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ABSTRAGT

For a numbef of ysars daily observations of surface
temperature and salinity have been teken at ooéanographic
stations (mostly liéhthouses) 6n the B. C. coast. The present
thesiS»is‘the first attemththat @as'been made to s&stematically
analyse this data. The anhual variation in temperature was
seen to follow the general olimatological trend of the B. C.
.coast at each of the stationq,althbugh a wide range in the
amplitudes of these periodic variations.was'notéd. The factors

influencing the amplitude of the annual temperature ocurves

were oonsidered}and such effects as)incoming radiation, the.
extent of turbulence, the degree of shelter and the Phemomena
of upwelling due to herizontal wind stress (West Coast of

' Vancouver Island) have been discussed far each of the stations.
Gorrelatiohs were made between available meteorologicalfihforf
mation and the sea temperature observations and ah attempt has
been made to determine temperature contours of the B. C. coastal
waters during the summer when the surface tempéféﬁhre is leasﬁ
unifarm. The'sélinity.Bbservations were treated in an anaiogous
mannsr to fempérdtu:é and found to exhibit characteristic
periodic annual variations. The stations were clagssified by
means of these variations and the influences of precipitation
and fresh water runoff, evaporation and mixing were discussed
and correlations with meteorological observations were again

made.
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I INTRODUGTI ON

For a number of years observations of the
temperature and salinity of the surface sea water have
been made at stations on the British Columbia coast. The
procedure adopted is to take a sample of sea water daily
af a depth of three feet and to observe the water temperaf
ture at the same time. The samples of sea water are sent,
together with the temperature data, to the Pacific Oceano-
graphic Group-at the Pacific Biological Station, Nanaimo,
B.C. for analysis to determine the salinity. The data
obtained in this way is célledted and published annually
by the Pacific Oceanographic Group as 'Observations of Sea
Water; Temperature, Salinity and Density on the Pacific
Coast of Canada.'

The present thesis givés ah account of the first
attempt which has been made to analyse this published data
systematically to determine, and if possible, account for |
the behavior patterns of temperature and salinity. The

analysis pertains to data available in the period from

January l, 1935 to December 31, 1948, and consists &f

-
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bf approximately 4000 daily observations of témperature
and éalinity at each of the stations listed below.

Records are available for Departure Bay (Pacific
Biological Station) from 1914 and for New Westminster from
1927. The records for the majority of the stations how-
ever are more recent. A list of the stations for which

extended series of observations are available follows:

EXPOSED STATIONS

Vancouver Island - West Coast Observations Commenced
Amphitrite Pt. - Barkley Sound... August 1934
Nootka - Nootka Sound.......... .o August 1934
Kains Island - Quatsino Sound.... January 1935

- Georgia Strait

Race Rocks - Juan de Fuca Strait May 1941
Entrance Is. - Georgia St. Central - May 1936
Cape Mudge - Georgia St. North : November 1936

Queen Charlotte Islands - West Coast

Cape St. James -:Queen Charlot te Is. July 1934
Langara Island - Queen Charlotte Is. October 1936

Queen Charlotte Sound and Hecate Strait
Pine Island -~ Queen Charlotte Sound January 1937
Ivory Island - Milbanks Sound....... July 1937
Triple Island - Brown Passage...... November 1939
SHELTERED STATIONS
Southern B. C. Coast
Departure Bay - Georgia St. West Side September 1914
New Westminster - Fraser River February 1927
The geographical location of the oceanographic
statiéqs is*indicated in Fig. 1, together with the

'méféorological stations whose records have been used in
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3
this discussion. 'All but the last fwo oceandgraphic stations
are at lighthduse§ and the observations are made by_the‘-
lighthouse keepers. o
The temperature data have first been examined for
periodic trends and for possible correlation with meteoro-
logical events and sea water dynamics. Following thié‘tne

salinity data have been analysed in an analogous manner.



II ANNUAL VARIATION IN SURFACE TEMPERATURE

For thé purposes of determining a typical annual
variation in temperature aﬁ each of the B. C. coastal
stations ﬁhe following procedure was used. The mean tempera-
ture was Qaiculated from daily témperature observations
throuéhout each particular month. This is referred to as
the ;monthly mean:' The mean of the monthly means has been
calculated over the entire period during whi ch observations
have been carried on and is‘referred to as the 'grand monthly
mean.' Fig. 2 illustrates the character of the annual tem-
perature curves from the grand monthly means for the
stations.

It is seen that these curves are in very close
phase agreement, the temperature generally reaching a
minimum in February and rising to a maximum in August, thus
-following the general climatological trend of the B. C. coast,
The minimum temperatures at the stations are fairly uniform’
at 45° F.+ 1 F° in February but there is a notable varia-

tion in the amplitude of the temperature curves. Ihe‘smallest
annual temperature range is that for Pine Island, 4.7 F° while

the largest is that for Departure Bay, 19.7 Fo,
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6
The significance of these annual temperatures
was tested, using Pine Island as the appropriate test
case. Applying the Sﬁudent 't! test (Hoel p. 145) to
the data yields a value for ¢ of 10.8 which indicates
tﬁat the difference between minimum and maximum tempera-
ture is highly significant ih this case and, as the follow-
ing discussion shows, W;ll be more so for the other stations
which have larger ranges with gpproximately the same'stand-
ard deviations. |
Values of QZﬁ;~, the standard deviation of the
grand monthly mean, are given in Table I for each of the
oceanographic stations. If it is assumed that the sea
water is subject to no long range teﬁperature variations
of a period comparable tgvthe period during which the data
:has been ahalysed, the monthly mean surface temperatures
will be normally distributed with a mean m and standard
deviation O . The-monthly means for each year for which
the oceanographic data is available may be regarded as
random samples of this normal distribution, of size n where
0 is the number of years in which the data is available.
Then the sample mean X will be normally distributed
with mean m and standa;d deviation C;%% « The quantity
is the 'unbiassed' standard deviation of the monthly
mean, ¢ = Z(x-%)" |
n-—1 _
As the standard deviations of the grand monthly

