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Abstract 

In mid-May 1994 Royal Roads Military College (Victoria, BC.) established are

mote sensing facility capable of acquiring data from the NOAA series of polar orbiting 

satellites and began to collect and archive Advanced Very High Resolution Radiometer 

(AVHRR) data covering the Pacific coast. This thesis presents an overview of the col

lection and archiving procedures used in this local receiving site. To demonstrate the 

value of AVHRR data for assessing oceanographic features within the coastal waters 

of Vancouver Island, a time series of SST images derived using the NOAA/NESDIS 

Multi-Channel Sea Surface Temperature (MCSST) algorithm (1993) is presented. 

Linear correlation analysis indicates correlation coefficients of 0.88-0.94 between 

satellite-derived sea surface temperatures and in situ water temperatures measured 

by a series of offshore buoys. However, temperature biases of 0.2°C, with RMS errors 

of 1.3-1.5°C suggests the desirability of generating a regional MCSST algorithm for 

the Vancouver Island coastal region. 

The time series of SST images provides a comprehensive view of oceanographic 

processes in the coastal waters of Vancouver Island and indicates a seasonal current 

variability with meandering and eddy-spawning characteristics. Sea surface temper

ature fronts mirror coastal bathymetric features to depths between 200-500 m and 

the offshore summer current structure suggests the influence of canyons in the 500 m 

isobath that serve as a triggering mechanism for pronounced meandering. Juan de 

Fuca Strait, an estuary that provides a freshwater influence to the coastal region, 



demonstrates an across-strait temperature difference associated with a rotationally 

influenced ( Coriolis) estuarine flow and definable sea surface temperature fronts due 

to tidally induced mixing and topographic features that separate the strait into two 

varying temperature regimes. Furthermore, numerous images provide evidence of the 

Vancouver Island Coastal Current (VICC) and its appearance supported the influ

ence of a buoyant plume of freshwater from Juan de Fuca Strait which serves as a 

probable forcing mechanism. 

The final chapter presents a number of possible future directions for the AVHRR 

data collected from this local receiving site and applications within the coastal oceano

graphic environment for remotely sensed sea surface temperature imagery. 
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Chapter 1 

Introduction 

Since the late 1960s, radiometers on board the National Oceanographic and 

Atmospheric Association (NOAA) series of polar orbiting satellites have been used 

to sense infrared radiation from the sea surface. Even without complex atmospheric 

correction or calibration algorithms, infrared radiation emitted from the sea surface 

and sensed by the Advanced Very High Resolution Radiometer (AVHRR), and its 

predecessor, the VHRR, provide a qualitative view of oceanographic features and 

processes (e.g. upwelling, ocean fronts, eddies, etc.). 

Recently, NOAA/NESDIS (National Oceanographic and Atmospheric Associa

tion/National Environmental Satellite, Data and Information Service) have derived 

sea surface temperatures (SST) as a product from the AVHRR using Multi-Channel 

Sea Surface Temperature (MCSST) algorithms. These algorithms contain coefficients 

derived through regression analysis with in situ surface data and attempt to model 

the effects of the intervening atmosphere between the satellite-borne sensor and the 

ocean surface. McMillin and Crosby (1984) provide a historical perspective of this 

development. 
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Recent advances in both satellite receiver and data processing capabilities have 

permitted the establishment of local receiving facilities capable of acquiring NOAA 

AVHRR data and generating sea surface temperature images using the NOAA/NESDIS 

MCSST algorithms (Baranski, 1992; Gower, 1992; Viehoff, 1990). Satellite derived 

sea surface temperatures from the AVHRR provide the most feasible method of ob-

taining timely, large-scale measurements of the sea surface on a routine basis. The 

objective of this thesis was to establish a remote sensing facility capable of acquir

ing satellite-sensed data from the NOAA series of polar orbiting satellites, generate 

a series of sea surface temperature images, and observe the oceanographic features 

evident in the images. 

The thesis is organized in the following manner. Chapter 2 identifies the salient 

oceanographic features within the primary region of interest. For this study the 

coastal region of Vancouver Island was selected, which supports the shift in priority 

of some defence strategists toward the coastal regions as part of a comprehensive de
k 

fence and sovereignty policy. Furthermore, numerous previous studies have identified 

the necessity to monitor and understand coastal oceanographic regions, particularly 

in light of their importance in biological productivity, the possible impact of envi-

ronmental contaminants and the complexity of the oceanographic processes. Chap

ter 3 details the background theory of infrared satellite observations with particular 

emphasis on the characteristics of the AVHRR and its use in deriving sea surface 

temperatures. Chapter 4 identifies the particular features of the satellite receiving 

and data processing systems employed in the development of the series of images 

collected for this study (from mid-May 1994 to February 1995). Chapter 5 presents 

a statistical analysis used to quantify the validity of the sea surface temperatures 

2 



derived from the remotely sensed infrared data through comparisons to fixed buoys. 

Chapter 6 features a general descriptive analysis of the more prominent features de

picted within the images and their relationship to oceanographic processes and past 

research along the Vancouver Island coastline. Chapter 7 provides a summary of the 

study and presents a number of future directions. 

3 



Chapter 2 

General Characteristics of the 
Region of Interest 

2.1 Introduction 

Figure 2.1 depicts the overall region selected for the study covering the entire 

coast of Vancouver Island to the north and as far south as the Columbia River out

flow. This particular area is characterized by rather complex coastal oceanographic 

processes and has been the focus of numerous previous studies that provide a ref

erence base for infrared image assessment and comparison (Thomson, 1981; Emery 

and Mysak, 1980; Emery, 1984; Freeland and Denman, 1982; Thomson et al., 1989). 

Furthermore, some of the previous studies in the region have utilized satellite sensed 

infrared imagery in support of more traditional oceanographic measurement tech

niques (Ikeda et al., 1984a,b; Emery and Mysak, 1984; Thomson, 1984). The ob

jective of this particular study is to demonstrate the inherent value associated with 

satellite remote sensing of sea surface temperature characteristics within the coastal 
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Figure 2.1: General region of interest used in image collection. The inset identifies the 
region along the Pacific coastline (from 46°N to 52°N). Major topographical features 
identified in image assessments are depicted as well as the general location of the 
satellite receiver (i.e. Victoria, B.C.). The legend identifies particular features (e.g. 
fixed buoy 46132). Figures 2.2 and 2.4 should be consulted for features located 
within Juan de Fuca Strait and the Strait of Georgia. 
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environment as a primary analysis tool. 

A series of offshore buoys, depicted in Figure 2.1, provide "ground truth" 

data for both the statistical methods employed in Chapter 5 and an environmental 

reference for the general image assessments of Chapter 6. The general characteristics 

of the fixed buoys are presented in Chapter 4. 

The following sections provide a cursory overview of some of the more salient 

oceanographic features of the region selected for this study. The primary objective of 

these sections is to provide a general perspective of the oceanographic processes that 

may have an impact on the sea surface temperature and consequently be assessable 

within the images derived from the remotely sensed infrared data. The overall region 

is presented in a number of subsections: 1) Juan de Fuca Strait, with particular 

emphasis on tidal mixing and the influence of estuarine flow; 2) the Strait of Georgia, 

limited to the impact of freshwater influx from the Fraser River; 3) the Washington 

and Oregon coastline, again predominantly focusing on the effect of freshwater runoff 

from the Columbia River; and 4) the offshore region, with emphasis on the seasonal 

current variability, and eddies and meanders along the continental shelf. 

