too smali to produce
this difference. However, a required tilt of 30° to the horizontél by |
the layers presumably causing the gradient seems highly uhlﬂ:ély._ ’I:hisA
effect has been observed in other inlets with similar instruméents but is
not always”présen't, (Gsborn, personal ccmnunicationi. The reason for
this observed difference réquiieé. further investigation. The largest
dlfferenc;e_ 1n -s.tructure between the two Lhemlstors occurs durmg drop-
nutber 22 while transecting an iﬁtrusiozl (Fig. 21). The outboard th'ermisi—‘
‘tor recorded an intense region of stirring while the central thermistor, .
one-half meter away, recorded hamogeneous conditions. The rotation ra{:e '
of one ninth bf a revolui:ion per second means the outboard thermistor

rotated by more than 270 . Cause of this phenomenon is unknown.

V.3 Microstructure in the Rupert—Holberg Basin

Thermal microstructure measurements raveal several important oceano-
graphic characteristics of the Rupert-Holberg system. Opposite Quatsino
Narrows, stirring is observed to depths of 98 meters. .The size and quantity

of stirring in a region just below the thermocline decreases towards
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| the head of the inlet. Sporadic stirring of unknown ofigin is. abserved
below 30 meters, except in the vicinity of the narrdws; Of note axe-the
possible daily variations in the relative amounts Qf stirring between the
inlets, although confirmation of this phencmenon requires fufther inves-
tigation. |
Measurements taken directly across from Quatsino Narrows towards
Hankin Point (drop numbers 14,21 and 22) re\}eal NUMErous stirring iegions
throughout the water colum. Stirring as intense \ as that usually found
only in the upper layers is exhibited between 49 énd 53 meters on drop
nunber 14 (Fig. 16), between 43 and 48 meters on drop number 21 and
between 84 and 90 meters on drop number 22 (Fig. 22). The maximum depths
attained during these drops are 65, 60 and 98 meters respectively. All
these drops were taken near times of maximum expected tidal cu_rrenﬁs in
the narrows (Fig. 15). _These measurements are in agreement with the pre-
dictions of the model as presented in chapter IV. The observed stirring
originates from two sources. These are the inherent turbulence of the
lntrudJ_ng water and the locally induced stirring caused by these intru-
sions. Both sources work to mix the water in this part of the inlet. -
'Disti_nction betweeﬁ these sources of stirring in a particular region can-
“not be deteﬁnined‘ with the present instrument. 'The depth to which stir-
ring occurs during these drops is not surprising upon investigation of
the water prdperties in Quatsino Sound. Bottle casts during the first days
‘of the microstructuremeasurements reveal the density at 10 meters depﬁ
in ‘the sound to be greater than in the top 75 meters of water in the basin.
The density at 15 meters in Quatsino Sound is larger than the maximum density
found in the basin. Gravitational effects alone seem capable of trans-

porting the upper layers from the sound to the depths of ohserved stirring
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fcsllowing passage through; Quatgind Narrows . .l The pushing asiae of the
upper layers by ﬁhe mCMg tide is directly observed during drop nuﬁber
14. No thermocline eﬁsts as the temperature :anreasés by less than
0.3°C over thé entire depth.

The masure:rrénts téken at the entrance .to Holberg Ihlet (drop num-
bers 7, 13 and 20) all reveal stirring between the bottam of the thenn—
ocline (aﬁ 7 meters) and approxhnaﬁely 30 meters. This zone -cbntains the
warmest water w1thln the ‘water colﬁmn. The three drops (numbers 11, 12
and 19) taken near the Straggling Islands all show a warm zone between the
* bottam of the thermocline (10 meteré) and 28 meters. Stirring occurs only
near the bottom of this zone, with the .temperature gradients of its in-
terior implying small but stable interfaces. The magnituae of the tem-
perature gradients decreases from the narrows towards the head. Across
from Quatsino Narrowé, gradients of 50 x 1073 °C/cm. are not uncommon
while at the entrance to Holberg they decrease. to 20 % 10—3°C/cm. and by