- "means are in all cases small compared with the annual



TABLE l

-

Y

A Feb,., Mar, Apr. May

Oct. Nov. Dec. Mean Range in I

‘" Abnual Tem

Station Jan. June July Aug.Sept.
Amphitrite 55 42 .38 .44 59 44 .48 31 .25 .29 .54 .46 .40 10.6
Nootka «45 B34 44 35 .B7 34 .43 B2 .30 B9 41 44 .37 16.2
Kains Island .51 48 .38 .44 .24 .37 .45 .29 .36 32 .45 .52 .40 10.1
Race Rocks 54 .30 .18 .18 .26 .20 .25 A2 .11 A1 .29 .28 .22 6.3
Ent;ance Is. .23 24 27 .39 33 .49 .50 .50 .44 38 54 35 .37 18.1
Cape Mudge .38 .36 .45 .42 ,50 24 .30 .26 .31 .34 .37 .38 .36 14.1
Cape St.James.75 7 .83 .45 .39 :41 .7 .07 .69 63 .66 .59 .58 10.7
Langara Is. .60 75 W02 4.48 ..42 45 37 .69 .43 .58 .52 .64 .54 9.5
Pine Island .35 39 34 .40 32 .24 .23 317 22 44 .54 .37 .33 4.7
Ivory Island .57 49 .35 .49 .36 .30 .36 22 .35 .20 ;40 03 .38 14.6
Triple Island.67? .53 .50 .53 .47 .43 .47 32 .50‘ .21 .42 .65 .46 10.2
Departure Bay.28 30 .28 .48 .49 .35 .60 .48 .43 27 .35 .24 .37 19.7
Values of the standard deviation O;G%T , and the annual range of the temperature
curves of Fig. 2. _ J

5
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temperature range (Table 1) then.the temperature curves of

Fig. 2 may be regarded as representative of the annual variation
in sea water surface temperature invthe locality of each station.
Table I also shows that the values of G;j%; for all stations
are the same order of_magnitude. “Therefore as the Pine Island
station exhibits the least annual température range and an
gpplication of the student's t test to monthly mean tempera-
tures in February and August yields a value of t = 10.8, ‘the
annual temperature variation at all twelve B. C. Coastal

stations may be regarded as being highly significant.



IIT THE VARIATION IN AMPLITUDE OF TEMPERATURE CURVES

The cyclic annual temperature variation from a
-winter minimum to a summer maximum is attributed to variation
in insolation during the yeér. The large variation in ampli-
tude requires explanation, and may possibly be attributed to
some or all of the following:
l. The extent of turbulence and consequent mixi ng of
cold subsurface water with warmer surface water. N
2. Thé phenomena of upwelling of coider, more saline
water due to horizontal wind stress as observed on
the west coast of Vancouver Island.
3. The comparative degree of shelter or exposure of
the particular station.
4. Variation of insolation with latitude.
For the purpose of discussion the tweive B. C. coastal
stations are divided into three groups as.follows:
A - West Coast Area
Amphitfite
Nootka
Kains Island
B - Georgia Strait Area
- ~ ‘Entrance Island
Departure Bay

Cape Mudge
Race Rocks
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C - Northern Area
Cape St. James
Langara Island
Pine Island
Ivory Island
Triple Island
The justification for this grouping will appear in

the following discussion.

A West Coast Area

During the summertime the prevailing winds along the
west ocoast of Vancouvef Island are directed from the north west,
parallel to the shoreliné. The wind eierts a horizontal fric-
tional stress on the water which is well known to result in a
net transport of water in the upper 50 - 200 meters, to the
right of the wind direction in the northern hemisphere (Swerdrup,
Johnson, Fleming p.500). A net off shore mass transport is pro-
duced along the West coast and results in an upwelling of colder,
more saline water from below the surface to satisfy continuity

requirements as illustrated
‘WARMER SURFACE WATER

in Fig. 3. The extent of — —

this upwelling process is : ’///) “//,:7

discus Sed in Section X in i - <0LPER' MoRE SALINE
SUNSURFACE WATE®R

“VAN
S

connection with the annual
variation of surface salinity
along the West Coast. Up-
welling tends to limit the F16.3 THE UPWELLING PROCESS ON .
maximum temperature attained  THE WEST COAST OF vﬁncouvéa ISLAND.

during the summer hsre. -
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Kains Island and Amphitrite are representative df general con-
ditions along this coast. The temperature curves for these
- stations show maximum surface temperatures of 560,F and 55,7°F
and exhibit annual ranges of 10.1 Fo aﬁd lO.é FO respectively.

Of the three west coast stations Nootka (Fig. 4) is
in a more sheltered location
than Kains Island and Amphi-
trite. 1Its location aﬁ-the
same time protects it from
north west winds and it would
not be affected by upwelling
to the same extent as the
latter. Therefore it is to

be expected that Nootka wili

attain a greater maximum

temperature during the Fl6.4 LOCATIO'N Of NOOTK—A STATth
sumner than Kains Island and Amphitrite. Inspection of Fig. 2
shows this to be the case. The maximum temperature at Nbotkal
is 60.4° F and the amnual temperaturs range is 16.2 F°. Nootka
is therefore regardedvas only being representative of its
immediate locale in Nootka Sound.

As the colder water due to upwélling réacheé the sur-
face and is transportsd toward the open ocean it will be heated
due to insolation. Therefore a distinct temperature gradient
would be expected perpendicular to the Vancouver Island{;hore-

line., Off shore temperature data is available as a result of an
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oceanographic survey conductad byf?acific Oceanographic Group
during August,1950 (Progress Reports, October 1950). A study
of the temperature contours obtained indicate the existence
of this temperature gradient and substantiate the described

egffect of upwelling.

B Georgia Strait Area

The principal factors influencing the maximum tempera-
ture attained during the summer at the stations of the Georgia
Strait area-ars thé degree of shelter and the extent of turbu-
lence at the particular stations. There is a comparatively
small latitude variation among these stations and no upwelling
process analogous to that on the west coast of'Vancou§er Island.

Departure Bay which is the~most,sheltéred of the
coastal stations also attains the greatest'maximum témperature,
64° F. Because it is sheltered to thé extent that it is effect-
ively a‘harbor and its water is shallow (approximately 20 fathoms
on the average) its temperature curve may be rega:déd oniy as
appropriate to the immediate locality dnd;POSSiblY'tO other
harbors in Geofgia Strait. | |

Entrance Island should be more ;epfésentétive of
expected conditions in Georgia Sbfait.7 It is an expdsed station,
- although nqt exposed Lo the same dégree aé are Amphitrite and
Kains Island since Georgia Straight is'almost»entirely land-
' locked. ZFrom Fig. 2 it is seen tha t the temperafuna-curve H

for Entrance Island reachss a maximum of 63° F, only 1 F° less

than that of Departure Bay an@'about 7 ¥° greater than that of
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Amphitrite and Kains Island. Because the temperature curve for
Entrance Islahd shows a high maximum vaiue it may be concluded
that mixing processes with subsurface layers of colder water
during the summer are unimportant and that any mixing is con-
ducted only relatively close to the surface in this locality.