2.2 Characteristics of Juan de Fuca Strait 

Juan de Fuca Strait is a deep submarine valley, located south of Vancouver 

Island on the west coast of Canada, which connects the Strait of Georgia and Puget 

Sound to the Pacific Ocean. East of a line joining Jordan River to Pillar Point, 

the bottom has a gently sloping U-shape, terminated by a sill depicted in Figure 2.2, 

which has an average depth of 55 m (Thomson, 1981 ). West of the line between Pillar 
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Figure 2.2: Plan view of Juan de Fuca Strait showing the Victoria-Green Point sill 
(which divides the "inner" and ':outer" strait) and the narrow passages at Haro and 
Rosario Straits. The banks within the inner strait are depicted as stars in the figure 
(modified from Thomson, 1981). 

Point and Jordan River, the strait takes on a more characteristic V-shaped profile 

until, once seaward of Cape Flattery, where it turns~outhwest and becomes irregular 

with numerous deep underwater canyons (most notably the Juan de Fuca Canyon). 

Figure 2.3 depicts the irregular nature of the bathymetry of Juan de Fuca Strait as 

well as the overall region of interest from the northern tip of Vancouver Island to the 

Columbia River. 

Juan de Fuca Strait can be divided into an "inner" and "outer" strait, separated 

by the sill south of Victoria (termed the Victoria-Green Point sill). The inner strait 

represents the widest region, approximately 40 km wide over the 56 km from the sill 

to Whidbey Island in the east (see Figure 2.2). Freshwater (predominantly from the 

Fraser River and the Strait of Georgia) enters through a series of complex channels, 

principally Haro and Rosario Straits (Haro Strait is 8 km wide and averages 250 min 
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depth) both of which represent regions of intense mixing (see sections later on tidal 

mixing). Over 50% of the freshwater input to Juan de Fuca Strait travels through 

Haro Strait with approximately 20% passing through Rosario Strait (Thomson, 1981). 

There are a number of banks within the inner strait that come to within 30 m of the 

surface that may have an impact in tidal mixing (bank locations identified in Figure 

2.2). The outer strait attains depths of 250 m near the entrance and has widths 

varying between 22-28 km for the initial 100 km (measured from the mouth), and 

then narrows to 18 km between Race Rocks and Port Angeles. 

2.2.1 Temperature Distribution within Juan de Fuca Strait 

The following overview focuses on bulk water temperatures and although the 

satellite senses infrared surface radiation this section serves as a general reference for 

the satellite derived temperatures in Chapter 6. 

Temperatures at 10 m depth off Vancouver Island rarely reach above 12°C and 

within Juan de Fuca Strait itself, temperatures remain cold throughout the year 

(Thomson, 1981). During the winter, temperatures range from 8 - 10°C near the 

Pacific entrance to lows of 8°C near the eastern section of the strait (inner strait). By 

March, colder ocean water (6-7°C) penetrates up-strait along the bottom, although 

surface temperatures remain slightly below 10°C with no significant change until the 

onset of the spring freshet (Thomson, 1981). During the the spring freshet, warmer 

freshwater from the Strait of Georgia (with temperatures up to 20°C), passes through 

Haro and Rosario Straits, where intense tidal mixing occurs. The result of tidal mixing 

within Haro and Rosario Straits should allow for uniform temperatures throughout the 
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Figure 2.3: Bathymetric features of the overall region. The dominant canyons are 
identified (e.g. Spur, Juan de Fuca, Clayoquot and Quinault ), as well as La Perouse 
Bank (from GEBCO, 1994). 
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water column (Thomson, 1981), particularly westward to the Victoria-Green Point 

sill (see Figure 2.2), and the development of sea surface temperature fronts that 

should be evident in the infrared imagery (see Section 2.2.3.2). During the summer, 

typical temperatures away from the regions of intense tidal mixing range between 12-

140C, and with decreasing solar radiation in late September, the strait demonstrates 

cooler more uniform temperatures (Thomson, 1981 ). Therefore, periods of primary 

concern are the spring freshet, summer warming and a sharp decline in September 

(due to reduced solar warming and increased wind activity, which cause temperatures 

to approach winter values of 8 - 10°C). 

2.2.2 Wind Influence in Juan de Fuca Strait 

Prevailing winds off the British Columbia- \Vashington coast are from the south

west in winter and northwest in summer. Mountainous terrain associated with Juan 

de Fuca Strait itself funnels the winds to easterly in winter and westerly in summer. 

There tends to be an overall increase in wind speed from the eastern to western sec

tions of the strait, with the strongest wind speeds occurring in winter (winds greater 

than 15 m s-1 occur 10-15 days per month in winter and 1-2 days per month in 

summer (Thomson, 1981)). 

2.2.2.1 Wind Effect and Current Reversals 

The role of wind forcing on the estuarine flow within Juan de Fuca Strait was 

investigated by Holbrook et al. (1980a) who found that coastal wind directions were 
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highly coherent with axial estuary currents and that coastal Ekman dynamics (winds 

conducive to downwelling) seemed to play a key role in generating up-estuary near-

surface current reversals. This has the effect of drawing warmer offshore water into 

the mouth of the strait. During the study period, Holbrook et al. (1980a) attributed a 

decrease in net flow (measured at 4 m depth) from 0.31 m s-1 near Sooke, to 0.1 m s-1 

near the mouth of Juan de Fuca Strait, to a near surface current reversal associated 

with coastal wind direction. During the current reversal, up-strait phase velocities 

of 0.28 m s-1 were determined that began as a deceleration in along-strait flow co

incident with winds from the SSW and rising sea levels at Neah Bay and Port San 

Juan (see Figure 2.2). Temperature measurements during the reversal indicated that 

warmer coastal water was advected up-strait at speeds varying from 0.2-0.26 m s- 1 . 

Fresher water from the Columbia River discharge has been observed up to 135 km into 

the strait during a current reversal (Frisch et al., 1981). Surface drifters were used in 

August, 1978 which demonstrated displacements of 25 km day-1 prior to the reversal 
k 

and up to 60 km day- 1 in the opposite direction during the reversal. It should be 

noted that reversals tend to intrude into the strait along the southern shore ( Coriolis 

effect), and are generally associated with particular winter atmospheric conditions 

and rarely occur during the summer (Frisch et al., 1981). 

2.2.3 Vertical Structure and Circulation within Juan de 
Fuca Strait 

Year round circulation within Juan de Fuca Strait has been characterized as a 

vigorous, two-layer estuarine pattern with seaward surface currents of 0.2-0.4 m s-1 

and subsurface landward currents of approximately 0.1 m s-1 (Holbrook et al., 1980a). 

Studies performed during the summers of 1975 and 1984 supported a positive estu-
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arine circulation that was more clearly defined at the mid-strait sections than nearer 

the mouth (Labrecque et al., 1994). Between 1976-1979, the strait was the focus of 

an intensive study which determined that about 90% of the current variance fell in 

the tidal frequency band (Muench and Holbrook, 1980). Current variance was char

acterized in three bands: subtidal (0.6 cpd), diurnal (0. 79- 1.03 cpd) and semi-diurnal 

(1.82-2.04 cpd). The diurnal and semi-diurnal components accounted for 65-88% of 

the total variance, except during the winter when significant variance (27%) occurred 

at subtidal frequencies (majority greater than 0.16 cpd)(Holbrook et al., 1980a). 

Freshwater entering the strait maintains estuarine flow by establishing longitu

dinal sea-surface slopes and internal density gradients (Holbrook et al., 1980b ). How

ever, large tidal currents associated with the narrow channels at Haro and Rosario 

Straits induce vertical mixing, resulting in a more uniform temperature with depth, 

although there should be evidence of sea surface temperature fronts (see Section 

2.2.3.2). Furthermore, freshwater influx from the Fraser River also demonstrates a 

seasonal dependence associated with the spring freshet (Section 2.3.1) and a fort

nightly temporal dependence due to the spring-neap tidal cycle (Thomson et al., 

1989). 