3 c-’C/cm. The quantity of

Straggling Islands diminish to between 5-10 x 10
stirring also decreéses in an up inlet direction. These features can be
explained by a flow up Holberg Inlet, originatj.ng from the vicinity of
‘,‘Quatsino' Narrows and xea@hing beyond Straggling Islands. Generation :

.of 'sucﬁ a flow is expected (see section I.V.Z), The warm layer in which-
the flow is found méy have arisen through localized warming and subsequent
cooling of the surface layer or may possibly be the remainder of an earlier
wam water intrusion driginating from Quatsino Sound. The bottle stations
reveal the intruding tidal water to be colder than this warm zone. Hence
as expected the maximum obséxyed temperature increases towards the head

‘of the inlet. Occasional stirring below this zone is also detécted, the

largest region being between 48 and 55 meters during drop number 20.
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Conditions within Rupert Inlet suggest an up—inle;c flow under the :
thermocline, readliﬁg half way up the inlet. The magnitude and amount
of visible stirring decreases towards the head of ﬁﬁe inlet. A wam zone
between the bottom of the thénnoé:line (at 5 to 10 meters) and 30 meters
exists in Rupert. Arguments, similar to those produoed for Holberg
~ Inlet, suggest a relationship between this éurrent and the tides. BAs
in Holberg, the furthest ‘up inlet measurements reveal stable interfaces
below the thermocline (Fig. 18). Deep stirring occurs within Rupert
on an infrequent basis. It is mos£ 'e‘vident during drép nunber 18 (Fig. 23)
between 49 and 57 meters where magnitudes of the gradiénts are as high as
any below the thermocline. Also a section between 80 and 90 méters on
this drop shows signs of stirring. A 2 meter region of stirring centered
a£ 57 meters is seen during drop number 24. |

The amount of stirring at cne station varies hourly as well as daily.
On March 9, drops number 15 and 18 were taken on a flood and ebb tide
respectively with the latter showing more evidencé of stirring. This
day. is not &s active as March 10" (drop 23) durJ_ng a flood-tide nor March
6 (drop .3) near low water. slack. Winds of 2 to 8 knots from varying
directions during March 9 compare with winds of 10 to 20 knots blowing
generally up Rupert Inlet during the other two days. This may indicate
a correlation between:speed: and direction of wind and the amount of
stirring.

Thé_ Iélative amounts of stirring between Rupert and Holberg appear
to change daily'. More stirring occurs up Holberg Inlet on March 8, equal
stirring occurg an March 9 and nmore siﬁfring occurs up Rupert an March 10. _
The days prior to March 8 do not contain enough data to determine a pref-

erence.  Due to the hourly variations at each station more data are needed



to actually cenfimm that changes in the relative amounts of stirring do

occur.,
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CHAPTER VI

COMPARISON WITH OTHER SHALIOW SILLED INLETS

Mixing within an inlet is revealed by near uniform conditions of
.temperature'- and salinity plus high oxygen values. The mixing may be con-
tinual in nature or caused by a recent flushing Qf the inlet. Lack of un-
iform conditions or the existence of low oxygen values eliminates the
posé_—ibility of a continuous mixing process. Data collected by the Univer—
sity of British Columbia since 1951 is examined to determine the mixing
.characteristics of inlets with a similar geographical canfiquration to
the Rupert-Holberg basin. Establishment of the essential factors ﬁec—
essary for continual mixing are sought.

This investigation is restricted to British Colurbia inlets listed
by Piékz%rd._ (1961, 19‘63) whose sill depths are less than 30 nete:fs.‘ Also,
only thos;e in]_.eté connected by a long; narrow channel are considered.