Cape Mudge in the northern section of Georgia Strait
attains a maximum temperature of appr oximately 5 Fo less than
- that at Zntrance Island which is considerably less than can be
accounted for by variation of isolation with latitude. The
region to the south of Cape Mudge is a region of convergence
of the flood tides from passages to the north and south, but
it is not apparent that this would cause mixing of surface
waters with subsurface layers. Howevér, because of its locatioﬁ
at the southern entrance to Discovery Passage and Seymour Narrows
it is suggested that its maximum temperature would be modified |
dﬁe to turbulence caused by the strong tidal currents which are
a feature of this region.

It is notable that the température curve for Race Rocks,
the southernmost station, shows one of the smallest ranges (only
Pine Island being less). As Race Rbcks is located in an'area of
violent turBulence}this is strong evidence of thé impor tant
effect of turbulepce in modifying the mximum temperature attain-
ed at a station. Turbulence is a result of the irregular lateral
boundaries of the Gulf Islands (Fig. I), and the strong tidal
currents (4 to 6 knots) observed in this area. Georgia Strait

yater when being transported into Juan de Fuca Strait mixes with
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ocean water. Colder watei from considerable depths is raised
to ﬁhe surface and'tne mixing of this colder water with sur-
face water will reduce the rise in surface temperature due
to insolation. Race Rocks may be regarded as illustrative of

a modification of temperature due to turbulence.

C Northern Area |

Ihe temperature curves here would be expected to show
somewhat lesser amplitudes in general due to a decrease of in-
" solation in the more northerly latitudes. The variation in
incoming radiation due to latitude variation over the B. C.
coast is about 8%. This would be expected to cause a variation
of annual temperature range from 1 po 2 Fo. However a change
in latitude may result in a change in oiimatological conditions
and this must also be taken into consideration.

The temperature curve for Langara Island (Fig. 2)
reaches a maximum of 53° F.  This is-5Fo less than the maximums
for Kains Island and Amphitrite, the representative'wost Coasﬁ'
stations. There is a decrease in annual temperature range of
about 1F° gt langara Island over these stations (Table 1).
‘However the latitude effect is probably somewhat more significant
here than a 1F° difference in range would indicate due to thé
absence of the West Coast upwelling process. A comparison with
'Entranco Island, representative of Georgia Strait shows a de-
crease in temperature rangé of 8.6F° although the comparatively
~high degree of shelter at Entrance Island in this case would

certainly be largely responsible for this difference.
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The temperature ogrves of the stations at Cape St.
James and Triple Island are observed to have appfoXimately
the same ranges, with maximum temperatures of 54.89F,. A
decrease in iﬁsolation at Triple Island due to its more
northerly latitude may be counterbalanced by a higher degree
of shelter in compgrisoh with Cape St. Jaﬁes.

Ivory Island exhibits a temperature curve with a
maximum of over 58°F. This is considerably higher than the
other stations of the Northern Area, and over o¥° higher than
Amphitrite and XKains Island on-the Weét Coést. ‘Ivory Island,
situated in Milbanke Sound
(Fig. 5) is considerably
more sheltered than the
other northern stations
and the temperature curve
prbbably represents only
the localized area. The
curve may typify'the varia-
tion ﬁo‘be expected in the

inner passages of the

Northern Area.

U

Fig. 5 Location of Ivory Island
~Pine Island shows a temperature curve with the smallest
range of any of the B. C. coastal stations which is interesting

as it is situated at an intermediate latitude. Its location
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at the northern extremity of Vancouwer Island in Queen Char-
lotte Sound is analogous to that of Raqe Rbcks at the southern
extremity in Juan de Fuca Strait.. It is éuggested that turbu-
lence resulting from irregular bottom tobograpny‘(reference to
charts of the area) and the mixing of the inner waters with the
ocean waters would limit the maximum temperéture in the manner
described at Race Rocks station.

In summarizing, Amphitrite and Kéins Island may be
regarded as representative West Coast stations and}iilustrative
of the effect of upwelling on temperature curves. Entrance
Island is typical of Georgia Strait and shows the effect of a
more enclosed and sheltered station. ILangara Island is a
representative station of the Northern area and its temperature
curve demonstrates a decrease in insolation with an increase in
latitude. Race Rocks and Pine Island stations illustrate the
importanceiéf turbulence in modifying the seasonal variation in
temperature. | |

In general the sea water surface temperature on the
B. C. coast may be regarded as approXimately uniform at 450 F
- in February and at an annual temperature minimﬁm during this
period. The temperaturesrise from the minimum,'rounding to
peak values in August. In Fig. 6 an attempt has been made to
show temperature contqurs for the month of August when the
B; C. coastal waters have attained their. annual temperature
mazimum. Owing to the limited number of stations from which

data is available it must be emphasized that these contour

lines are only approximations.
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IV STANDARD DEVIATION OF TEMPERATIRE

The values of &/f5 in Table 1 have been plotted for

the stations of each area in Fig. 7, 8, and 9. These give an
estimate of the annual variation in standard deviation of the
grand monthly means. The following general conclusions may be
drawn:

1. As ‘allvvalues of % are small in comparison
‘with the amplitudes of the temperature curves of Fig. 2, then
-as discussed in Sectidn II, the curves are representative df
actual annual variation in sea water surface temperat@re at
the stations. |

2. . As all values of QZﬁ% are of the same order of
magnitude then the probable'deviation from normal in ahy par-
ticular year is aprroximately the same bver all B; C: coastal
waters. |

3. It appears from Fig. 7 that thé temperatures at
the stations of the northern area seem to vary with regard
to QZﬁ% from a maximum in the winter to a minimum in.the'
summer perhaps due to more variable meteorologiéal'conditions.

in the winter. Fig. 8 shows that stations on the. West Coast

Lv>
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have valugs oI‘QZﬁ; of the same magnitude throughout the year.
From Fig. 9 Departure Bay and}Entrance Island show temperature
variations having minimum QZﬁ; values in the winter and maximum
values in the summer.

