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ABSTRACT

The thermal conditions in the Hecate Strait-Queen Charlotte Sound
region are studied. A coupled upwelling/mixing model was developed to
simulate the interannual variability of temperature in the region; the switch
between the upwelling and mixing models is controlled by the monthly Bakun
Index. A theoretically derived velocity field is applied in the upwelling model
in summer and a simplified upper mixed layer model is used to simulate winter
conditions. The temperature variation is integrated by a finite difference
scheme. The region is simplified as a two-layer wedge-shaped volume to
represent the Moresby Trough that forms the main passage of cold water
intrusion into Hecate Strait. The model was run for 37 years and hindcasted the
interannual variations of temperature in the Hecate Strait-Queen Charlotte
Sound region from 1953 through 1989. A comparison was made between the
model results and observed data. The general features of the temperature

variations are well reproduced by the model results.
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1. Introduction

The oceanography of the coastal waters on the British Columbia continental
shelf is influenced by deep-ocean processes as well as by the local effects of
winds, tides, runoff, heat flux at the sea surface and coastal morphology. Physical
oceanographic conditions on the continental shelves influence other important
oceanic processes; for instance, most of the biological primary productivity of the
world takes place in the relatively fertile surface waters over the shelves. The
biological phenomena occurring on continental shelves are highly dependent on
fluid mechanical processes.

Observations of currents on continental shelves have shown that the nature of
the flow in different regions, such as off the northeast and off the northwest coast
of the United States, can be quite different. Major variations in flow patterns
appear to be due in part to differences in the shelf width, to the nature of the local
and nearby coastal winds, and to the strength and character of offshore currents.

It appears that a primary driving mechanism for the velocity field on many
continental shelves is the along-shore component of wind stress. The wind stress
typically produces energetic fluctuations of the shelf velocity field on the two-to
ten-day time scales that characterize the variability of atmospheric storms and
synoptic scale wind events. In addition, on longer time scales, the seasonal
variability of the wind field may induce a corresponding seasonal variability in
the shelf current (Allen, 1980).

Studies of the oceanography of the Queen Charlotte Sound-Hecate Strait
region have revealed the general features of the currents (Crawford, et.al.
1985,1988), the surface temperature and salinity distributions, as well as the
seasonal variability of temperature, salinity and dissolved oxygen content of the

deep water masses (Dodimead, 1980).



The physical processes and driving mechanisms in the Queen Charlotte
Sound-Hecate Strait region, to the extent that they are understood at the present,
appear to be due mainly to the nature of local and nearby coastal winds and the
specific topographic condition of the strait. In particular, an important process is
the northwest-wind-induced upwelling which gives rise to an outward drift of
surface water from the Strait and the Sound and an intrusion of cold water at the
bottom.

As part of the OPEN program, which reflects the joint efforts of physical and
biological oceanographers, fisheries scientists and geneticists to enhance research
in fisheries oceanography, an effort was made to model the processes which
control bottom water conditions in the Queen Charlotte Sound—Hecate Strait
region. In this thesis, a simple two-layer upwelling model is developed to study
the summer water conditions and their interannual variations. The model is
driven by inputting surface wind (in the form of a Bakun Index). The temperature
field and its variation with time and space are deduced from the velocity field.
The relationship between the temperature and wind stress and that between
temperature distribution and topography are also investigated. To close the
annual cycle of variation, a cooling/mixing model was developed to model the
winter conditions. Time scales considered range from a few days to a few
months. The model is tested against the annual cycle of the temperature variation
in the Queen Charlotte Sound- Hecate Strait region revealed by the historical
data. Then a coupled model is used to hindcast the thermal conditions in the
region over the past four decades.

In Chapter 2, a brief review is given of the bathymetry of Queen Charlotte
Sound—Hecate Strait region, the oceanographic conditions in the region and the
specific phenomena of interest.

Chapter 3 describes the development of a 2-layer numerical upwelling model

of summer conditions and a mixing/cooling model for simulating winter



conditions. The basic physical assumptions and the related processes, such as
radiation, mixing and entrainment are discussed. The velocity field is derived -
analytically for the upwelling model and the temperature field is solved 7
numerically in both models.

Chapter 4 shows the results from the composite model of upwelling and
mixing. A long time series of temperature distribution is obtained from the
hindcast of the model.

In Chapter 5 a comparison is made between the modeled results and
historical data. Statistics are given from the comparison.

Finally, a conclusion is given in Chapter 6 discussing the validity and future

use of the model.



2. Oceanographic Conditions in Queen Charlotte Sound-Hecate
Strait Region -

2.1 Bathymetry

Hecate Strait is a relatively wide area between the British Columbia coast
and the Queen Charlotte Islands (Fig. 1). The length of the strait is about 220 km.
It is 130 km wide in the south with a water depth of about 300 m and 60 km wide
in the north with water depths of 20-80 m. The axis of the Strait is a narrow long
submarine valley along the southeast-to-northwest direction. The northwest side
of the Strait is a broad platform of glacial sands and gravels less than 100 m deep,
adjacent to the flat coastal plain or strand flat of east Graham Island. Hecate Strait
connects with Dixon Entrance at its northern end and joins Queen Charlotte
Sound in the south.

Queen Charlotte Sound is a broad area between Vancouver Island and the
Queen Charlotte Islands with the mainland of British Columbia on the east (Fig.
1). It has a considerably more complex topography than Hecate Strait. Three
broad troughs (Moresby Trough, Mitchells Trough and Goose Island Trough) in
the Sound area, separated by two wide shallow banks, form the major topographic
features and have important influence on the oceanography of the area. The
northern trough (Moresby Trough) is the most irregular one and trends 270 km
northward to form the deep channel of Hecate Strait. To the west, the Sound
connects with the Northeast Pacific; it is therefore one of the main passages for

oceanic water flowing into Hecate Strait.
2.2 General features of the waters in the region

Long-term records of daily observations show that the sea surface

temperature variations at the northern coastal lightstations in Queen Charlotte

4
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Sound and Hecate Strait region are clearly dominated by the annual heating cycle
with maximum water temperature typically in the 10-13 °C range in August and
minimum temperature in the 4-8 °C ranges in February to March (Fig. 2). |

The horizontal distributions of monthly mean temperatures at 50 m and
200 m depths in September 1983 and January 1984 are shown in Fig. 3a, 3b.
They represent the temperature patterns in summer and winter respectively. In
summer, the isotherms at 50 m approximately parallel the coast. The lower layer
shows evidence for a strong eddy and associated frontal system off the southern
coast of Moresby Island, although the information is incomplete and does not
describe well conditions over most of Hecate Strait. In winter, the temperature at
50 m depth decreases gradually from 8.8 °C in the south (Q.C.S) to 6.8 °C in the
north (northern H.S.). At 200 m depth, the temperature is nearly uniform and
there is a marked northward warm water intrusion from the Queén Charlotte
Sound (Thomson, 1989) , but again, data coverage in Hecate Strait is poor.

The vertical distribution of temperature at selected locations in Queen
Charlotte Sound ( station C, Fig. 4) and Hecate Strait (station E , Fig. 4) are
shown in Fig. 5 (a and b) in summer and late winter respectively (Dodimead
1980). In summer, the distinctive features of the temperature structure are the thin
mixed or near-mixed surface layer and the marked thermocline. In the absence of
surface mixing, the thermocline will extend to near the surface. The thermocline
extends from near-surface to about 75-100 m depth in Queen Charlotte Sound at
station C (Fig. 5a) and to about 100-125 m in Hecate Strait at station E. The
strength of the thermocline is dependent upon the degree of surface heating and
mixing and is about 6 to 8 °C.