The width of Juan de Fuca Strait is close to the local internal Rossby radius, 

resulting in an interface between inflow and outflow that is sloped (Holbrook and 

Halpern, 1982). The outflowing layer along the north coast can be approximately 

140 m thick while the southern interface between outflow and inflow occassionally 

breaks the surface creating inflow from the surface to the bottom (Labrecque et al., 

1994). This may explain temperature characteristics when viewed in a cross-strait 

sense. 
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2.2.3.1 Tides within Juan de Fuca Strait 

Interaction between the M2 and K1 tidal constituents produce a mixed tide 

within Juan de Fuca Strait. From the entrance to the vicinity of Race Rocks, the M2 

component dominates and mixed, mainly semi-diurnal tides result; whereas, within 

the inner strait, the K1 component is dominant producing mixed, mainly diurnal tides. 

The effect of Coriolis tends to produce a greater tidal range along the south shore 

of Juan de Fuca Strait (Thomson, 1981). Furthermore, ebb currents are noticeably 

stronger than flood currents within the top 100 m and the across-strait interface slope 

separating net seaward and landward flow, due to the effects of Coriolis and channel 

curvature, results in a concentrated ebb flow along the north shore of Juan de Fuca 

Strait (Thomson, 1981). 

2.2.3.2 Tidal Mixing 

Under minimal mixing conditions, freshwater runoff (predominantly from the 

Fraser River) continues seaward as a shallow surface layer. In the event of moderate 

vertical mixing, saltwater entrainment from below increases and a greater compensat

ing subsurface inward flow is required. By comparison, in a strongly mixed estuary, 

freshwater runoff leaves the system as a weak barotropic flow (Griffin and LeBlond, 

1990). Although there is a tendency to classify estuaries in terms of their verti

cally mixed nature, many estuaries fluctuate from one type to another in response to 

changing conditions (Farmer and Freeland, 1983). In the case of Juan de Fuca Strait, 

variations in tidal states (i.e. ebb/flood, neap or spring tides) has the tendency to 
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alter the nature of the estuary and may be apparent in the satellite-sensed sea surface 

temperatures. 

The principle seaward route for freshwater from the Fraser River is through the 

complex channels of Haro and Rosario Straits. The initial mixing region is Boundary 

Passage (near Saturna Island, see Figure 2.2) due to a major sill (75 m), with 

further mixing occurring 75 km seaward of Boundary Passage at another major sill 

within the eastern region of Juan de Fuca Strait (Victoria-Green Point). Large tidal 

currents over a shallow shelf induce turbulent dissipation of the tidal energy such 

that stratification can be prevented and the boundary between stratified areas and 

vertically mixed regions may be delineated by a sharp sea surface temperature front 

(Simpson and Pingree, 1978). A stratification parameter given by 

(2.1) 

where, h is water depth and u, the amplitude of the tidal stream, provides a measure 

of vertical mixing. Contours of the parameter, log (h/u3 ), have been shown to coincide 

with fronts depicted in satellite-sensed infrared images (Robinson, 1985) and should 

be apparent in the infrared images collected for this study. 

2.3 Characteristics of the Strait of Georgia 

While not the region of primary concern, the impact of the Strait of Geor-

gia on the sea surface temperature within Juan de Fuca Strait has been previously 

demonstrated, particularly in reference to tidally enhanced flow through Haro and 

Rosario Straits and the impact of freshwater influx from the Fraser River. The Strait 
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Figure 2.4: Features of Georgia Strait. Of importance are the constricted channels 
at Haro and Rosario Straits where the bulk of the freshwater input into Juan de 
Fuca Strait enters (see Figure 2.2). Also marked region 1, indicates Admiralty Inlet 
where freshwater from Puget Sound enters Juan de Fuca Strait and 2 defines the 
approximate location of the tidally induced "standing wave" (i.e. Saturna Island, see 
Figure 2.2), (from Thomson, 1981). 
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of Georgia is approximately 222 km long and 28 km wide with an average depth of 

155m and a maximum depth of 420 m (Thomson, 1981) (Figure 2.4). To the north, 

the strait is linked to the Pacific Ocean through a series of narrow and reasonably 

long channels. However, the primary concern of this study is its link to the south 

through Haro and Rosario Straits. The direction of flow for the freshwater from the 

Fraser River is predicated somewhat on the tidal cycle (i.e. ebb or flood); however, 

Giovando and Tabata (1970) demonstrated a pronounced flow southeastward under 

the influence of southeasterly directed winds. 

2.3.1 Temperature Distribution in the Strait of Georgia 

Temperature structure within the Strait of Georgia varies with depth, season 

and proximity to the Fraser River delta. The lower layer (depths of 50-400 m) tends 

to maintain a reasonably constant 8-10°C with slightly higher winter values ( ,..._,1 °C) 

(Thomson, 1981). Within the upper layer, which represents a primary influence on 

Juan de Fuca Strait, temperatures demonstrate a more pronounced variability. 

In the upper layer (0-50 m) winter temperatures range from 5-7°C, with the 

coldest water associated with the outflow from the Fraser River (due primarily to 

its passage through the cold BC interior). Abatement of storm activity during the 

spring, permits the effects of solar radiation to raise temperatures to near 15°C by 

May. Historically, the Fraser River freshet reaches a maximum by late May to early 

June and provides volume flow levels three to three and a half times that of the 

winter flow (Thomson, 1981). The increased inflow of freshwater develops a surface 

brackish layer that is more stable and incoming solar radiation results in mid-strait 

temperatures that approach 20°C. However, nearer the tidally mixed regions (Haro 
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Strait) water temperatures should remain low due to the influx of cooler subsurface 

water. 

2.3.2 Wind Patterns in the Strait of Georgia 

Wind patterns are predominantly from the northwest in summer, which sup

ports Fraser River freshwater flow toward Haro and Rosario Straits (Giovando and 

Tabata, 1970), and from the southeast in winter. Modifications to this pattern are 

produced primarily due to topographical features that cause a funnelling effect similar 

to Juan de Fuca Strait. Summer winds are typically lighter and more erratic, while 

the winter pattern is modified by cold polar continental air masses from the northeast 

which penetrate into the region and develop easterly wind patterns near Haro and 

Rosario Straits (Thomson, 1981). 

2.3.3 Tidal Patterns within the Strait of Georgia 

The most apparent tidally related feature within the Strait of Georgia is a stand

ing wave that tends to pivot about a line eastward of Saturna Island (see Figure 2.4). 

This feature arises as the reflected tide from the narrow channels at the northern

most region of the Strait of Georgia interacts with the northward progressing tide 

from Juan de Fuca Strait. Attenuation of the reflected portion of the semi-diurnal 

tide due to friction within the narrow channels of Haro and Rosario Straits, prior to 

re-entering Juan de Fuca Strait, confines the "standing wave" within the Strait of 

Georgia (Thomson, 1981). The line eastward of Saturna Island should be apparent 

in the infrared images since the enhanced tidal mixing should manifest itself in a sea 

surface temperature front. 
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2.4 Characteristics of the Oregon and Washing
ton Coasts 

Landry and Hickey (1989) provide a comprehensive oceanographic assessment 

of features along the Washington and Oregon coastline. For this study the focus is 

on the influence of freshwater outflow from the Columbia River and its possible use 

as a "tracer" of the general offshore current regime (see Figure 2.1) . Outflow from 

the Columbia River (as well as other smaller rivers along the coast) should follow a 

similar pattern to the Fraser River with colder outflowing water during the winter 

and warmer water during the summer months. 