Mixing of surface water with water at appreciable
depths will oppose an extreme temperature deviation from the
normal due to unusually high or low radiation income during any

particular period. Therefore a comparison of the 'unbiassed'

. -— Nt
standard deviation of the monthly means, 6—=,i%$é%2 ‘where X

is the monthly mean tempefature, X is the grand monthly mean
and n the number of years in which the data was treated, should
give a comparative indica£ion of the extent of mixing at parF
ticular stations. The calculated values of 6 are shown in
Table 2. These values are not necessarily in the ééme ratio as
- the corresponding values of Table 1, as the value of n differed
at several stations. A spudy of Table 2 shows Race Rocks to
have significantly lower standard deviations throughout the year
which is attributed to the described effect of mixing. The
observed low values of standard deviation at Pine Island from
June to August and perhaps those of Triple Island from August
to October may be dﬁe to the effect of mixing. However, it is
difficult to draw conclusions when there is no qualitative
basis of comparison. The impor tance of meteorological con-
ditions in governing the standard deviation in the viecinity of

the particular stations must be also taken into consideration.

A study of vertical temperature gradients would be necessary



TABIE

Amphitrite
Nootka
Kains Is.
ﬁace Rooks.
Entrance Is.
Cape ludge
Cape St.James
Langara 1Is.
Pine Is.
Ivory 1Is.
Triple Is.

Departure Bay

Tan.
1.3
1.7
1.9
0.9
0.8
1.3
2.5
1.8
1.2
l.9
2.0
l.5

feb;
1.6
1.3
1.8

0.8

0.8
1.4
2.4
2.0
1.4
1.6
1.6
1.0

Mar.
1.4
1.6
1.4

0.5

0.9
1.6
1.7
1.6
1.2
1.2
1.5
1.0

Apr.
1.6
1.3
1.6
0.5

1.4

1.4.
2.0
1.4
1.4
1.6
1.6
1.7

May
1.4
1.0

(@] @]
.. . . .
~J laV) ~J O

*

N i = = = SR S
* - [ ]
T N N R <]

June
1.6
1.3
1.4
0.5
1.7
0.8
1.5
1.3
0.8
1.0
1.3
1.2

Jdly
1.8
1.6
1.7
0.7
1.8
1.0
1.9
l.i
0.8
1.2
1.4

2.1

Aﬁg;
1.2
1.2
1.1
0.3
1.7
0.8
2.1
1.9
0.6
0.7
0.9
1.7

Sept. Oct.

1.0 1.1
1.1 1.5
1.3 1.2
0.3 0.3
1.5 1.3
1.0 1.2
2.6 2.3
1.3 1.7
0.8 1.5
1.2 0.7
0.9 0.6
1.5 0.8

Nov.,
2.0
1.5
1.7
0.8
1.2
1.3
2.5
1.5
1.8

1.3

1.3

O.g

Dsc.

1.7

1.6

1.9
0.8

1.2

1.3
2.2
1.9
1.3

‘108

2.0
0.8

-

Mean
1.5
1.4
1.5
0.6
1.3
1.2
2.1
1.6
1.2
1.3
1.4
1.3

Standard deviations-

B. C. coastal stations.

of the monthly mean surface temperatures

at the

32
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to further ascertain the extent of mixing. '
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V A HARMONIC ANALYSIS OF TEMPERATURE VARTIATION

It is apparent from Fig. 2 that a periodic annual
variation in temperature exists at each station. To stﬁdy
the character of this periodic variation a harmonic analysis
Was made of the observations at the different stations. To
obtain the eguation of a line accuratsely representing the.

obssrved temperature curve at each of the stations a Fourier

Series ha's been assumed,
T(X) = ap +a;. Cos X + a, Cos 2X + az Cos 3X
‘ + b1 Sin X + bl gin 2X + bz Sin 3X
where T is the temperature in "F and

X is a phase angle taken as 60 at January 1
and increasing by 30° each month.

The coefficients ag .... az ahd by .... bz have been evaluated
by means of the twelve ordinate scheme (Whittaker and Robinson).
The values of the coefficients are tabulated (Table 3) and
graphs plotted comparing the observations at each of the stations
with the corresponding Fourier Series. Fig. 10 shows the type
of fit obtained fer Ivory Ieland station using the coefficients
of Table 3, and is representative of the closeness of fit ob-

tained at the other stations. It is to be emphasized that the
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&g, &1 Cos X and by Sin X terms predominate while the others

are minor corrections to improve the fit.
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TABLE 3
Station ag a by ag bo az b
Amphitrite Pt. 50.58 -4.62 -1.95 - .05 .13 .12 -.15

Nootka Light 51.60 -8.15 -1.93 .38 .73 .40 .0
Kains Island 50.47 -4.82 -2.17 .23 .30 .22 .18
Race Rocks 48.28 -2.97 -1.28 .13 .01 .12 .12

Entrance Is. 52.29 -9.03 -2,62 1.55 .58 .23 2,12

Cape Mudge Lt. 50.90 ~7.10 -0.90 .50 .20 .05 .05
Cape St.James 48.54 -4,10 -2.82 .80 .68 .05  -.37
langara Is. 48.00 -4.32 -2.50 .18 .35 .07 .20
Pine Island 47,72 -1.97 -1.33 .10 -,15 -,03 .07
Ivory Island 50,50 -7.18 -2.32 .75 .38 .28 .08
Triple Island 49.03 -4.43 -2.44 .93 .03 -.l2 .16

Departure Bay 52.81 -9.90 -1.82 1.30 .63 .29 -.17

Fourier coefficients calculated from sea water surface

temperature observations at B. C. coastal stations.
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VI CORRELATION OF TEMPERATURE BETWEEN STATIONS

It is of interest to determine whether or not thé
temperatures at individual stations deviate from their mean
temperature curves of Fig. 2 in an identical manner for é‘
particular period. This can be determinéd statisically by

uSe Qf the correlation coefficient r .

rﬂ - i(X'i)<y—y)
' T 6% 6y

Where X and y are the monthly mean temperatures of the stations
~ being correlated, ¢, and ¢, their standard deviations, and x
and ¥ their grand monthly means for the particular month,
duriné n yeérs in which observations have been made at the
Stations under consideration. Correlation coefficients wéfe
first calculated among stations in each of the three main
groups and are preéented in Table 4., The values of ¥ indicate
a good correlation among stations of the West Coast area and the

Northern area, although rather poor correlation among the

stations of Georgia Strait area.
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TABIE 4

Nootka And January April July October
West _ :
Coast Amphitrite «B3 85 .93 .80
Area
Kains Island .73 79 .84 .79
Entrance Is.
And
Georgia Departure Bay .28 .54 .62 .83
Strait :
Areag Cape Mudge .54 .56 -.30 .68
Race Rocks .65 .82 -.01 -.21
Ivory Island
And
Northern Cape St.James .99 .43 .79 .58
Area Langara Is. .97 « 67 .69 .28
Pine Island .92 .98 .78 .74
Triple Island .97 73 .91 .39

stations in each of the three areas.