During late winter (January-March), the cooling, mixing and conductive
processes started in October continue. The main features are the near-isothermal
conditions to depths of 150-200 m and the relatively large temperature inversions

common at depth, particularly at station C and E.



(0861

ono[IeyD) U2INY Sy Ul PIjedo

‘pEAWILPO(] WOIJ) UOI3I JeNS 21809 -punos
[ suoneIsIys y 1e armyeradurs)

JOBJINS BOS JO SUOLEIASD PIEDUEIS PUE sueaw AQiuow UHS-3U0T T 31y

(=]
Z

—o-mnd—ﬁnﬂnz-d—z_u.q’

4

_.

uaas

{66 - LESI)
ANVIISE AHOAL

i
-t
i

1

ONVS! S3NNIaN LI
\ jonuuYy

1

|
-
|

T
!

rrii

T

KA
- : T

T

1

o-z.o.m_<__._.._z_4.:_u._,

- r_ﬂQ

1
T uoaIy » 05

jonuuy M

(0L - v$61) -

SS

14

0s

1)

{4 J4NLvHE3dN3L

-n.-Z-O_W—Q.—)~ﬂ_2

L

.
F C

. e \T.HIV ﬁl
- (0L - »E61) r 5 L
o S3NVF LS 3dVD way
= “jonuuy T 7]

T

o 1
H. UOLDIASQ —Zooco—mw d 4
N T 1
- (oL - 0961) ]
— N onvisi vilinos uotN __ 3

jonuuy -
W N -
wl —d

G TNTO 'SV lr r T ANTYTAW 47T

Sy

0s

GS

134

0s

1]

{4e) 3UNLYHIONIL



(6861 ‘UOSWOLL], WOIJ) UOIZAI SPUB[S] 3)IO[IBYD) UINY ) U 3SINID orydesSoueano
ue wouy soununs ut syidap wipog pue wog 1€ armeradws) jo uonnquIstp [EJUOZLIOH (e ¢ andiy

= = nn = — —
333 w 002 18 (J,) w g 18 (D)
\ JHNLVHIAWIL JHNLVYHIdWAL

€861 HIBNWIL1d3S

£861 HIAWALA3S

L a4
0¢ 2w $2 :1l¥ 0s 2w §2 =1
00010 5 17D 0008 0 = "1°)
LE96° 9 © INTWA ke goce 21 . A ”-ct
S280°S ¢ INWA “wiW 0(96 § * INWA WNIu
0" 9 = NNEANRD DIV

00 01 : wnOiNEd 0189




(6961 ‘UOSWOL], WOI) UOIZAI SPUB[S] a)jojdey)) u3aNy Ay} Ul ASHUD orydesSoursdo
ue woJj Jajum ut syidep woQg put wos ¢ aimuesadura) Jo uonnguISIp [EIU0ZLIOH (4 € aindiy

28 : £ " M o8 S0 Lt
w 00z 18 (0,) w 0§ 18 (Jo)
JUNLVHIdWAL

JHNLVHIdWIL

$861L AHVNANVFE y861 AHVANVE

0s v S WY ps Iw $2 1M

poo?2'0 = 1D
\ CEOO° 6 = INWA “XWU
6L 9 5 WA Cwiv

x /g L = wneined 018N

x

N goot 0 = "1°D
\ 10€9° L = INTWA CXdu
£262°9 & INIA “wiv

\ts
AL

SANNS

9 3 WNOINED 000




Figure 4 Stations C and E and sections 1-5 in Queen Charlotte Sound—
Hecate Strait region (from Dodimead, 1980); thick dashed line

shows the axis described in Fig 7.
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2.3 Bottom cold water intrusion

One of the most intefesting features of bottom water in Hecate Strait
revealed by the historical data is that the lowest temperature of the yearioccurs in
summer and the highest temperature in winter. This feature is just the opposite to
the seasonal variation of surface water. Similar features were also observed off
southern Vancouver Island (Freeland and Denman; 1982).

Fig. 6 is a vertical section ( section 2, Fig. 4) of water properties in Queen
Charlotte Sound on June 22, 1955. It shows strong evidence of upwelling over the
continental shelf off the Queen Charlotte Sound in summer. Deep cold water of
5.5 °C (high salinity, ~34 %o and low oxygen, ~1.5 ml/l ) upwelled from 275 m to
about 200 m depth and was believed to intrude into Hecate Strait along the
Moresby Trough. In 1961, at station E, the decrease of bottom temperature started
in April and reached the lowest valuein August (Fig. 7). During this period, the
6°C isotherm rose about 80 meters, reflecting the progress of the cold water
intrusion. This event happened earlier in the southern part of the Strait and later in
the northern part, indicating that the event propagated northward from the
southern opening of the Strait--Queen Charlotte Sound.

Fig. 8 shows the temperature distribution in time and space at the bottom
along the axis of the strait during 1954-1955; the axis runs through 5 cross-strait
sections from the south to the north (thick dashed line in Fig. 4 ). Cold water
reached section 3 about ninety days earlier than it reached section 5. Considering
the distance between section 3 and section 5 (111 km), this corresponds to a
propagating speed of 1.4 cm/s. I argue that advection due to upwelling is
responsible for the observed temperature changes. If we assume the speed of 1.4
cm/s is the same as the rate of bottom water intrusion, and the lower portion of
section 4 is a triangle of 60 km wide and 100 meters high,‘an estimated flux
through this section based on this speed will be ~

1.4x0.01 x 60 x 1000 x 100 / 2 = 42,000m> / s If we chose an upwelling index

13



130 W 129° 0

30 N
o T . ——
e e
N ' 9 . B
so-| - . :
— 1
. : {65 3
1004 . . . . .
- . 5'; "
e 6 - ]
- . K -
s 15071 - ' o
?, ;-.'_: B ‘ -—
x ©s) ._ z .
. - o | b 001+
Y 200 . / &, 2 340
W o
o -
4 . - 0-— S
2507 -/ ) JNE 22, 1955 25 & A€ 22,1955
- SALINTY (Yoo)
TEMPERATURE (°C} / 5
- 300"
300 SECTION 2 g
350 . 350
30w 30 129 B 0-1
o ;24
— . 245 . : v
\\L , 50 -
— . 50/ * °
50 2 255 ——
T zeo'—\'_/ . .
: . T F 1004 - e :
100 . * . PN o
T : - 2 Y -
" e 265 -7 e > - . \\ . \\\ l B
- -7 . ~JF <150 : .
2 1504 —- : H \ e .
z 3 . ,I_ : P
x - . : BN - h 200 ws
) A =
'} 126 84 . (=} v
o / . . -
7 - N1 F 250 .
250 - PR JUNE 22, 1955 : :
’/ . . OXYGEN (mish)
o "
DENSITY (97 ) ; i 300 .
300
350
350

Figure 6 Vertical section of temperature, salinity and dissolved oxygen at section

2 in Queen Charlotte Sound (from Dodimead, 1980)

14



KOS I 1)

'550 .
2 -

L S
2 [ 4
&
[

a

8150 . -

NS N

°
Approrimote Bottom DOesth - - -T.E.h.".{_R.A.'.LB_E__(.g ______

P T N Y ST R TR TR T W

o J F M A M J J A S O N D J F M &
196! 1962

200

N
1960 .
Figure 7 Annual cycle of temperature at station E in Hecate Strait.