2.4.1 Impact of Columbia River 

The importance of the rivers along the Washington and Oregon coast can be 

assessed based on historical river discharge rates. Inflow from the smaller rivers of the 

Washington and Oregon coast contribute approximately 36 x 109 m 3y- 1 according 

to data averaged from 1961-1981 (Landry et al., 1989) with a seasonal pattern of 

maxima during winter and minima during summer, reflecting the regional rainfall 

records. However, the Columbia River discharge, with a peak in June associated with 

the spring melt, averages 228 x 109 m3y- 1 and dominates the freshwater influence to 

this coastline. 

Seasonal isotherms typically bend southward in the summer and northward dur-

ing the winter in response to prevailing currents (Landry et al., 1989). The variation 

in isotherm direction should act as a "tracer" of the prevailing current regime. Typi-

cal values of 9°C are apparent along the shoreline near the Columbia River mouth in 
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winter and 15-16°C, during the summer. The maximum outflow from the Columbia 

River (typically in June) coincides with a usual shift in wind direction which drives 

the river discharge to the south during the summer and therefore it should have less 

impact on the coastal region off Vancouver Island. 

2.5 Characteristics of the Offshore Region 

The following sections identify salient features of the offshore region with par

ticular emphasis on seasonal prevailing current variability and typical eddies and 

meanders evident along the Vancouver Island continental shelf. 

2.5.1 Bathymetry of the Offshore Region 

The offshore region, particularly near the mouth of Juan de Fuca Strait, demon

strates a rather complex bathymetry with several notable feattures (see Figure 2.3). 

The Juan de Fuca Canyon, which is approximately 7 km wide, cuts through the 

continental shelf from the SSW to the NNE prior to entering Juan de Fuca Strait. 

Spur Canyon, a local feature, juts northward from this larger canyon and two smaller 

canyons, Nitinat and Barkley, extend coast ward, breaking the continental shelf (through 

the 200 m isobath). La Perouse Bank is notable as the only bank larger than the 

local internal Rossby radius of deformation and therefore quite likely the only region 

capable of modifying large scale geostrophic flows (Freeland and Denman, 1982). 

Figure 2.3 also depicts prominent bathymetric features in the 500 m isobath 

along the coast of Vancouver Island that demonstrate a 75-80 km spacing (e.g. Es-
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peranza and Clayoquot Canyons). These features have been suggested as a "trigger

ing" mechanism for meanders within the prevailing summer surface current structure 

(Ikeda et al., 1984a) which is developed further in Section 2.5.3. 

2.5.2 General Wind Patterns in the Offshore Region 

The large scale wind patterns that affect the Vancouver Island coastal region 

show a seasonal variability; however, there are two dominant and opposing patterns 

associated with summer and winter. 

The summer pattern develops under the influence of the relatively stationary 

Pacific high pressure system centred in the east central Pacific Ocean. This sys

tem supports winds that tend to blow from the northwest creating a coastal regime 

conducive to upwelling. The transition to the winter pattern occurs between late 

September to early November when the Aleutian low dominates the Pacific atmo

spheric pressure distribution and resultant northward winds prevail along the Van

couver Island coastline with strongest conditions from October to March (Thomson 

et al., 1989). However, it should be noted that current reversals associated with local 

wind variations at the mouth of Juan de Fuca Strait have been recorded and may 

have an impact in the region (see Section 2.2.2). 

2.5.3 Current Structure in the Offshore Region 

Near the mouth of Juan de Fuca Strait, the West Wind Drift divides into the 

poleward flowing Alaskan Current and the equatorward California Current. Emery 

(1984) suggests that in the summer the south flowing California Current influences 
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the coastal region, while during the winter the split occurs further south and the 

Vancouver Island coastal region is influenced by the Alaskan Current. Circulation 

within this region has been characterized as typical of eastern boundaries and is 

relatively weak, broad and ill-defined, with the occurrence of mesoscale eddies and 

reversals common (Freeland et al., 1984). 

The California Current system, which is comprised of the California Current and 

the California Undercurrent (termed the Davidson Current when it reaches the surface 

(Hickey, 1979) ), affects the flow structure at the mouth of Juan de Fuca and certainly 

along the coast of Vancouver Island where it develops eddies and meanders (Ikeda 

et al., 1984a,b; Emery and Mysak, 1980). In fact, the impact of the undercurrent 

has been directly related to eddy generation along the northwest coast of the island, 

particularly in late summer and early fall (Thomson, 1984). Based on observations 

taken along the west coast of Vancouver Island between 1979-1982, the surface flow 

during the winter is to the northwest and parallel to the shoreline. Evidence suggests 

that speeds of 0.3-0.4 m s-1 occur approximately 15 km from shore and are greater 

than currents further offshore. By April the flow becomes more variable over the 

outer shelf with a southeastward current developing in early summer which reaches 

maximum speeds of 0.2 m s-1 by August (Freeland et al., 1984). During late summer 

to early fall the California Current seems to move offshore under the influence of the 

Alaskan Gyre and it is replaced by the poleward flowing Davidson Current. This 

transition from poleward to equatorward currents occurs abruptly during the spring, 

whereas the reverse in the fall is more gradual (Landry and Hickey, 1989). It has been 

suggested that seasonal variations in the current are related to shifts in prevailing 

wind directions (Thomson et al., 1989). Figure 2.5 depicts the generalized current 
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structure in the offshore region and the prevailing wind directions. 

The presence of the California Undercurrent (CUC) in the coastal waters off 

Vancouver Island has been well documented (Reed and Halpern, 1976; Hickey, 1979; 

Mackas et al., 1987). Similar to the California Current, the CUC also reaches a 

maximum during the summer; however, the jet-like core appears confined to the con

tinental slope. During the summer this poleward-flowing current is normally found 

below 200 m although some speculation suggests that the cue experiences seasonal 

variations in core depth reaching the surface during late fall to early winter (Hickey, 

1979). Figure 2.6 represents a generalized schematic of the California Current system 

and its seasonal variability as suggested by Ikeda et al. (1984a). Furthermore, Free

land and Denman (1982) and Mackas et al. (1987) have shown the existence of CUC 

water within upwelling regions along the southern shelf of Vancouver Island during 

the summer, further supporting the importance of the undercurrent to the region 

and the possibility that its features may be assessable through infrared imagery (see 

Section 2.5.4). 