Correlation of monthly mean temperature between
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For purposes of comparison correlation coefficients
have also been calculated between each station and Ivory
Island, which has afbitrarily been selected as the ;eferencé
station. These are given in Ihble 5. The data has been
treaﬁed from the period 1941 to 1948 as it ié reasonably
complete during this period and a comparison of results is
likely to be more significantf As these correlation co-
efficients are in generai quite high we may conclude that the
Ssea water surface temperatures over B. C. coastal waters ftend
to deviate from their long period mean values in an identical
mannér during a particular period. Cape Mudge in July (Table 5)
is a notable exception, and the stations of Georgia Strait in
genéral show comparatively poor correlation amongst each other
as indicated by the correlation coefficients at each station
with reference to Entrance Island (Iable‘4). This may be due
to the complex dynamics of Georgia Strait.

An inspection of Table 5 also indicates a better
correlation between stations in winter, as répresented by

January, than in summer, as represented by July.
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TABIE 5
: ‘ ' e o Lo ' e ‘
Ivory Island Jan. April July Oct. Station
And ' : : Mean

Amphitrite Pt. .84 . 87 .84 77 T .83
Nootka Light .94 .98 .80 .64 . .84
Kains Island .93 .97 75 .74 .85
Race Rocks 77 .52 .38 .46 .54
Entrance Island 35 .92.' .75 .54 .64
Cape Mudge .96 .95 -.02 71 .66
Cape St. James .99 .43 .79 .58 .70
Langara Island .97 .67 .69 .28 .65
Pine Island .92 .98 .78 74 .85
Triple Island .97 .73 .91 .39 .75
Departure Bay .93 .92 .72 .86 .86
‘Mean for Month .87 .81 .68 61

Correlation coefficients for monthly mean temperatures
at B. C. coastal stations with reference to'Ivory Island station

during the period 1941 to 1948.
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VII CORRELATION OF SEA WATER SURFACE TEMPERATIRE
: WITH AIR TEMPERATUR E

It is apparent from the temperature curves of
Fig. 2 that the surface sea Wwater temperature follows very
closely the general climatological trend of the B. C. Coast.
To determine this correlation more closely, air temperature
curves have been determined and plotted for weather stations
corresponding to each of the three groups of oceanographic
stations; The data on air tempefatures was obtained from
thé Monthly Records, Department of Transport, Meteorological
Division and has been treated in a similar manner to the
sea Water temperature data.

The weather stations selected as representing
climatological conditions are as follows:

l. Esteban Point............ «...West Coast ATea

2. Departure Bay
Cape Lazo et ect s a e ..Georgia Strait Area

5. langara Island
Prince Rupert................Northern Area

Owing to the limited number of meteorological stations from
which data was available, it was not possible to select’
weather stations that coincided with the oceanographic

stations. However the above stations, while they may not
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give a true representation of weather data applicable to
the oceanographic stations, should give a sufficient
approximation. The geographical location of these wéather
stations is indicated in Fng 1.

The procedure followed in treating the data was
to average the daily recorded maximum and minimum air tem-
peratures over each mohth and then take the average of the
two mean values. This temperature is referred to as fhe
monﬁhly mean. The data was treated from 1938 - 48 and the
monthly means averaged over this period. The values are
referred tb as the grand monthly means . They have been
plotted in Fig.'svll, lz,and 13 along with the sea tempera-
ture curves of the oceanogfaphic stations and indicate the
chéracter of the annual variation in air temperature in the
vicinity of the weather étations.

These ‘curves are seen to be in complete phase
agreement with the temperature curves at the oceanogréphic
stations suggesting that the annual variation in insolation
is the chief factor in controlling the annual variation of
Sea temperatures. The amplitudes of the air temperature
éurves are considerably larger than the sea temperature
curves. In the winter the minimum air temperature is less

than the sea temperature and in the summer the maximum air
temperature'exceeds that of the sea. Insolation primarily

controls the cyclic variation of both air and sea but because
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Sea water has a much larger thermal capacity than air the
time rate of change of temperature is considerably less,
The temperature difference at the boundary of the two Media
results in én exchange of heat. During the winter months
thermal eneréy is transferred from sea water to air through
processes of radiation, conduction and evaporation. During
the sumﬁer months heat may be conducted from air to sea Water,
although eddy conductivity is then greatly reduced (Sverdrup,
Johnson, Fleming, p. 114) and transfer is very much less |
efficient.

The oceanographic stations selected as representa-
tive of general cénditions in each of the three areas are
seen to conform closely to thi s patterh as illustrated in
Fig.'s 11, 12 and 13. Notable exceptions to the above de-

" scription are Nootka (Fig. 11) and Ivory Island (Fig. 13) at
which the sea temperatufes throughout the year exceed the

air temperatures at the Weather stations selected to represent
their respective areas. This supports the argument put for-
ward in Section III that, because of the comparatively high
degree of shelter~of these stations, they ao not typify the
conditions of their surrounding area but‘only represent their
immediate locale.

To illustrate the.influence of air and sea tempera-
ture on each other correlation coefficients have again been
calculated. The correlation coéfficient has been abplied

here to determine whether or not if the air temperature was
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observed to déviate from its temperature cﬁrve in a particular
period the correspondihg sea tempefature would fol;pw this
deviation. The values of © have been calculated Between the
monthly means for air and sea wate? throughout the period 1938-
48 inclusi%e. They are given in Table 6.