[}

Dec
NovJ
Oct
Sep -
Aug 4
Jul 4
Jun &
May -
Apt 167
Mar -6
Feb
Jan A
Dec 7
MNov
od o
Sep
Aug
T
B oo
May -
Apr 1
Mar
Feb
Jan T T n s

1955

manth

saction number

Figure 8 Temperature distribution in time and space at bottom along the axis of
Hecate Strait (1954-1955). The axis runs through 5 cross-strait sections
from south to north as shown in Fig. 4

15



of 31 (unit=m3/sec/ 100 meters of coastline) as the mean value over 90 days and
the width of the southern opening of the strait as 120 km, we calculated an
offshore transport of about 31/100 %120 x1000 =37,000m> /s, which is in
good agreement with the estimated influx.

The above estimation indicate that the bottom cold water intrusion is
closely related to wind-induced upwelling at the mouth of the strait. Therefore an
upwelling model is considered to be reasonable to represent this event.

The bottom water began to warm up from September in 1954. It is shown
that the bottom warming was slower than the cooling and, obviously, due to a

different mechanism.

2.4 Wind forcing

The prevailing winds in Queen Charlotte Sound—Hecate Strait region are
controlled by the locations and intensity of two semi-permanent atmospheric
pressure systems. The Aleutian Low centered in the Gulf of Alaska predominates
in winter and produces strong south-to-southeasterly winds along the coast ; the
North Pacific High predominates in summer and is responsible for generally
north-to-northwesterly wind along the coast (Thomson, 1989).

Westward migrating synoptic-scale atmospheric systems (high and low) are
responsible for modification of the prevailing winds over periods of days to
weeks. The weather in Queen Charlotte Islands is famous for frequent and intense
storms with their attendant fronts and strong southwesterly winds.

Synoptic winds are modified in near-coast areas by the mountainous terrain
and within about 50 km offshore tend to blow parallel to the coast. Strongest
winds occur in December through February and weakest winds in July and
August. Late September to early October usually marks the time of an abrupt

increase in mean wind speeds.

16



Fig. 9 shows the grand mean and standard deviation of monthly total miles
of wind resolved along the southeast axis at Prince Rupert, 1954-1962, Sandspit,
1955-1964, McInnes Island, 1955-1963, and Cape St. James, 1955-1963 (Crean,
1967). A marked feature of this figure is that in the northern part of Hecate Strait,
say, Prince Rupert, the prevailing wind around the year is southeasterly, while in
the southern part of the Strait, such as at Cape St. James, northwesterly winds
prevail in summer and southeasterly winds prevail in winter. This divergent
distribution of wind may give rise to the specific flow features of the water in

Hecate Strait.

17
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3. The Models

3.1 The hypotheses

Two hypotheses were made based on the topography of the area and the
existing oceanographic conditions. _

First, the geography and hydrography of Hecate Strait are modeled in terms
of a wedge (Fig. 10), simulating Moresby Trough, containing a two-layer liquid.
The northern end is open in the upper layer, allowing flow connection with Dixon
Entrance.

Second, the thermal history of the waters is assumed to be controlled by the
advection of upwelled waters at depth during summer and vertical mixing during
the winter.

The complex geometry and hydrography of Hecate Strait are thus idealized
enough'to be accessible to simple modeling. We assume that the thermal behavior
is controlled by mean seasonal upwelling and vertical mixing, and that all high
frequency motions (tides, inertial oscillations, storm response) are filtered out.
The model will hold only for slow variations, on time scales of half-a -month and
larger; it is the seasonal and interannual behavior that are modeled here. The gyre
around the Goose Island Bank is not considered in this model.

Flow in the model wedge is assumed to be forced by the Ekman divergence
of surface waters, as characterized by the Bakun Index (Bakun, 1973). Under
upwelling conditions, flow is out (seaward through southern opening) at the top.
A vertical distribution is assumed and the rest of the flow field follows from
continuity. Provision is made for influx through the shallow end of the wedge,
representing flow into Hecate Strait from Dixon Entrance.

The model is presented in two sections: the advective part is calculated
first, followed by the vertical mixing and /or stratification component. In fact, the
two sections describe two different models. One is a two-dimensional upwelling
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y1=(-L(D1-Do)z-LH1Do+H1(D1-D2)x)/2H1L
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Lower Layer
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Hx)=Ho(x -L)/L.

Fig. 10 Model Geometry and Coordinate System
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model which takes into account the wind forcing in terms of the Bakun Index and
solar radiation; the other is a one-dimens.ional upper ocean mixed layer model
which is controlled by wind stress, turbulent transfer of heat at the air-sea
interface and entrainment which occuring at the bottom of mixed layer. The
switch between the two models is controlled by Bakun Index. i.e. a positive
Bakun Index in a month switches the model to an upwelling regime and a .

negative Index switches the model to vertical mixing.
3.2 The model geometry

As explained above, the geometry of the region is simplified as a two-layer
wedge-shaped water volume with Queen Charlotte Sound at the wide mouth and
the northern part of the Hecate Strait being the narrow end of the wedge. The
water depth decreases from the mouth to the end. The wedge is 250 km long with
a water depth of 320 m at the seaward mouth and 42 m at the northern end. The

surface width is about 120 km at the mouth and 30 km at the end (Fig. 10).

3.3 Bakun Index

The Bakun Index is widely used as an upwelling index in the Northeast
Pacific. It is in fact the offshore transport of mass in the Ekman layer, which is
considered an indication of the amount of water upwelled through the bottom of
the Ekman layer to replace that driven offshore. The indices are based on
calculations of offshore Ekman surface wind transport from surface atmospheric
pressure data. Indices for 1945-1972 were provided by the National Oceanic and
Atmospheric Administration (NOAA) on monthly bases. Now NOAA provides
both alongshore and offshore transport of 6-hourly, daily, weekly and monthly
values for the years from 1973 through present for the locations along the east

coast of North Pacific on a three degree grid (Fig. 11, Bakun, 1973)
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The upwelling index, defined as mass transport in tons per 100 meters of

coastline per second is defined as

T

where: Tt is the wind stress;

f 1s the Coriolis parameter.

The layer in which appreciable transport occurs is referred to as the Ekman
layer and extends from the surface to depths not exceeding 50 to 100 meters.

The surface wind stress is calculated from the geostrophic wind
—|-
T=pP, Cd l Vl | %

where: pj is the density of the air;

Cd is an empirical drag coefficient;
—

.—)
V 1is the estimated wind vector near the sea surface with magnitude

V. Its

two components are computed from surface pressure maps,

1 oP
Ug == —
JPaR do

v = 1 oP
& fp,Rcos(¢) A

where: P is the atmospheric pressure;
R is the radius of the earth;
ug is the northward component of the wind velocity;
vg 1s the eastward component of the wind velocitys;.

@ is the latitude;

A is the longitude.
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NOAA calculates a coastal upwelling index using wind stress obtained for
locations near the west coast of North America. A negative value of the index
indicates accumulation of wind-transported surface \;vater at the coast resulting in
downwelling. A positive index value is an indicator of how much water is
upwelled from below the Ekman layer to replace the water driven off shore (Fig.
12). Both upwelling and downwelling occur as distinct events at various times of
the year. In the Queen Charlotte Sound- Hecate Strait region, upwelling
predominates during the summer months (May through September) and

downwelling dominates during the winter months (October through March).