A forcing mechanism for the surface flow has been attributed to alongshore 

sea level slopes caused by the alongshelf wind stress. This mechanism accounts for 

seasonal variability due to prevailing wind direction and resulting shelf and slope 

undercurrents (Landry and Hickey, 1989). However, other theories have been pro

posed to account for poleward flow along eastern boundaries. Forcing mechanisms 

such as topographic stress generated by the interactions of non-linear shelf waves 

or eddies with alongshore variations in topography have been suggested (Holloway, 

1987). Large scale fluctuations (typically as large as seasonal means) are apparent and 

analysis indicates that 80% of the variance is contained in a single quasi-barotropic 
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Figure 2.5: Offshore generalized surface current structure for both winter and summer. 
The impact of La Perouse Bank is apparent in the generalized flow and the typical 
location of the Juan de Fuca Eddy is depicted in the summer circulation pattern 
(from Thomson et al., 1989). 
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Figure 2.6: Seasonal variation in the California Current system. Top series of dia
grams indicates depth dependence in current speeds with the vertical axis representa
tive of ""20 km seaward of the shelf break. The bottom series illustrates the seasonal 
directional nature of the current structure. During the spring, both the surface cur
rent (SC) and the undercurrent (identified as CU in diagrams) flow southeastward 
with cores within 50 km of the shelf break. The summer flow regime depicts the Cal
ifornia Undercurrent (CU) oppositely directed to the surface flow with a maximum 
core speed near 300 m depth (top centre). Finally, the winter regime depicts both 
currents directed northwestward with the Undercurrent (CU) demonstrating a core 
somewhat further offshore than the surface flow (from Ikeda et al., 1984a). 
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mode with an alongshelf scale exceeding 500 km (Landry and Hickey, 1989). Another 

feature reported by Battisti and Hickey (1984) was a large scale alongshelf coher

ence with up to 90% of the coastal sea level and mid-shelf velocity fluctuations the 

result of wind-forced coastal-trapped waves (alongshelf scales of 2000 km). Higher 

mode coastal trapped waves, with shorter alongshelf wavelengths and a more compli

cated crossshelf modal structure (zero crossings over shelf or slope) may contribute 

to alongshelf velocity variance; however, clear evidence has not yet been established, 

although an energetic second mode wave has been identified (Yao et al., 1984). These 

second mode waves may be wind induced although evidence suggests that they may 

be generated by topographic scattering due to the canyon structure at the mouth of 

Juan de Fuca Strait (Yao et al., 1984). 

2.5.4 Eddies and Meanders Along the Shelf 

In the case of the outer shelf, the fluctuating flow field below the surface Ekman layer 

(50 m), does not correlate with either the wind stress or the large scale alongshelf, 

barotropic pressure gradient which suggests the relative importance of meanders and 

eddies (non-linear effects) (Landry and Hickey, 1989). These meanders and eddies 

have been previously documented (Ikeda et al., 1984a,b; Thomson, 1982; Freeland and 

Denman, 1982) and they should be evident in the infrared images. Investigations have 

suggested three general explanations: baroclinic and barotropic instabilities within 

the large scale current structure (i.e. California Current/California Undercurrent, 

etc.), instabilities in the wind-driven coastal currents (Thomson and Gower, 1985), 

and the effects of freshwater input (i.e. Fraser River, predominantly). 

The mesoscale circulation of the region is dominated by the Juan de Fuca Eddy. 

25 



This semi-stationary eddy is located in the vicinity of Spur Canyon and appears 

topographically controlled (Freeland and Denman, 1982). The eddy first appears with 

the spring transition (shift to southeastward current structure) and generally lasts 

throughout the summer. The exact nature of the upwelling, either topographical or 

wind driven, has not been determined although the water characteristics of the eddy 

(cold, low oxygen, high nutrient and high salinity) support CUC origin (Freeland 

and Mcintosh, 1989). Numerous other less regular eddies have also been described 

(Thomson, 1984; Ikeda et al., 1984a). 

Closer to shore and of significant impact to the region of interest is the buoy

ancy driven coastal current, locally defined as the Vancouver Island Coastal Current. 

The current persists throughout the year with a width of 15-25 km, extending to 

the bottom and exhibiting a core depth of approximately 50 m. During the winter 

the current flows in the direction of the prevailing local wind stress and currents 

over the shelf (northwestward); however, during the summer the current continues 

northwestward counter to the prevailing wind and current structures (Hickey et al., 

1991). Flow in this current is expected to be quasi-geostrophic and highly baroclinic 

since freshwater runoff is believed to be the primary forcing mechanism, either di

rectly from the Vancouver Island watershed or indirectly through Juan de Fuca Strait 

(Tully, 1942; Thomson, 1981; Freeland et al., 1984). The buoyancy current should 

exhibit a semi-annual periodicity due to fluctuations in the maximum and minimum 

inputs from coastal runoff and estuarine discharge (Freeland et al., 1984; LeBlond et 

al., 1986). Peak runoff for the Fraser River occurs in late May to early June (due to 

snow melt). In contrast, the input from rivers along the western shore of Vancouver 

Island peaks in December (when it actual exceeds Fraser River input) during the 
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rainy season (Freeland et al., 1984). However, Griffin and LeBlond (1990) identified 

"pulses" of freshwater from the Fraser River associated with neap tides (fortnightly 

intervals) and hence minimal tidally induced mixing that proceeded down Juan de 

Fuca Strait at approximately 30 km day-1 (0.35 m s-1 ). Water property analysis 

indicated that the maximum amplitude of the signals occurred within 100 km of the 

mouth and within 30 km of the coast. These pulses may contribute to the Vancouver 

Island Coastal Current, particularly during the summer when the current direction 

opposes prevailing shelf currents and local wind stress (Hickey et al., 1991). Fur

thermore, a large scale seasonal variation in current structure is apparent with the 

current tending to remain close to the shore during the winter and moving offshore 

at La Perouse Bank, narrowing and then returning toward the coast near Barkley 

Sound during the summer. 

2.5.5 Upwelling 

Figure 2.5 depicts an upwelling conducive wind and current regime during the 

summer months. In the general case for coastal wind-driven upwelling, the horizontal 

scale over which upwelling occurs is of the order of the Rossby baroclinic radius of 

deformation ( -40 km for this area) (Tabata and Kimber, 1979). Kelly (1985) indi

cates that for a given wind stress, upwelling is not uniform along a coastline, but 

"stringer" upwelling occurs downstream of capes and promontories. These regions 

tend to produce narrow "jets" that typically affect the top 200m. Figure 2.1 depicts 

the complex topography of a coastline (particularly Brooks Peninsula and Estevan 

Point) that may support stringer upwelling. In the event of a stratified water mass, 
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which would most likely be the case for coastal areas (due primarily to freshwater 

runoff), the isopycnals move vertically upward with upwelled water and so both ver

tical and horizontal mixing becomes important. Furthermore, the existence of the 

Coastal Current and the poleward undercurrent (flow in the bottom boundary layer 

will be onshore potentially replacing upwelled water) may complicate matters. Ex

periments performed in 1981 and 1982 (Hermann et al., 1989) confirmed that during 

both upwelling and downwelling events along the Washington coastline, cross-shelf 

flows followed expected patterns with the strongest flows occurring in the upper 10 m 

in either case. During the upwelling event (August-September) a significant portion 

of the return flow was confined to the layer just beneath the pycnocline rather than 

nearer the bottom boundary layer, supporting the development of a near bottom 

poleward undercurrent which opposes onshore flow. 

2.6 Summary 

This chapter has presented an overview of some of the oceanographic processes 

that affect the sea surface temperature structure. The focus within Juan de Fuca 

Strait will be on the impact of freshwater from the Fraser River and sea surface 

temperature fronts that may be associated with the tidal influences. As well, the 

characteristics of rotationally influenced estuarine circulation within Juan de Fuca 

Strait should be evident, particularly in an across-strait temperature difference if 

the "sloped" interface between inflow and outflow develops (Holbrook and Halpern, 

1982). 

Within the offshore region, seasonal variability in the current structure ( equa

torward in summer and poleward in winter) should be apparent in the sea surface 
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temperature, as well as meanders and mesoscale features (e.g. Juan de Fuca Eddy). 