Indian Arm, Sechelt, Belize, Seymour Inlets and Work Channel all éossess the
necessary geographic features. - They do howéver'exhjbit non-uniform water
properties. IndianA Arm and Work @amel show a more gradual inc_rease in
depth ax;vay from the sill than is found in the Rup_ert—ﬂoibert basin. This
‘may explain the absence 4of “thorough mixing within these inlets. In Sechelt,
| Belize and Seymour Inlets, the ratio of the tidal prism to the total wvolume
- is less than one to one hundred. Such small tidal flow would produoé cor—
resporidingly small effects on the water properties.

Drury Inlet and Porcher Inlet botﬁ display rear wniform water proper-—
ties. Only dne survey has been conductéd in each inlet, therefore further
data are required to determine if tidally induced vertical nﬂxjng does occur

on a regular basis.
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Uniform conditions of temperatures, salinity and oxygen exist below
20 meters depth in Fortune Channel,v between Bedwell Sound and Tofino
Inlet on Vancouver Island (Fig. 24). Coote (1964) attributes these con-
ditions to tidal action. A sill of 28 meters in Matlset Narrows, which -
é_epérates Fortune Channel from Bedwell Sound, causes tidal currents of
3= 4. knoté. The maximm depth in Fortune Channel is 140 meters and lies
just beyond the sill. Of possible imporfance ié the shore.directly oppo-
'sit/e_ the narrows as the basm lies perpendicular to the narrows. This
Shoreline may act to force the ong:aning tidal waters into the déeper sec—
'_tioné of the basin. Mpert—Hdlberg also contains a shore opposite its
narrows. This factor may play a significant role in the mlx1ng process.
The major fresh water inflow for Fortune Channel originatés from the
' Kenneay River whj.ch enters half way up beir}o Inlet and fl'éws through>
Dawléy Pass. Thus ;';1 much less saline upper layer exists .in Fortune Channel

than in Rupert Inlet.
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CHAPTER VIT

CONCLUSICN

The study of the Rupert-Holberg systém reveals a well mixed water
body which experiences large monthly variations in density. TWo
processes account for these observations. Decreases in cﬁensity are due
to mixir_lg lower sali'nity' water into the basin. Vigorous stirring,. caused
by tidal action, mixes the water just beyond the narrows. This stirring
is enhanced by the flow of the turbulent tidal intrusioris beneath the:
existing low Salinity layer. Energy for this procesvs derives from the
tide. The depth and degree of mixing changes with each tidal cycle. increases
are éauséd by gravitational flow of dense wate.;c over the sill and onto the
baisin floor. Both processes contribute to high ‘oxygén values in the basin.
Corfcinuous mixing exists due to one or other of these processes. Internal
mixing within the rest of the basin is presumed to proceed by pressure
gradient currents. Further investigation is required to determine a detailed
picture of the mixing away from the narrows. A'Vstudy to reveal the time
response of the inlet to changes in river discharge is also suggested.

Thermal microstructure measurements reveal stirring in the vicinity
of the narrows and the existence of an up ihlét flow in both Rupert and
Holbert Inlets. Studies within the inlets which combine the use of iarge
and small scale measurements will g'reatly extend the existing knowlege of
these areas. This seems even more likely with the newly develdped instru-
ments which measure velocity, salinity and temperature microstructure,
simultaneously. |

N

Comparison with British Columbia inlets of similar topography reveals
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-only Fortune Chahnel on Vancouver Island to exhibit like mixing conditions.
This suggests thét a shoreline opposite the narrows may be important ﬁo |
deflect oncoming tidal water into the basin.. Porcher énd Drury Inlets
show signs of similar mixing properties, however confirmation requires fur—
the‘r data. |

A classification of all inlets as to their mixing properties would
be highly advantageous. It would assist in locating future industries
plaﬁrﬁ.ng to dc_eposit wastes in inlets. Depending upon the type of disposél
system required, such as high oxygen demand, diluticn, etc., the most‘suit—
able inlet could be chosen. If an industry is required to be located on
a specific inlet, kndvledge of the me;Lng properties of that inlet would

hélp to determine where the waste disposal system should be locatéd.
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