3.4 Upwelling model

When the Bakun Index in a month is positive, the model switches to an
upwelling state, a velocity field is derived from equation of continuity and
boundary conditions. The velocity field is driven only by wind forcing in terms of
the Bakun Index. It is a two-layer flow and the flow directions in the two layers
are opposite. The water in the upper layer of the wedge is driven out of the region
by Ekman transport, cold deep sea water comes into the region from below to
compensate for the water flow out in the upper layer. Two differently simplified
heat equations are used to calculate the temperature changes in the upper and
lower layers respectively. In the lower layer, temperature changes due only to the
intrusion of cold water at the bottom, while in the upper layer, both solar radiation

and advection of cold water from bottom contribute to the temperature changes.
3.4.1 The formulation of velocity field

The wedge-shaped area makes it easier to simplify the equation of
continuity from three dimensions to two and reduces the number of boundary

conditions. A coordinate system is chosen with the origin at the deep end of the
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Figure 12 Monthly Bakun index at 51°N, 131°W for the years 1960 through
1966.
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wedge on the interface between the two layers. The x-axis is directed horizontally
toward the shallow end of the wedge, the y-axis is perpendicular to the axis of the
wedge along the interface; the z-axis points upward from the origin (Fig. 10). The
simplified equation of continuity is obtained by integrating the equation from one

side of the wedge to the other with respect to y.

In the upper layer, the laterally integrated volume continuity is expressed

as:

d 2,
5;U1D+£W1D =0, (l)

where U; and W are the horizontal and vertical velocity components respectively,

and

1
D=y2 -V Z‘E“[‘:[L(Dl - D0)2+D0H1L—(D1 '—D2 )HIX]
1

is the width of the wedge; Subscripts 1 refer to the upper layer, 2 to the lower
layer.

At the interface, z =0, the horizontal flow changes sign and the vertical

velocity is continuous:

} . _ { (2)
at the interface, z=0
(3)

At the sea surface, z = H,, the vertical velocity vanishes,

W=0 at the sea surface, z=H; 4)

At the deep end of the wedge, the horizontal transport out of the upper layer
is controlled by the Bakun Index:
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Hlyz D B )
[JUdydz = -—— atdeep-end, x=0 (5)
o 100 »

where B is the Bakun Index at 51°N, 131°W.
At the shallow end, the horizontal transport (T) into the upper layer from

the Dixon Entrance is expressed as:
H,y,

[[Uidydz = =T  atshallow—end, x=L (6)
0y,

In the lower layer, the laterally integrated volume continuity is expressed

similarly as:

d d
= UsD+=-W,D=0, (7)

We have similar boundary conditions at the interface:

} at the interface, z=0 { Ez;

and at the sea bottom the velocity is perpendicular to the bottom, i.e.

H
TOUz =W, at sea bottom, z = H(x) (10)

Assume the vertical dependence of velocity in both layers is exponential

and consider (2) and (8), we define:

e®” -1
Ul(x’z):ul(x)ﬂf—l_I (11)
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e™ —1
U, (x,z)=u2(x)—;2H——I (12)
e =y __

where  H,, =H,(x-L)/L .

Assume that the horizontal dependence of transport is also exponential, i.e.

H ¢y b(L+6-x) ___1111 Y2 B eb(L+5—x) -1
IO -[Yl Ul (x,Z)dde =—W -([J:U] (O’Z)dydz == 100 Dl eb(L+5) — 1
we also have
Hy, H
[ U (x,2)dydz = " U, (x,2)D(x,2)dz ,
0y
from which we find:
b(L+d-x) _ H,
_B D £ 1_ u (x) j[L(Dl ~D,)z+D,H,L~(D, - D,)H x)(e* —~1)dz

100 ' " -1 H L(e"™ -1)3

Uy (x) H H
= LP," — (D, - D,)H,x0,"
HlL(ea‘H‘ _1)[ 0 (D, 2 VH x0y" ]
where P¢ = ['[(D, ~ Dy )z + DyH, 1(e** ~1)dz

0! = [[(e* - 1)z

BD,H,L(?* % —1)(e%" -1)
100(e®“® —1)[LP —(D, - D, )H x0"

hence, u (x)=-
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BD,H,L(e" %™ ~1)(e** -1)

U,(x,z2)=-
1 100(e®® —1)[LP" — (D, — D,)H,xQ ]

To obtain the vertical velocity, we first integrate (1) from z to H; with
respect to z,

Wl (x’Hl)D(x’Hl)_Wl (X,Z)D(x,z)z_J’zHl%UlDdzz_'gx'f:ll UlDdZ

using (4) we get

H _ H,
W, 2)=—t 9 [y, par = L 9 I OILP, - (Dy = Dy )H\ 20, " 1D(x,2)
D(x,z) dx ¢ D ox HIL(ea‘ b —1)

_ _BD\[A, (D, -D, )E H 04" ~ A, Ab(E, +1) = A (D, — Dy)E H,0;" ]
100D (" -1)Af,

where Ay =LP{" — (D, - Dy HyxQg"
A, =LP!" —(D, - D, H,x0
E~1 (x)z eb(L+5—x) -1

At the interface, z =0 , the vertical velocity is reduced to

BbD, Le”+®

W.(x,0)=
1 (%,0) 100(e® 9 —1)[LD, — (D, — D, )x]

Similarly in the lower layer; at any cross wedge section, the transport in the

lower layer is the residual of transport in the upper layer from the transport at
x=0L:
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0 ¥ .
I J‘U‘Z (x,Z)dydzz_

H(x) N

b(L+6-x) -1 _nyz .
[U,(0,2)dydz +T

0y

e
e P+8)

_ B pP(L+8-x) _ b8

100 by e?L+d)

Again, since

0 0

[ JU,(x,2)dydz= [U,(x,2)D(x,2)dz
He,y n - H,,

Uy (x)

0
- H, L( aH 1) J[(Dl = Dy)Lz+ DyH,L —(D; — D,)H x](e®™* - 1)dz
1L(e™ ™ =1y

(x)

_ U, (X)
H,L(e®" 1)

[LRy — (D, = D;)H xSy |
where RS = ['[(D, = Dy)z + DoH, 1(e* ~1)dz

d
S¢=[(e™ -1)dz

we find then that
DlHlLB(eazH(x) _1)(eb(L+5—x) _ebﬁ)
uz(x)= 00 b(L+8) -1 LRO —(D. -D,YH SO
100(e NLRy, —(Dy =Dy )H xSy ]
D H.LB(e%% —1)(bL+6-0) _ b8
U, (o) = H,LB(e )(e e’’)

100(e”™** —1[LRy —(D; — Dy)H, xSy ]
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To find the vertical velocity in the lower layer, we integrate (7) from z to 0

with respect to z,
, o ,
W, (x,0)D(x,0) - W, (x,2)D(x,z) =—| a—Udez
z ox

_ 0 uy(X)[LR; — (D, — D,)H, S]]

ox HlL(easz _1)
BD, Ay Ay, b(E, +1)+ Ay (D, - Dy ) H, (eb(“a_x) s )Sf
100(e¥ED 1) A%

Ay, ("4 ¥ (D, = D, )HoHyx = HoL[(Dy = Dy )y + HyDg |} e -1)
AL

(0, Dy LLSS (44050 o)
i A

where Ay =LRy  —(D, —D,)H,xSy

A,, =LR? — (D, — D,)HxS?