The values found for the correlation coefficients are
in general quite high. This indicates that the primary source
of heat is the same for both air and sea water and emphasizes
the importahce of the influence of one on the other. It should
be pointed out that in the case of Cape St. James, January and
April, (Table 6) the readings of 1940 spoiled the correlation

and suggest possible instrument error here. When the correlatiopn

was made neglecting the 1940 readings calculations of ©™ gave
values of .84 and .53 respectively. There are howéver other

discrepancies, particularly in the Georgia Strait area which

may be attributed to the complex dynamics of the areé.
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TABIE 6
_Lighfhouse , :
Station Jan. Apr. July Oct.
West .Coast _
Area Amphitrite .91 .88 .89 .88
Esteban Pt - Nootka .66 W77 .89 .89
Air Temp. -
Kains Island .88 .75 .91 .92
Georgia Race Rocks .79 .70 032 .43
Strait :
Area Entrance Is. .15 .67 .73 .70
Alr Temp,
: Departure
Cape St. .26 .15 »
Northern James (.84) (.53) .63 .52
Area - ’ ' -
Pine Island .81 72 .74 .38
Langara Is.
Air Temp. Ivory Island .70 .84 .24 .69

Triple Island .90 .82 .92 .05 .

' Values of the correlation coefficients of monthly
mean air and sea temperatures at the B. C. coastal stations
during the period 1938 -~ 48.
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VIII THE EFFECT OF CLOUD COVER ON SURFACE TEMPERATURE

In an effort to determine more specifically the in-
fluence of meﬁeorology on surface temperature the effect of
cloud cover was investigated. A high percentage cloud cover
is expected to reduce the incoming radiation reaching the sea
surface. However with the sun penetrating through scattered
clouds the incoming radiation may be increased due to re-
flection from the clouds. Also effective back radiation may
be decreased in the presence of clouds due to an increase in-
radiation from the atmosphere (Sverdrup, Johnson, Fleming;

p. 101). It is therefore not apparent that a direct relation-
ship between cloud cover and sﬁrface temperature would exist.

Data on cloud cover was obtained from the Monthly
Records of the Deparﬁment of Transport, Meteorological Division.
- Observations of the cloud cover in tenths are taken at specified
" times (usually three or four observations spaced six hours
apart). ‘The Monthly Récords provide the monthly mean of the
daily observation time. The values were averaged and:assumed
%0 represént the monthly mean percehtage cloud cover in the
vicinity of the particular station. To investigate a possible
direct relationship the.correlation was calculated between

monthly mean percentage cloud cover and monthly mean sea'
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temperature at Amphitrite (Esteban Pt. weather station cloud
cover data) and langara Island (langara Island weather station
cloud cover data). Calpﬁlations however gave no evidence of
a correlation and it is concluded that more extensive data on
cloud cover is necessary to determine the effect of cloud cover

on surface temperature.
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IX ANNUAL VARIATION IN SURFACE SALINITY

Before discussing further meteorological influences
such as precipitation, evaporation and wind force a general
analysis of salinity data is necessary. Salinity is defined
as the total amount of solid material in grams contained in
one kilogram of sSea water when all the carbonate has been con-
verted to oxide, the bromine repladed by chlorine,'and all
organic matter completely oxidized. It is always expressed
in parts per thousand for which the symbol ©/oo is used. The
manner in which the data has been treated is analogous to
that described in the preceding discussion on temperaturs.

‘A mean salinity was calculated from daily salinity observa-
tions throughout each month and is referred to as the monthly
mean. The mean of these monthly means was calculated over

the entire period in which observations have been carried on

and is agaih referred to as the grand monthly mean; The grand
monthly mean salinities have been plotted for each month in

Fig. 14. These curves describe.the annual variation in salinity

Y

in the vicinity of each of the oceanographic stations.
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A study of Fig. 14 indicates that the salinity

curves catagorize the stations into three distinct groups

as follows:

A

Those stations

maximum during

Those stations

minimum during

at which ths salinity-ihcreases to a
the summer months:

Amphitrite'

Nootka

Kains Island

at which the salinity decreases to a

the summer months:

"Entrance Island

Departure Bay
Cape Mudge
Ivory Island
Triple Island

C Those stations at which the salinity remains fairly

éonstant throughout the year:

Langara Island

“Cape St. James.

Pine Island

Race Rocks

The surface salinity is mainly determined by three

processes.

1. Decrease of salinity by precipitation on the

Sea ahd

fresh water run off from the land.
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2. Increase of salinity by evaporation.
3. Change of salinity by processes of mixing
The following sections give a discussion of the mechanisms
involved in controlling the annual variation of surface
salinity for each of the above three groups of oceanographic

stations.
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X THE STATIONS AT WHICH SALINITY INCREASES TO
A MAXTMUM DURING THE SUMMER MONTHS

It is notable that those stations at which there
is an increase in salinity during the summer months (Fig.l5)
are the stations on the West Coast of'Vancouver Island. To
verify the éignificance of the salinity curves the standard
deviation (%‘) of the grand monthly means have been calcula-
ted for Amphitrite. This treatment is Similar to that dis-
cussed in section II With teﬁperature, and the quantity o
is‘again the 'unbiassed' standard deviation 6 = E%éﬁgjf
where X now represents monthly mean surface salinity and n
is the number of years during which the data has been treated.
Calculations yield the following values of Gj<fF{ for

Amphitrite.

Jan. Feb., Mar. Apr. May June July Aug. Sept. Oct. Nov.Dec.

W21 .23 .20 .26 .23 .26 .25 .13 .22 22 .33 .18

Since the annual range of salinity at Amphitrite is 2.5 ©/40
the above values for S/  indicate that the change from

winter to summer is significant. As the standard deviations

for the other stations are similar to those at Amphitrite

1

their annual changes may also be considered significant.
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The character of ﬁhe sélinity curves (Fig. 15) is
attributed to annual variation in precipitation and the up~
welling process which was previously discussed (Sec. III).
Precipitation here includes both that which falls directly
on the sea and that which falls on the land and then runs
pff the land into the sea. The latter is referred to in the
following discussion as 'rgnoff' . The précipitation (Fig.16)
’varies from 15 iﬁches.per'month dhring.the winter to a minimum
of 2 or 3 inches per month during the summer. Evidence would
indicate that along the West Coast the time lag between pre-
cipitation falling on land and the resultant runoff is small.,
Therefore the runoff is expected to follow approximately the
same form of annual variation as precipitation and substan-
tiates the importance of precipitation in determining annual
variation in salihity.

To examine the importance of precipitation in con-
trolling thévsalinity on the West coast correlation coefficients
have again been calculated. The cor;elation coefficient has

been used to determine whether in a particular period when
monthly meah precipitation deviated from the grand month ly mean
the corresponding salinity shoWed an inverse deviation. The
values obtained are shown in Table 8.