Outflow from the Columbia River (at the Washington-Oregon border, see Figure 2.1) 

should serve as a tracer of the general surface current structure. 
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Chapter 3 

Satellite Infrared Remote Sensing 
and the AVHRR 

3.1 Introduction 

The following chapter serves as background information concerning the princi

ples of satellite remote sensing with particular emphasis on the use of the infrared 

region of the electromagnetic spectrum. Although the Advanced Very High Reso

lution Radiometer (AVHRR) on board the NOAA satellites uses two visual or near 

visual wavebands (Channels 1 and 2) and three infrared wavebands (Channels 3,4 

and 5) the following chapter focuses on the infrared region because use of the visual 

channels is primarily for cloud delineation and some ground referencing procedures 

(which are further amplified within Chapter 4). 

There are numerous texts which more completely develop the principles of re

mote sensing (Elachi, 1987; Maul, 1985; and Robinson, 1985); however, this chapter 

provides a cursory overview of the most salient features associated with the infrared 
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component of the electromagnetic spectrum exploited by the AVHRR. The chap-

ter presents the general characteristics of the infrared region of the electromagnetic 

spectrum followed by some of the problems associated with satellite sensed infrared 

radiation from the sea surface. The final section summarizes the essential features of 

the AVHRR itself. 

3.2 Characteristics of the IR Region of the Elec
tromagnetic Spectrum 

High frequency waves, which characterize the visible and infrared regions of the 

electromagnetic spectrum are generated by molecular excitation, both vibrational and 

electronic, followed by decay. The frequency emitted is proportional to the energy 

difference between the levels of the molecules. There are a number of mechanisms that 

cause molecular excitation (e.g. electrical discharge, photon illumination), however, 
J.. 

random motion which results in collisions and emissions of electromagnetic waves 

results in heat energy (kinetic energy), which leads to the concept of the "blackbody" 

radiator. The sun emits radiation with a peak in the visual region as compared to the 

thermal emission of the earth which occurs at a much lower temperature and hence 

higher wavelength. Figure 3.1 demonstrates the spectral peak associated with the 

radiating sun, centred within the visual band (for 6000 K), and the peak emission 

associated with a 300 K surface (i.e. sea surface) centred between 10-12 J.Lm. 

Emissions occur over wide spectral bands and an ideal source, termed a black-

body radiator, emits at a maximum rate permitted by thermodynamic laws with the 
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Figure 3.1: Blackbody emission spectra for varying temperatures demonstrating the 
peak for typical sea surface temperatures ( "'300 K) centred near 10fim (from Robin
son, 1985). 

spectral emittance following Planck's formula 

(3.1) 

where A is the wavelength, h is Planck's constant, k is the Boltzman constant, c the 

speed of light, and T the absolute temperature in Kelvin. In Equation 3.1, 5(?.), often 

referred to as emittance, is the radiant flux density of radiation, per unit bandwidth 

centred at some wavelength, A, leaving a unit area of surface with no directional 

dependence. 

Equation 3.1 applies for a perfect emitter (i.e. blackbody). For a real surface, 

emission can be described through the use of spectral emissivity, c(A), which is the 

ratio of radiant emittance from a natural body compared to a blackbody at the same 

temperature and wavelength. Spectral emissivity demonstrates a weak temperature 

dependence, but does vary significantly with wavelength. Integration of equation 3.1 
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over all wavelengths gives the total emitted energy over the whole spectrum, S, which 

is defined by the Stefan-Boltzman Law 

(3.2) 

where u = 5.669 x 10-s [Wm-2K-4]. The peak spectral emittance, occurring at a 

wavelength, Ama.x, is given by Weins' displacement law 

Amax = 2897[J.lmK] 
T 

(3.3) 

and is illustrated in Figure 3.1 where the peak emittance for a 300 K surface occurs 

near 10J.lm. Determination of the radiant flux density in the surrounding space, due to 

emitted, scattered and reflected radiation, provides information about the properties 

of the surface. 

The satellite sensor measures radiance (radiant flux per unit solid angle per 

unit projected area per unit bandwidth) with the assumption for infrared emission 

that the surface can be considered Lambertian ( dep.ned as uniform radiance in all 

directions)(Robinson, 1985; Maul, 1985). The concept of radiance is pictured in 

Figure 3.2. 

For radiant energy, Q (joules), the radiant flux, ¢,is given by 

¢= dQ. 
dt 

(3.4) 

For a solid angle, n, subtended by area A on a spherical surface, the irradiance 

(radiant flux arriving at the surface), E, is given by 

d¢ 
E= dA' (3.5) 

The radiant intensity, I (which introduces the direction that the energy is travelling 

using the dimensionless measure of solid angle (i.e. steradian, sr)), and radiance, L 
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Figure 3.2: Radiant flux and solid angle (from Robinson, 1985). 

(for energy leaving the source) are defined as 

and 

I= dcP 
dn 

di 
L = dA case. 

(3.6) 

(3.7) 

For the Lambertian surface, providing uniform radiance in all directions, emittance 

at a given wavelength can be determined using 

L(A) = S(A) 
7f 

(3.8) 

Therefore using L(A), it is possible to determine temperature using Equation 3.1 with 

the assumption that T in this case would be the apparent, or brightness tempera

ture, (assumption of blackbody for sea surface) at that particular wavelength. If the 

emissivity is known then the temperature can be determined from the emittance of 

the perfect emitter using 
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S(.A) _ 1r L(.A)measured 
blackbody - t:(.A) • (3.9) 

In the infrared wavelength region, the emissivity of the sea surface is approximately 

0.98 and varies little with wavelength, temperature or surface roughness, although 

it is affected by surface slicks (Robinson, 1985). Therefore, measurement of the 

surface emittance, L(A )measured, and application of Equations 3.9 and 3.1 permit the 

determination of the apparent temperature of the sea surface. 

As demonstrated in Figure 3.1, the peak spectral emittance for a 300 K black-

body would be centred close to lOpm, and therefore operating a sensor responsive 

to this wavelength would be ideal for measuring L(A) within the range of typical sea 

surface temperatures. 

3.3 Problems Associated with IR Sensing of the 
Ocean Surface 

The following sections detail features of both the atmosphere and the near-

surface ocean layer that have an important impact on infrared sensing of the sea 

surface with a particular emphasis on the AVHRR. 

3.3.1 Atmospheric Influences/ Absorption/Zenith Angle 

Within the IR region (3-14pm), the atmosphere interacts with incident ra

diation through absorption and re-emission at different wavelengths. The principle 

absorbers are indicated in Figure 3.3. Absorption by carbon dioxide (C0 2 ) is reason

ably constant throughout the atmosphere. Ozone ( 0 3 ) absorption varies diurnally 

(greatest absorption during the day due to the generation of ozone through ultravio-

35 



WAVENUMBER (cm-1) 
1400 1000 800 700 

co 

HOO 

HzO 

100~~~~~~~~~~~~~--~~~--~ 
I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 

WAVELENGTH (f1-m) 

Figure 3.3: Effect of absorption (measured at the earth's surface) for specific atmo
spheric constituents within theIR region (from Maul, 1985). 

let interaction with oxygen (Robinson, 1985)) and is confined to a layer 20-30 km in 

height. Water vapour is present lower in the atmosphere (typically below 10 km) and 

varies both seasonally and horizontally on a scale of 1000's of kilometres. Models of 

various atmospheres have been developed to accommodate this geographical diversity 

and are commented upon below. Furthermore, because the atmosphere is cooler than 

the sea surface, it will re-emit absorbed radiation at a lower temperature causing a 

shift in the spectral peak to a longer wavelength which results in the sensor receiving 

a lower apparent surface temperature. 