Finally we get

W,(x,z)=

DB AZb(E, +1)
100(e”™® ~1) A

AgpAy,b(E, +1)+ Ay (D, - D, )H, (eb(LHs_x) —e” )S;)
B Al
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Ay, (€245 = |{(D, = Dy )HoHyx = HoL{(D; = Do) Hyy + HyDg |} -1)
- ALL

Ay, (D, = D, ) H, LS, ("0 — g )}

2
A20

3.4.2 Adjustment of velocity field

The velocity field is controlled by parameters a; and b in the upper layer
and az and b in the lower layer; a; and a; determine the vertical dependence of the
velocity in the upper and lower layers respectively. By choosing a large a; we can
get strong surface intensification in the upper layer (Fig. 13) while small a; results
in strong bottom intensification in the lower layer (Fig. 14). By changing b we can
adjust the amount of intruding water in the lower layer that will reach the end of
the wedge. We note that the horizontal transport from Dixon Entrance, defined as

T above (equation (6)), may be expressed as

T—BDI e” -1
" 100 e 11

The parameter § determines the value of T; as seen in (13), x=L+8 would

be the location where the upper layer transport vanishes. Figures 13-15 show
velocity profiles in the upper and lower layers for various values of a; and a,, and
along the axis of the wedge for various value of b. A two dimensional "vector
diagram" of the flow field is shown in Fig 16 for a; =0.1/H;, ap = -1/Hp, b =
0.01/L, and & = 0, corresponding to no inflow from the north end, and & = 0.2L,
(Fig. 17) which corresponds to T/(BD/100)=0.165. Therefore we can determine

how far the bottom water can intrude before it upwells into the upper layer. If we
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choose a smaller b, we can get stronger current near the northern end of the
wedge. (Fig. 15)

" 3.4.3 Determination of Solar Radiation in the Upper layer

The amount of solar energy which reaches the sea surface is affected by
many factors, such as the elevation of the Sun, the cloudiness of the sky, the
molecular scattering and absorption and scattering by aerosols, etc., in addition,
the amount of solar energy absorbed by the ocean depends upon the optical
property of the sea water, the penetration angle and the sea surface roughness and

so on.(Ivanoff, 1977)

In this thesis, a simple formula of the penetrating component of solar

radiation is used as follows

I(z,0)=1,(t)e" (13)

where I, (¢) is a time series of monthly mean solar irradiation at ground level at

Cape St. James (51°20°N, 130°30’) for clear weather (Table 1); vy is the

attenuation coefficient which varies with depth (Table 2).

Table 1 Monthly mean solar irradiance at ground level during clear weather at
Cape St. James (Cal cm-2 day-!) obtained from Atmospheric Environment

Service(AES)
month| Jan. | Feb. | Mar. | Apr. |May |Jun. |Jul. |Aug.|Sep. |Oct. |Nov.|Dec.
Ip(t) | 159 | 270 | 438 | 608 | 729 | 780 | 742 | 628 | 474 | 318 | 190 | 131
Table 2 Attenuation coefficients for total downward irradiance at
depths 0-80 m ( from Ivanoff, 1977 )
depth(m) 0-5 5-10 10 - 20 20-40 40 - 60 60 - 80
v (m-1) 0.26 0.04 0.04 0.04 0.04 0.04
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As most of the solar energy reaching sea surface is absorbed in the upper

layer, the radiation term is only considered in the upper layer of the model.
3.4.4 Formulation of Temperature Field

Different simplifications of the heat equation are used in the upper layer and

lower layers during the upwelling period.

In the upper layer, both the advection term and radiation term are included in

the heat equation:
oT aT oT 1 ol
~+U, —+W, —=- — 16
ot b oox ' 0z c,p, 0z (16)

In the lower layer, no radiation is considered. The change of temperature is

due only to the advection of cold water:

oT oT oT
2 2 2 — 17
o TV Ty =0 (a7

where: T; is the temperature in the upper layer;

T, is the temperature in the lower layer;

cp is the specific heat of water;

Pwis the density of the water.

U, is the horizontal velocity component in the upper layer;

U is the horizontal velocity component in the lower layer;

W) 1is the vertical velocity component in the upper layer;

W3 is the vertical velocity component in the lower layer;

These equations are discretized by using the finite difference method. A

centered differencing scheme is applied for the spatial derivatives and the leap-

frog method is used to advance the solution in time. The grid for the scheme is
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6.25 km in the horizontal by 70 cm in the vertical. The time step is chosen as 600

seconds. Uj and Wj (i=1,2) are calculated once a month at each grid point

according to the previously derived formulae during upwelling months. -
3.4.5 Boundary conditions

Boundary conditions for the velocity field have been given in the
formulation of velocity field. For the temperature field, a non-diffusive condition
is applied at the bottom of the wedge and air temperature is used as the surface
boundary condition. At the seaward opening of the wedge, a time dependent
boundary condition is applied to reflect the seasonal variation of the water coming
into the region. Information is obtained from the thermal conditions at the ocean

stations on line P (Tabata and Peart, 1985).

3.4.6 Modeled results

The upwelling model is run separately for several months with
a1=0.1,a2=1,b=0.05. The model starts from a presumed stratified ocean (Fig. 18).
The velocity field is turned on at t=0. Cold water starts to come into the strait
from the seaward opening at the bottom. Water in the surface layer moves out of
the strait due to Ekman transport. At the same time, solar radiation works on the
sea surface and cause surface temperature to rise. The calculated result shows
clearly cold water upwelling and surface warming (Fig. 19)

It can be seen from Fig 19 that after 4 months of upwelling the 7°C
isotherm rose from 200m to about 130 m and the surface temperature increased
from 7.8 °C to 11.0 °C. Upwelling was more significant in lowering the
temperature along the sloping bottom, but was not strong enough to upwell cold
water to the surface. Therefore on most of the study region the surface water
temperature increased during an upwelling period with a reducing rate from the

seaward opening to the narrow end. This is consistent with the historical data.
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3.5 Mixing/Cooling model

3.5.1 Introduction

The mixing model is appli-ed in the months when the Bakun Index is
negative.

During mixing/cooling period, a simplified Niller-Kraus one-dimensional
upper mixed layer model is applied (Niller and Kraus, 1977). In this model,
turbulent heat transfer at the air-sea interface generated by wind stirring and
entrainment of cold water from the bottom of the mixed layer are considered.
Wind stress plays a most important role in the process. No advection/convection
is taken into account and the effect of topography is ignored. Therefore a uniform
thickness mixed layer is formed over the whole region. Only the deepening of the
mixed layer depth and the mixed layer temperature are simulated. The opposite
process of creation of a mixed layer due to turbulent tidal mixing at the bottom is

not included in this model, over most of which depths are too large for this effect

to be important.

3.5.2 Wind forcing

Daily wind speed at Cape St. James is used in the calculation of
entrainment speed, sensible and latent heat transport. In considering the elevation
of the station, a factor of 0.85 was used to convert the wind speed at 89 meters
high to 10 meters above sea level after a simple comparison of the mean wind

speed at Cape St. James and at 7 meters above the sea surface from a buoy near

Cape St. James.

3.5.3 Radiation and effective back radiation.

In calculating the heat flux at the air-sea interface, daily solar radiation is

obtained from the monthly mean radiation normal at Cape St. James by linear
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interpolation.

The effective back radiation is calculated at each time step as (Rosemary
and Walker, 1990):

H, =-EcT; (0.39-0.05¢Y%)(1-0.83C) (18)

where E is the emmisivity;
o is the Stefan-Boltzman constant;
T7 1s water temperature in the upper mixed layer;
eq 1s the vapor pressure at the sea surface;

C is the cloud coverage in tenths for the region.

3.5.4 Sensible heat flux

Similarly, the turbulent flux of sensible heat is calculated at each time step
from (Pickard and Emery, 1990):

H,=-1.88V(T,-T,) (19)

where V is the daily mean wind speed;

T, is the daily mean air temperature interpolated from climate normal.