These values are in general high indicating correla-
tion although there are several anomalies present. Precipita-

tion during preceding months would affect a monthly mean
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TABLE VIII
Amphitrite Nootka vKains Island
January - .01 - .98 - .88
February - .69 - .80 - .79
March - .08 - .35 - .17
April - .98 - .94 - .99
May - .77 - .02 - .09
June - .91 - .75 - .66
July - .49 - .85 - .53
August - ,09 - .09 - .30
September - .63 - .52 - .96
October - .92 - .75 - .70
November - .93 - .82 - .34
December - .62 - .83 - .87

Correlation coefficients between monthly mean

precipitation on the West Coast of Vancouver Island and
monthly mean salinity at the oceanographic stations on
the West Coast during the years 1941, 2, 4, 5, and 6.
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salinity to some extent butAthere are other factors which must
be taken into consideration. The most important of these is
upwelling which will be discussed laﬁer.

A. comparison of the salinity curves and annual
variation in precipitation indicates the possible existence
of an inverse proportionaliﬁy relation. Observed grand monthly
mean values of salinity O/Oo at Amphitrite have>been‘plo£ted
against the corresponding values of precipitation (inches per
month) in Fig. 17. The smoothed curve has been extrapolated
80 that when precipitation P = 0, salinity S = 31,70. A re-
iatioh P = %- - C has been assumed where K and C are constants
to be evaluated. Calculations from the observed values of P and
S indicate an average value of KX = 4820 and C = -;% 70 = - 146,

4620

8 in o/
P - 146 00

Then S =
P in inches/month

Calculations of salinity from the observed monthly mean precipi-
tation along the West coast using this idealized representation
in which précipitation alone is assumed to control salinity re-
sults in a salinity curve for Amphitrite as illustrated by the
dotted line in Fig. 18.
Objectiohs to this idealized treatment are:
1. Tt neglects the effect of upwelling of more
saline water during the summer due to horizontal
wind stress. |
2. It neglects the effect of evaporation in increas-

BN

ing salinity.
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3. It neglects the effect of precipitation during
.preceaing mqnths on monthly mean salinity.

4. There may be an appreciable time lag between
precipitation and runoff in certain cases and
the justification of treating runoff as coinci-
dent with precipitation is then questionable.-

5. The assumption tha t average precipitation as
observed along the West coasﬁ‘is representative
of a particuha:.localiﬁy is questionable.

Ihe hegleot of evapOration seems justifiedlto a
first appréximation. Values of energy used for evaporatidn
in the Eéstern North Pacific (Jacobs; 1942) give an aVerage
value of 77 gram calories per square centimeter per day at
500 N. lat. which would produce an average evaporation of 1.6
inches per month. This will be balanced by precipitation in
the summer whén precipitation ié at an annual minimum and
throughout the rest of the year will be small in comparison
with precipitation.

Upwelling as previously explaihed (Sec., III) can only
occur when the prevailing wind direction is north west, i.e.
from lMay to September as shown in Fig. 19. Fig. 17 shows the
salinity curves for Amphitrite and Kains Island to be increas-
ing significantly before the period in which upwelling can be
expected to occur and supports thé importance of precipitation
in controlling salinity. However as the maximum rate of in-

crease of observed salinity has a time lag of approximately
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ﬁWo weeks behind the calculated values (Fig. 18), this would
indicaté that upwelling must be considered.

The salinity curve for Kains Island is of the same
form as that for Amphitrite and the mechanisms involved in
controlling salinity are regarded as similar. In general,
salinity is sliéhtly higher throughout the year at Kaiﬁs
Island. This is attributed to a lower precipitation on the
north ‘west coast, as shown in Fig. 16,

Reference to Fig. 15 shows the salinity at Nootka
to be lower than that at Amphitrite and Kains Island through-
out the entire year although the annuai-fange is greater. The
mofe sheltered locatioh of Nootka would.preveht fresh water -
runoff from being dissipéted from the surface through mixing
procgsses to the same extent as at Amphitrite and Kains Island.
Consequentl& during the winter when precipitation is heavy the
surface.éalinity,would be expected to be lower as is observed
from the salinity curves. |

If it is assumed that at Nootka an inverse“propor-
tionality relationship exists similar to that at Amphitrite

an empirical relation

2210 Sin 9/44

TP - 76.3 P in inches/month

is 'derived from the observations. Calculation here results in
- a salinity curve described by the dotted line in Fig. 20.

This ocurve shows obvious discrepancies from the observed salinity.

The most apparent disagreement is in the rate of increase of
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salinity between May and August. The observed\increéée is
much greater than that predicted by a decrease in precipita-
tion alone. in the case of Nootka station the mean air tem-
perature is always less than that of ﬁhe sea (Fig. 11) and,
although relative humidity is high, evaporation may become
important during the summer when precipitation is low. Up-
welling may further contribute to this increase although
because of the sheltered location of Nootka (Fig. 4) and its
protecﬁion from north west winds it is probable that evapora-
-tion may be of more cbnsequencé than upwelling in contributing
to an increase in salinity.

In a further attempt to determine the impor tance of
upwelling, correlation between wind and salinityvhas been de-
termined from May to September when the preVailing wind in
north west. Coefficients have beén calculated between the
monthly mean wind velocity componentJin the north west direction
(Monthly Records of the Department of TranSporf, Meteorological
Division) and monthly mean salinity for the years 1941, 2, 4, 5,
and 6. Values of the correlation ooefficients\ére shown in
Table 9. These'indicéte a correlation during May, June and;‘

July although the lack of correlation during August and

September seems surprising. Fig. 21 shows the effective wind
velocity component to be relatively small in September although

compagatively high in August. However the deviétions from the

mean salinity curve become small in August and this may have
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 TABLE IX
Amphitrite Nootka Kains Island
M&Y . 0036 034 987
June .90 .95 .86
TJuly .73 ‘ .30 .64
.August ] -075 ' . "-47 . -clo
September - .46 - .21 .19

Correlation coefficients between monthly total
wind mileage in north west direction on the West coast of
Vancouver Island and monthly mean salinity at the oceano-
graphic stations on the West coast during the years 1941,

2,4,5, and 6.



obscured correlation.