Figure 3.4 depicts the transmission characteristics of various atmospheric con-

ditions for infrared wavelengths. It can be noted that absorption at the equatorial 

latitudes (lower transmittance) is much larger than at polar latitudes. Furthermore, 

although the sensitivity of the 8-14.um window to atmospheric variation is larger than 
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Figure 3.4: Atmospheric transmittance for various atmospheric conditions (from 
Maul, 1985). 

the 3-5f.Lm window, the surface reflectivity in the 3-5f.Lm window is three times greater 

than at llf.Lm. This results in reflected energy m~king the surface emittance and 

therefore limits the usefulness of the 3-5~tm window to nighttime (Maul, 1985). The 

10-12f.Lm band represents the optimal region by mimimizing surface reflected radiation 

and utilizing peak blackbody emission characteristics for a 300 K surface. 

The basic premise of atmospheric and scattering corrections has been to de-

termine a relationship between Tseasurface and Tsatellite, which can then be used to 

regressively determine some form of Tcorrection that may be applied. Aside from the 

absorbers and scatterers that may be present within the atmosphere: the angle of ob-

servation must also be considered (this has an impact on the atmospheric "thickness" 

through which the emitted radiation must pass). 

The objective of the infrared radiometer (e.g. AVHRR) is to exploit the trans-
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mission "windows" present within the atmosphere and utilize the peak emission char

acteristics associated with the typical temperatures of the sea surface. 

3.3.2 Characteristics of the Near-surface Ocean Layer 

The wavelengths used by the Advanced Very High Resolution Radiometer (AVHRR) 

on board the NOAA series of polar orbiting satellites are presented in Table 3.1 

(Section 3.4) and are selected to exploit the clearest windows in the atmosphere and 

optimize the response to the typical range of sea surface temperatures (i.e. 270-

300 K). The actual thickness of the layer remotely sensed varies with the wavelength 

measured. Wavelengths in the infrared region (3-14pm) represent a depth of less 

than 0.1 mm (with depth decreasing with increasing wavelength, i.e. 3-4pm depth of 

0.075 mm, and 4-5pm for a depth of 0.025 mm). Therefore, assumptions made about 

the sea surface temperature from remotely sensed data measured by the AVHRR 

must be assessed in terms of how representative it may be of the true surface tem

perature, which is generally defined as the temperature within the top metre. The 

following sections describe some of most important features of the near-surface ocean 

layer that potentially limit the effectiveness of the AVHRR in providing sea surface 

temperatures that are representative of this top metre. 

3.3.2.1 Diurnal Temperature Effect 

On a calm day, the sea surface can be up to a degree Kelvin warmer than water 

at a depth of 1 m or greater (i.e. mixed layer) due to the effects of day time heating 

and the development of a surface thermal layer (Robinson, 1985). Furthermore, this 
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effect may occur on sub-pixel scales (less than 1.1 km for AVHRR, see Section 3.4) 

and hence be undetectable. However, during the night, the absence of incoming solar 

radiation allows the surface to cool and sink, promoting gravitational mixing and 

effectively eliminating the surface thermal layer. Extensive wind stirring offsets this 

effect and so images must be analysed with time of day and wind effects considered. 

3.3.2.2 Skin Temperature 

Skin temperature deviations refer to the temperature difference within the top 

0.1 m of the ocean surface. Evaporation, radiation and heat fluxes can cause the skin 

temperature, T skin, to vary from the bulk water temperature, T water. Typically, T skin 

is a few tenths of a degree Kelvin cooler than T water, due primarily to vertical heat 

flux, Qn, through the air-sea interface (Robinson, 1985). At night when there is no 

solar radiation the net upward heat transfer through the surface is given by 
J. 

Q n = Q ir + Q g + Q h + Q I (3.10) 

where, Qir is the infrared radiation emitted by the surface (positive during night), 

Q 9 downwelling infrared radiation from the sky, clouds and atmosphere (negative), 

Qh sensible heat flux, and Q1 latent heat flux. Generally, Qn is positive and the 

temperature deviation 8T is negative (i.e. surface slightly cooler) with typical values 

of -0.1 to -0.5 K. Under unusual circumstances positive values have been noted, such as 

Kropotkin et al. (1978) who reported values for 8T of +5.0°C under calm conditions 

and a 1 mm oil slick. It should be noted that if a diurnal thermocline develops, 

then a strong thermal gradient exists, and this effect would necessarily need to be 

distinguished from the skin effect, 8T. 

39 



Theoretical analysis by Saunders (1967) shows a relation between Qn, the sur-

face heat flux, and U friction, the friction velocity of the wind at the surface. Assuming 

wind-driven turbulence rather than convective instability (i.e. not during calm con-

ditions) the following relationship has been developed 

(3.11) 

where, km is molecular conductivity of sea water, 11 the kinematic viscosity and A a 

constant which shows a reasonable scatter in value from both field and laboratory 

work (Grassl, 1976; Simpson and Paulson, 1980), indicating the necessity to assess 

other environmental parameters (i.e. waves, slicks, effect of surface tension, etc.) 

Generally, skin temperature deviations have been ignored based on the assess-

ment that the error was minimal in comparison to the errors associated with AVHRR 

sensor calibration and other atmospheric effects (Robinson, 1985). 

3.3.2.3 Effect of Surface Slicks 

A thin layer of lighter material floating on the surface, both from naturally 

occurring material and oil from ships, can form distinct patches due to surface con-

vergence of sea-water. In the event that the layer is one molecule thick, its effect is 

generally minimal. However, if thicker the reduced emissivity reduces brightness tern-

peratures, although consideration of increased reflectance due to the slick (depending 

on solar and satellite zenith angles, see Figure 4.1) may counter this effect during 

the daytime. 

A surface slick also affects the thermal structure inhibiting the transfer of mate-

rial and momentum across the interface, as well as reducing wind mixing, allowing for 
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increased diurnal effects and increasing conduction (allowing for greater 8T). Further

more, the slick can inhibit evaporation, and both Q1 and Qir can be reduced resulting 

in an overall reduction in Qn, which may in turn lead to a decrease in 8T. The effects 

of slicks can be very complex and can occur on sub-pixel scales so the overall effect 

can be difficult to interpret. 

3.3.2.4 Effects of Salinity Variability 

The nature of the coastal region is such that variations in salinity occur both 

spatially and temporally due to freshwater influx (e.g. Fraser River and estuary, tidal 

mixing, etc.). At infrared wavelengths, the optical properties of seawater vary slightly 

from freshwater as a result of shifts in the absorption bands due to impurities and 

changes in the index of refraction associated with dissolved ions (Maul, 1985). The 

real part of the index of refraction, n, for visible wavelengths, increases by 6x10-3 for 
.f. 

a salinity change from 0 to 35 psu, and similar effects are assumed for the infrared 

region (Maul, 1985). However, for remote sensing in theIR band, changes in Fresnel 

reflectivity (p fresnel) due to salinity are of primary concern. Fresnel's equations relate 

to the amount of radiation reflected from the ocean surface and are an important 

consideration when the blackbody assumption for sea surface emittance is being made. 

Experiments have shown that relative reflection (p fresnel( seawater) I p fresnel(freshwater)) 

varies from 1.04 at 2.5 fLm to 0.96 at 12.0 fLm over a wide range of incidence angles 

and so is generally considered negligible (Maul, 1985). 
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3.4 Characteristics of the AVHRR Sensor in De
riving SST Measurements 

A complete description of the AVHRR and its component parameters as well 

as features of the NOAA Polar Orbiter can be found in Kidwell (1991) and Planet 

(1988). The following sections emphasize particular characteristics of the AVHRR as 

it pertains to the accuracy and usefulness of satellite-acquired sea surface tempera

tures. 