3.5.5 Latent heat flux

The latent heat flux is calculated at the same time as sensible heat from
(Pickard and Emery, 1990):

H,=1.4(e, —e,)V(2494-2.2T;)1073 (20)

where e is the saturated vapor pressure;

The latent heat flux is calculated at each time step.
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3.5.6 Entrainment speed

From Stigebrandt (1981) the entrainment speed is obtained from:

2 p 3 gHa gl a
We = —a - I —H —H — 20 2
e gHa(Tl—Tz)[pmemV 2pcp( —H,—H He)+pcpv (21)

where T3 is the water temperature below the mixed layer;
Pa 1s the air density;
pw 1s the water density;
gis the acceleration due to gravity;
m is a constant;
Cjo is the drag coefficient;
¢p is the heat capacity of sea water;
v is the attenuation coefficient of radiation;
H is the mixed layer depth;
a is the coefficient of expansion;
Ip is the incident solar radiation at the sea surface.

The above equation suggests that the entrainment speed is determined from
the contribution of wind stress; the turbulent heat flux at the air-sea interface
which is the combined effect of incident solar radiation, effective back radiation,
latent heat flux and sensible heat flux, and penetrating solar radiation which
decreases with the increase of the attenuation coefficient. The buoyancy flux due
to salinity changes is neglected. The first term in the bracket is proportional to the
cube of wind speed and is always positive. It shows that the stronger the wind, the
larger the entrainment speed. The second term in the bracket represents the
balance between the four heat fluxes at the air-sea surface. All the fluxes into the
upper layer are positive and those out of the layer are negative. In summer, when

the incident radiation is strong, the inward flux is larger than the outward flux,
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and the thermocline is strengthened. The increased stratification prevents
entrainment from developing. In winter, when the influx is less than the outflux,
the entrainment speed is increased, therefore the mixing becomes stronger. The
third term in the bracket is the contribution from the penetrating part of solar
radiation. It is inversely propotional to the attenuation coefficient which
represents the optical properties of the sea water. Therefore the clearer the water
(the smaller 7), the stronger the entrainment speed. Apart from the second term in
the bracket, the contribution of the other two terms is inversely proportional to the
mixed layer depth. i.e. the deeper the mixed layer depth, the weaker the

entrainment speed. This results in a reduced deepening rate of the mixed layer as

it gets thicker.

3.5.7 Mixed layer depth

The deepening of the mixed layer depth is determined by the entrainment

speed as:
aa_’j - AW, (22)
. A 1 W, >0
where = 0 W, <0

3.5.8 Mixed layer temperature

The mixed layer temperature is determined by the following equation:

ofr 1| 1 Iy —yH
—=——|—(H, +H, +H, )+ (T; - T,)W +—(1— ) 23
ot H Pcp( b S e) (T =T2)We P, ) 23)

The change of the mixed layer temperature is controlled by the balance of
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turbulent heat flux at the sea surface, the entrainment of cold water from below,
and absorption of penetrating solar radiation. It also shows that the deeper the

mixed layer depth, the slower the bulk temperature changes.

3.5.9 Model results

The above equations are discretized and integrated with time. As a test the
model was run separately for the winter months. It started from t=tg with an
initial mixed layer depth of Hg , which is assumed to be the same as the diurnal
thermocline depth, and with an initial mixed layer temperature Tg , which is
obtained by mixing the stratified upper layer of depth Hgto uniform. The
integration is performed at each horizontal grid point and leads to a uniform
upper mixed layer on the surface of the region. It should be pointed out that since
this model does not take into account tidal mixing on the bottom,which may be
important in shallow areas, the result of the model deviates more in the shallow
waters.

The mixing/cooling model was run for four months using data from
October 1954 to January 1955. Calculation shows that, after 120 days of mixing,
the mixed layer deepens from 5 meters to about 300 meters. The mixed layer

temperature decreased from 8.2°C to 6.6 °C. (Fig. 20).
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Figure 20 Results from the mixing model

a) change of the mixed layer temperature
b) change of the mixed layer depth

48



4 Coupled upwelling-mixing model

It is assumed that upwelling and mixing are two distinct processes. When
the Bakun Index is positive, upwelling is the dominant process in the area. No
turbulent mixing is considered during the upwelling period. When the Bakun
Index is negative, the current in the area is assumed weak, turbulent mixing
becomes the dominant process in the change of temperature and the mixing

model is used. These two processes do not exist simultaneously.

4.1 Forcing conditions

In the upwelling period wind stress, as parameterized by the Bakun Index,
and solar radiation are the only forcing terms to the model. Air temperature is
used as a boundary cbndition at the sea surface. The wind drives the velocity field
and the water in the wedge moves following the conservation of mass. Figure 21
shows the time series of monthly mean Bakun Index for the period 1953-1989.
Only the positive values which imply upwelling are used to derive the velocity
field.

During the cooling period, wind forcing at the sea surface, solar radiation
and the turbulent heat flux at the air-sea interface are considered. Figure 22 shows
the daily wind speed at Cape St. James. Since the station on Cape St. James is 89
meters high above the sea level, an attempt has been made to convert these values
to wind speed at 10 meters above the sea surface. A simple factor of 0.8 was
chosen after a comparison between the mean wind speed at Cape St. James (6.95
m/sec) and mean over-the-ocean winds (5.63 m/sec) measured by WOTAN
anemometers on a surface buoy near Cape St. James. The average was applied to
the period from June 4, 1982 to September 15, 1982. This is the only sea surface
wind data we obtained in the area near Cape St. James. Figure 23 shows the

comparison between the two time series. The mean speed is shown by a dashed
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year



sinoy 2861/9/v L0}
0052 0002 005} 0001 005 0

0]
S/W

St

LLNV.LOM UOIBIS Je paadg puip

sinoy 286 1/9/% 00:0}
0052 0002 005 0001 005 0

52

0]
s/

b

S

Figure 23 Comparison of wind speed at Cape St. James and WOTAN11

02

sowe 1S ade) 1e peadg Puip



line on each panel.

Figure 24 shows the daily air tempefature at Cape St. James obtained from
the Canadian Climate Center. It was used to calculate the sensible heat flux
during the mixing périod and as a boundary condition for the upwelling period.

Monthly mean values of solar radiation and vapor pressure were obtained
from the Canadian Climate Normals compiled by the Atmospheric Environment
Service (AES). They are shown in Figure 25 and Figure 26 respectively. This
means that the same values were used for each year of modeling. To obtain a
smooth shift from one month to the next, these monthly mean values were
interpolated linearly into daily values and are updated daily during the
integration.

Cloud coverage is always a uncertain parameter to handle. A simple
constant coverage of 0.15 is used in the model.

Because the longest time series of the above forcing parameters that meet
the requirement of the model were obtained from Cape St. James, they were used
as representative for the whole modeled area. Except for the wind data, the

deviations from the sea level value due to the station elevation are ignored.

4.2 Modeled results and discussion

Running the upwelling and mixing model consecutively, temperature goes
through a cooling-warming-cooling cycle. At the end of the cooling period, the
model switches to upwelling. The end state of cooling period becomes the initial
state of the upwelling model. A new thermocline starts from the surface on the
start of the upwelling model. At the end of upwelling period, the model switches
back to the cooling regime again. The end state of upwelling period becomes the
initial state for the next cooling period. A new mixed layer starts from the
surface. The consecutive execution of the two models generate a complete annual

cycle of temperature in the study region.
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The model was run from January 1951 to December 1989. To eliminate the
effect of assumed initial conditions, output from the first two years of integration
were dropped. Plotted results start on J anuary 1,1953.