Ih summarizing the factors controlling annﬁal vériaf
tion of salinity here it is concluded that variation in pre-
cipitation and upwelling are both impo:tant. Because they
are écting approximately coincidentally it is difficult to
obtain an estimate of their relative orders of importance
in controlling the observed increase of salinity to its
summer maxiﬁum. Evidence indicates no appreciable time lag
between precipitation and runéff here and the runoff has been

regarded as varying in the same manner as the precipitation

observatidns (Fig. 16). 'However the runoff may be of greater
importance than precipitation falling directly on the sea in
influencing salinity at the West coast stations. At present
there is no data available on fresh water runoff to obtain
a quantitative comparison of precipitation on sea water and

runoff and determine this.



XI THE STATIONS AT WHICH SALINITY DECREASES
“11'PO. A MINIMUM DURING SUMMER

Thé’stations at which there is a decrease in salinity
“during thehéummsn,months are situated along the coastline, com-
paratively close to the mainland. Fig. 21 shows the annual
va;-iatieh‘of grand monthly mean salinity at these stations.
Precipitation on the sea and évaporation,‘havihg opposing
influences on éalinity could not be expected to account for
the observed large annual .range in salinity. It must be there-
fore assumed that the sharp decrease in surface séiiéiﬁjfdurf‘
ing‘the eﬁrly summef is dque to fresh water runoff ffom the
maihland as it is at a maximum discharge rate during this
‘period .
PR LT Evidence of the importance of fresh water discharé;
" ‘from the Ffaser River is shown in the Salinity curves for
Bntrance Island, Departure Bay and Cape Mudge (Fig; 21). The
stations ére all éituated in Georgia Strait whidh acts as é
catch basin far runoff from the Fraser River. During the
winter the heavy precipitation is stored in the mountainous

areas of interior British Columbia and in the spring and early

sumnmer when air.temperatu;es become warmer 1s traansported by
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the Fraser River into Georgla Strait.

. Fig. 22 illustrates the average annual variation
of this Fréser River runoff from observations made at Hope,
B.C. from 1935 - 41 with.eorrections applied as reoomménded
by'the Water Resources Division of the Department of Re-
sbﬁfﬁéé*ﬁnﬂ Development»in arder that the data be applio-
able to discharge into Georgia Strait. The discharge is
,s;;n to increase from a minimum of approxlmately 0.7 X 10"
»-oubic,feet per month in March to a maximum of 9.2 X 10" M
cubic feet per month in Juns; an increase of 13 times éhe
- Mé.x"ch mi nimume. |
A éomparison of the salinity curves of Fig. 23

1

and the annual variation of Fraser River runoff in Fig.

22 indicates a time lag of approximately 25 days between
the peak discharge rate of the Fraser Riwsr and the corres-
ponding minimum salinities at Entrance Island and Departure
Bay. Similarly the time lag at Cape Mudge is approximately
3o'¢ays. Examination of the regords for the individual years
supports'these-values although the daily observations are sub-
Ject to anomalies due to brecipitation, evaporation and mix-
ing'processes and tend to obsdure a definite wvalue of time
lag. However the time lag appears to vary over a cdnsiderable
range from year to year.

It is 1nterest1ng that the time lag at Cape Mudge

is- only 30 days in oomparison to 25 days at Entrance Island
(and Departure Bay) when it is noted that the distance from
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-

Sandheads Lightship at the‘meuth of the Fraser'River'to
vCape Mndge'is 90 nautical miles as compared. with ZO;nautical
miléq to Entrance Island.. The apparent inconsisténoy is
attributed to the influence of the runoff of the preceding
'months on the minimum saiinity observed. A comparison of
the time at which the runoff (Fig.22) first star#stto rise
significantly and the corfesponding time when each of the
oceanographic‘stations first shows a significant decrease
in salinity should -be more consistent with the dynamics of
Georgia Strait because runoff during preceding months may
be disregarded. The time lags observed in this mahhér'are'
17 days‘to‘Entranée Island, 25 days to Departure Ea&ﬁénd 48
days to C§pé Mudge . The ratio of the linear distances from
the mouth of the Fraser River to Entrance Island and Cape
Mudge is iAto 4.5 ahd the ratio of the corresponding'tiﬁe
_;lags is 1 to 3. Recent oceanographic surveys have indicated
the existenée of a prevailing anti olockﬁise eirculaﬁion-in
Georgia Stfait but it is not known that this circulagﬂihi
acts as far‘nOrth as Cape Mudge. However horizontal mi;ing
must be considered and it must be fememberad that it is not
yet definitely established that it is Fraser River water that
influences sélinity a; Cépe-Mudge.

| - The fresh water from the Fraser River on reaching
Georgia Strait will be dissipated from the surface through

mixing processes, the dissipation increasing with distance
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from the river.‘ Thersefore assuming Cape Mndgé to be in-
fluenced by'Frasef River water it is-to be expscted that
the.annual rénge in salinity will bs considerably less at
Cape Mudge than at Entrance Is;and.anq Departure Bay. The
salinity curves verify this,.shawingvan average annual |
range of 2.00%at Cape Mudge as compared with 5.20%sand
5.10%cat Entrénce Island and Departure Bay respectively.
- The location of Triple Island (Fig.1) is such
that.iﬁs sﬁrface salinity ﬁill~be influeﬁced b& Qériation
in the fresh water discharge of‘the Nass and Skeena Rivers
ﬁhich are of the same bhase as that of the Fraser River
(Fig.22). Its salinity curve illustrates this influence
Ahd shoﬁs an average -annual range of 2.80% with a minimum
of 28,95%0in Tune.

Ivory Island, while not located near any large
rivers is close to the mainland and at a lafitude Wwhere pre-
cipitation is observed to be partiéularly heavy.' It is
suggested that thé collective runoff‘o; the area céuses the

observed décrease in salinity to a summer minimum here.
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XII THE STATIONS AT WHICH SALINITY RWMAINS CONSTANT
: : THROUGHOUT THE YEAR

The'remaining stations show no marked annual
variation in salinity. The locations of Cape St. James,
Langara Island and Pine isiand are such‘thaﬁ there are no
ﬁajor influénces t0 cause an annual variation in salinity
and they are only subject to small, short term fluctuations
dus to precipitation, evaporation and wind induced ﬁixing.
In the case of Race Rogks.one might expect the Fraser River
fé influence surface salinity but as previously discussed -

the intense mixing of the area probably reduces the effeét,
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