Results from the coupled model of upwelling and cooling at the two
locations of the wedge (Fig. 27) at four selected levels are shown in Figure 28 (a-
d) and Fig. 29 (a-d) respectively. The first location is at the seaward opening of
the wedge (x=0) through where the cold deep sea water is expected to come. The
second location is 100 km northward from the first one (x=100 km). The four
selected levels are 7m, 105m, 203m and 301m.

The same features observed by Dodimead (1980) of opposite variations in
the top and bottom waters are shown in the model results. A typical year is
indicated by a vertical dashed line in Fig. 28a.

The modeled temperature fields show a clear annual cycle in the upper
layer, i.e. high temperature occurs in summer and lower temperature in winter, as
we would expect from the boundary conditions. In the bottom layer an annual
cycle shows up when both summer upwelling and winter mixing are strong. A
strong upwelling brings enough cold water into the lower layer of the wedge
therefore the bottom water becomes cold. A strong fall/winter mixing brings
warm surface water down to the lower layer, causing the temperature there to
increase.

If the winter mixing is not strong enough, then the water column is not
completely mixed, the bottom water will stay cold for years until a strong mixing
event happens. For instance, following the summer of 1962, cold water of 5.5 °C
stayed at 300m depth at x=0 for four years until a strong mixing occurred in the
winter of 1965/1966 (Fig. 28b). Similar events also happened during 1966-
1968,1975-1978, etc. If the upwelling is not strong enough, the cold water can
only reach a lower level, and water in a higher level will keep warm. For example

during 1983 - 1985 the water temperature at x=0 at 203m depth stayed above 7.5

57



34°

33

32°

C 3T Jamis

S =
—Tr—x S SADIES SIS SIS Wi S S S Y s G ¢
.

( location 1) ‘Iocntion 2)

150m
layer 3
250m
layer 4
330m ~

Figure 27 Locations of comparison and the layer thickness corresponding to each

modeled level

58



po6l €961 2961 196} 0961 6561 8S6l LS6} 9561 9s61 vS6l €561

SN |

$96. €96} 2961 196} 096 || mmm_._ 8S61 /S61 9561 GS61 vS6)L £G6}
i 1 1 1 1 1 ] i [] ] 1 L IO.@

? /:£ /ﬁé 4 Ewm”wemom

L0'6

wioe

O~ OW

o6l €961 296+ 1961 096} 6S6L
132]\/ i

|
s |
poGL €961 296} 196I 096l 656} 8561 L561 9561 GS61 vS6l €56 .

| _ | i
P

0=X Je ainjesadwa] 4O UOHBUEA |lenuuelalu

856} LS6} 9561 SS6!1 vm_mw €561

_
P |
|
|

wso |

O W O

Figure 28 a) Interannual variation of Temperature at X=0 during 1953-1963.

The vertical solid line shows the start of cooling; d indicates the delay
the surface and the bottom layers

at lower levels; The dashed line shows a typical example of opposite

variations in

59



€,61 2.6l 1.6l O/6} 696} 8961 L96} 996} 596} V96! €961 2964

—~— ”o.m
09wy 0¢
(02

€6} 26} 1.6} 0.6l 6961 896} 1961 996} G961 Y961 €96} 296!}

0’9
0L wegoz
[0'8

©/6l 2/61 1.6 0.6} 6961 8961 L96} 996} G961 V961 €961 <96l

9
-8 wsol

-0}

€L6} ¢/6} LL61 0.6} 6961 8961 L96} 9961 S961 ¥961 £961 296!

9
0L Wy

-l

b

0=X 1e ainjesadwia | O UOHBLEA [BRUUEISIU]

Figure 28 b) Interannual variation of Temperature at X=0 during 1962-1972
60



286l 1861 086} 6.6} 861 L6l 9.6l S.6l V.6l €61 cl6l 1.6l

R R Y

-0’9

286l 186} 086} 6.6} 8.6} L.61 9.6l SL61 ¥.6l €6} NN..mP Kpmw

286! 186} 086} 6.6} 8.6} L.L6} 9.6} SL61 .6} €61 Nh.mw YAGY

-9
-0l

- wi
[y 4

-81

0=x Je ainjesadwa | JO UoiELEA [ENUUBIS]

Figure 28 c) Interannual variation of Temperature at X=0 during 1971-1981

61



066 6861 886} £86} 9861 5861 v861 £861 ¢86} 1861 086}

A —_—

U S

T

OMNOLWw

wioe

BRI

0661 686! 8861 /864 9861 G861 v86) €86} <c861 186} 086}

09

-0°L weoz

ﬁo.m

0661 686} 8861 .86} 9861 686l ¥861 €861 2861 1861 086}

066} 6861 886} /861 986} G86} ¥86! €861 <861 1861 086}

01
LG | w/
-02

0=X 1e ainjeadwa] JO UOIBLEA [BNUUEISIU]

Figure 28 d) Interannual variation of Temperature at X=0 during 1980-1989

62



y961 €96} c96} 1961 096} 6561 8561 LS6} 9561 GS61 vS6l £S61

L€

[ 6°¢

- w
., Wioe

Ly

y96L €961 2961 196} 0961 656} 8S6} LS6l 9561 Ss61 v561 mm.m_,

Wweoe

=

OOMNOW

961 €961 2961 Bm_‘ 0961 656} 856} LS61 956} 556} vS61l £G61

pO61 €96} 2961 1961 096} 656} 856} LS61 956} SS61 vS61 €561

9

-Vl

wy| 004=X e ainjesadwa | JO UOHBLEA [enuuesau|

Figure 29 a) Interannual variation of Temperature at X=100 km during 1953-

1963

63



€161 2.6l 1.6} 0.6} 696} 896} 296} 9961 G961 ¥96} €96} 296l
[ - I L 'y 1 i i 1 1 i 1 1 N-m
6°€
- w
|, WHOE

€L6} ¢l6l 1/6} 0/61 6961 8961 /961 996} G961 ¥961 €96} 2961

weoce

OMNOW

-

€/6l 2.6} 1/61 0.61 696} 8961 L1961 996} S96} Y96l €96} C96!

-9

'8 wgol
]!

€/61 2.6} 1/61 0.6} 696 8961 96} 996} S96} Y961 €96} ¢96l
I 1 1 1 [ i : 1 1 1 1 1 Io

01wy
1

wy 00 L=X Je ainjesadwa | JO UOHEUEA [enuuelalu

64

Figure 29 b) Interannual variation of Temperature at X=100 km during 1962-
1972



¢861 1861 086} 6.6} 8.6l Ll6} 9/61 S.6} v/6l €461 ¢/6} L6}

L€
66
5 w
iy 10€
Loy
2961 1861 086) 6.6} 8.6l L/6} 9.6} SL6} ¥.6L €161 L6} L6}
1 1 1 I i i ] L 1 1 1 1 lm
9
) weoz
g
2061 186) 086l 6.6+ 8.6l L6l 9.6l L6+ VL6l €6} 26} LL6)
1 1 i 1 1 1 ] 1 1 1 1 1 I@
8 wso!l
01
2061 186 086l 6.6+ 861 L6l 9.6} GL6+ ¥.6L €161 2.6} LL6)
1 1 L i L t 1 ] 1 i i @
oL
[p1
[g)

wy 001=X e sinelsadwa | Jo uoljeleA fenuuelsiu]

100 km during 1971-

65

Figure 29 c) Interannual variation of Temperature at X
1981



0661 686} 8861 £861 9861 G861 ¥861 £861 ¢86} 1861 086}

0661 686} 886} /861 9861 G861 v861 €861 <2861 186l 0861

OOMNOW

weoe

066! 686} 8861 /861 9861 G861 V86L €861 2861 1861 086!l

T

OO~

wsol

066} 6861 8861 /861 9861 586} v861 €861 c861 186} 0861

-0}
LGl w/
-0¢

wy 00 L=X 1 8injeladwa ] JO UOHELEBA [enuuelalul

66

Figure 29 d) Interannual variation of Temperature at X=100 km during 1980-
1989



°C (Fig. 28d). The difference between the annual cycle at the surface and that in
the lower layer is that the former depends on the alternation of heatihg from solar
radiation in summer and wind cooling and mixing in winter, whereas the latter
owes its existence to cold water upwellihg in the summer and mixing and
warming in the winter.

There is a delay for the lower layer to warm up because of surface mixing
and for the cold water to reach higher layers due to upwelling. An interesting
phenomenon shown in Fig. 28 and Fig. 29 is that when surface layer temperature
begins to decrease, the temperature in the layer just below it often shows a sharp
increase, indicating warm surface water has been mixed down to that level. After
this sharp increase, the temperature in the lower layer begins to decrease in the
same manner as surface water. Similar features are shown in even lower layers,
too, though the time of sharp increase occurs even later than in the upper layer.
Such is the case in the fall of 1959, where delays of 40 days, 85 days and 140
days are shown at level 2, 3 and 4 in Fig. 28a after cooling in level 1.

During strong upwelling years, the decrease of temperature in the lower
layer shows a two-step process (Fig 30). The first decrease in temperature is due
to the winter surface cooling, while the second drop of temperature reflects the
cold water intrusion from below.

Cold water of 5.5 °C rose to a higher level at the location 2 than at location
1, reflecting that it climbs along the slope of the Moresby Trough from south to

north, the same feature as shown in Fig. 8.
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5. Comparison of model results and observed data

Corresponding to the above two locations, observed data from the nearby
areas were obtained for comparison with the modeled results. In order to have
more data points for comparison, observed data from three areas were extracted
from the MEDS (Marine Environmental Data Services Branch of the Department
of Fisheries and Ocean) data for the years 1953-1971 and from IOS CTD data for
the period 1971-1989 (Figure 27). Observed data from area 1, which is on the
main axis of Moresby Trough, are used to compare with the modeled results at
x=0. Data from area 3 are compared with the modeled results at x=100 km. Area
2 is not ‘on the main axis of Moresby Trough, but there were numerous
observations during 1953-1968 ( this area covers station A and C of Dodimead,
1980); data from this area were also used to compare with modeled results at x=0.

In comparing the modeled results with the MEDS data, the wedge is
divided into four layers ranging from 0-42m, 43-150m, 151-250m and 251-330m
respectively (Fig. 27). All the observed data falling into these four layers were
used to compare with the modeled results at the four corresponding levels (7m,
105m, 203m and 301m ).

For CTD data, because of the denser sampling interval, only data from
within 10 meters above and below the four corresponding levels were extracted
for comparison.

All the extracted data were plotted on the corresponding panels as symbols
(Fig. 31 a-d, Fig. 32 a-d).

To evaluate quantitatively the modeled results, part of the extracted data
were used to calculate the closeness of modeled results and observed data. Only
the points within 10 meters from the selected levels were used in the statistics for
x=0 and x=100 km. A deviation of 0.8 °C is defined as good and *1.5 °C is

regarded as fair. The percentage of good and fair points at four selected levels are
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shown in Table 3 and Table 4 for location 1 and 2 respectively. Those points are

also plotted on the corresponding panels as big dots (Fig 31 a-d, Fig. 32 a-d). -

Table 3 comparison of model results with observed data at x=0

layer 1 layer 2 layer 3 layer 4
No. dots 919 398 208 78
% good 33.6 71.1 61.5 75.6
% fair 243 19.1 274 23.1

Table 4 comparison of model results with observed data at x=100 km

layer 1 layer 2 layer 3
No. dots 432 230 64
% good 47.5 89.5 29.7
% fair 22.5 5.2 62.5
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Figure 31 d) Comparison of modeled results and the observed data at x=0 during

years 1980-1989
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Figure 32 a) Comparison of modeled results and the observed data at x=100 km

during years 1953-1963. Data from area 3 are plotted as crosses; those

used for statistics (data from area 3 within 10 m of the model depth)

are plotted as solid dots.
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Figure 32 b) Comparison of modeled results and the observed data at x=100 km

during years 1962-1972
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Figure 32 c) Comparison of modeled results and the observed data at x=100 km

during years 1971-1981
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Figure 32 d) Comparison of modeled results and the observed data at x=100 km

during years 1980-1989
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6. Conclusions

Interannual variations of temperature in Hecate Strait-Queen Charlotte
~ Sound region have been studied using a composite upwelling/mixing model. The
dominant processes of summer upwelling and winter mixing have been
investigated by different models separately, which were then coupled to model the
annual cycle of temperature field. The switch between the two fnodels depends on
the sign of monthly Bakun Indices. The studied area is simplified as a wedge-
shaped water volume. In the two-dimensional upwelling model, a vélocity field
was derived analytically from the off-shore transport in terms of the Bakun Index
and the equation of continuity. This velocity drives cold water into the bottom of
the wedge and moves warm water out of the wedge in the surface layer. In the
mixing model, a one-dimensional upper mixed layer model was developed. The
coupled model starts from a uniformly stratified ocean, either an upwelling or a
mixing regime is chosen by examining the sign of the Bakun Index in the starting
month. The end state of the former regime becomes the initial state of the latter
regime. The model was run for 37 years and reproduced profiles of interannual
variations of temperature in the region for the period 1953-1989.

The model reproduced a clearer annual cycle in the surface layer than that
in the lower layers, but a comparison of modeled result with observed data show
that in the lower layers, modeled results are closer to the observations. The
modeled results also show the relative importance of mixing and upwelling in the
variation of temperature in the lower layers. Weak winter mixing results in longer
cold water residence on the bottom (1962-1966 at 300 m depth); strong upwelling
sends cold water to higher levels (1957, 1962, 1972, etc.).

A comparison was made between modeled results and observed data. Two
measures, good and fair, were used to evaluate the deviation of modeled results
from the observed data. It is shown that, in the lower layers, 69.4% and 59.6% of
the compared points are in good agreement with the modeled results at x=0 and
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x=100 km respectively, while in the surface layer, 33.6% and 47.5% are good at
x=0 and x=100 km respectively.

The model assumes upwelling and mixing are two distinct processes and
never happen simultaneously. This may cause some deviation from the real
nature, because mixing effects also exist during upwelling months, although it is
not as important as upwelling.

The forcing parameters, such as, wind speed, solar radiation and air
temperature, etc. are all from Cape St. James, a station with elevation of 89
meters, not as required at the sea surface or at 10 meter above sea level. Except
for wind speed, all parameters were used without converting to the required
height. This is another source of error.

Although the model has the above limitations, it explains well the two
important processes happening in the region. The main features of temperature
variations of the surface and bottom temperature in the region have been
represented clearly. The model hindcasted the last 37 years of temperature
profiles with reasonable accuracy. This result may improve our understanding of
the dynamics of Hecate Strait- Queen Charlotte Sound region and contribute to
the implementation of “reconstruction of the oceanographic conditions” within the
region. It may also provide background physical oceanographic knowledge to the
fisheries researchers involved in the OPEN project and may lead to a better

understanding of variations in the habitat of ground fish.
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