The distinct advantage of A VHRR data is the large area of coverage and the 

relative immediacy of results in representing a synoptic view of an oceanic region's 

surface temperature. Data received from the AVHRR represents a 1.1 km pixel res

olution at the satellite subpoint (see Figure 4.1 and details presented in Section 

4.3.1) and so provides very good spatial sampling of the ocean surface. However, 

through utilization of the infrared region, a disadvantage is also prevalent in that 

only the very surface (skin) of the ocean is sampled and so frequently, depending on 

atmospheric conditions, features with significant depth dependence may not be well 

represented. Furthermore, as previously identified, the "bulk" temperature of the 

ocean (often considered the surface temperature) is frequently measured within the 

top metre; whereas the SST provided by the AVHRR (using wavelengths between 

3-14 J.Lm) represents a depth of less than 0.1 mm. Table 3.1 presents the pertinent 

wavelength details of the AVHRR on board the NOAA Polar Orbiters used in this 

study (i.e. NOAA's 9, 10, 11, and 12). Another problem that must be considered 

is the temporal variability of the ocean. Coincident passes from a single satellite are 

separated by approximately 100-102 minutes (assuming that the area of interest is 

within the satellite swath area -2800 km for both passes; see Figure 4.1). Using 
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Channel Waveband (JLm) AVHRR* Waveband (JLm) AVHRR/2 
1 0.58-0.68 0.58-0.68 
2 0.725-1.10 0.725-1.10 
3 3.55-3.93 3.55-3.93 
4 10.5-11.5 10.3-11.3 
5 10.5-11.5 11.5-12.5 

Table 3.1: Wavelengths used in the AVHRR channels. * refers to NOAA 10 which 
repeats Channel 4 wavelength band in Channel 5 and hence was not used to generate 
SSTs (see Section 4.3.2). NOAA's 9, 11 and 12 are represented by wavebands in 
AVHRR/2 (data extracted from Kidwell, 1991). 

multiple satellites (e.g. NOAA's 9, 11 and 12) does permit the possibility of more fre

quent sampling, although occassional satellite unserviceabilities presented a further 

limitation during this particular study period (e.g. NOAA 11 in mid-September). 

Therefore, features with a high temporal variability cannot be adequately resolved. 

The following sections are summarized from Kidwell (1991) and provide the most 

pertinent details of the AVHRR internal calibration procedures and the method used 
.A, 

to derive surface "brightness" temperatures for each infrared channel. 

3.4.1 Infrared Sensor Limitations 

The non-linear nature of Equation 3.1 implies that for a given uncertainty 

in measured radiance, temperature uncertainties vary with the actual temperature 

sensed, so that errors are related to a specific temperature band (i.e. for most ocean 

applications 270-300 K). 

On board temperature stability is maintained through the use of a blackbody 

cavity at a known temperature that the radiometer views periodically and repre

sents the AVHRR internal calibration procedure. Another concern is the sensitivity 
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Figure 3.5: Scan cycle of the AVHRR as a function of scan angle. The calibration 
target region refers to the internal "blackbody" calibration performed by the AVHRR. 
This internal target is designed to be at 290 K and is used in conjunction with the 
deep-space region to form a two-point linear calibration (from Foote and Draper, 
1980). 

(temperature resolution) of the instrument, which unlike the absolute calibration, is 

concerned with the difference in brightness temperatures across a single image. The 

following sections present the calibration and temperature resolution characteristics 

of the A VHRR. 

3.4.1.1 AVHRR Calibration 

Calibration is performed once each scan. As the mirror rotates it observes 

earth, space, the housing, space and then earth again. Figure 3.5 depicts the scan 

cycle. The housing is controlled to be at 290 K and free space approximates zero 

radiance. The electronics of the system are designed to produce a linear output and 
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with these two references a calibration is achieved. Errors associated with the in-flight 

calibration are reported to be 0.31 K and are primarily associated with the assumed 

emissivity of the blackbody reference, errors in the temperature sensors (platinum 

resistance thermometers), and temperature gradients across the scanned earth region 

(Robinson, 1985). 

3.4.1.2 AVHRR Temperature Resolution 

Resolution is controlled by sensor noise and the digitization interval. Sensor 

noise depends on the target temperature and the integration time over which the 

electrical output of the transducer is summed. A longer integration time permits 

greater reduction in random thermal noise. In the case of the AVHRR, NE6 T (noise 

equivalent difference temperature) is inversely proportional to the integration time 

for a given noise level. The objective is to minimize the Brownian thermal noise, 

achieved by cooling the sensor (105 K) through a heatsink to space, allowing the 
4 

AVHRR to achieve sensor noise levels of approximately 0.05 K over the integration 

time of 25 fJ.,S (Robinson, 1985). 

Within the analogue/digital converter, digitization resolution varies with both 

the temperature of the target and wavelength used (wavelength varies with each 

channel in the AVHRR; see Table 3.1). Using the typical target temperatures between 

270-300 K, the resolution ranges between 0.13-0.10 K for Channels 4 and 5 and 0.17-

0.05 K for Channel 3 (Robinson, 1985). 

Sensor noise and digitization error is combined to provide the NE6T of 0.12 K 

for the AVHRR although evidence suggests that instruments typically perform better 

than this error limit (Foote and Draper, 1980). 

45 



3.4.2 Brightness Temperature from the AVHRR 

The following summary of how the AVHRR determines apparent temperature 

from digital pixel values associated with each scan is condensed from Robinson (1985), 

Maul (1985), the NOAA Technical Memorandum (Planet, 1988), and Kidwell (1991 ). 

The AVHRR delivers digitized sensor values for each waveband (Channels 1-

5 on NOAA's 9, 11 and 12) and each pixel across a scan line. Within the data 

stream are the digital values associated with the in-flight calibration as identified 

previously. For Channel 3 (using a InSb detector) the relationship behaves linearly. 

For Channels 4 and 5 (with HgCdTe detectors) the calibration is slightly non-linear. 

Therefore, the linear in-flight calibration identified earlier must be compensated with 

corrections added to scene brightness temperatures for each waveband and baseplate 

temperature (baseplate refers to the internal blackbody cavity on board the AVHRR; 

see Figure 3.5). 

Essentially, using the digital values associated with the black body cavity, Dbb, 

from cold space, D~, and the average temperature of the resistance thermometers, 

T ref, a calibration for the apparent temperature of each pixel is determined. A verag

ing over numerous scan lines effectively eliminates residual variances. This calibration 

is performed for each waveband depending on the normalized wavelength response 

curve, which is a pre-flight measurement (response curves can be found in Planet, 

1988). Using the radiance measures of the blackbody reference and that of deep 

space, a linear two point calibration is constructed. The radiance value for each 

pixel within a particular waveband can then be determined with allowances for the 

non-linearities associated with Channels 4 and 5. 
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The two point calibration provides a slope and intercept (slope;. and int;.), 

which can be used to determine the emittance for each waveband 

L~ = slope;.[DN]>. + int;. (3.12) 

for the digital value DN;.. The brightness temperature for this perfect emitter can be 

used in Equations 3.9 and 3.1 to develop a curve (from a least squares fit) of the 

form 

Tb =A+ Bln(L~) (3.13) 

where Tb represents the brightness temperature associated with that pixel's digital 

count. The brightness temperatures associated with each infrared band are derived 

from a look up table (DN;. to Tb), and can be used in various algorithms designed to 

compensate for intervening atmospheric conditions (see Section 4.3.2.1). 

For completeness it should be noted that the two visual channels (Channels 1 

and 2) rely on a pre-launch calibration since there_t,is no visual reference on board 

the AVHRR. However, experiments using ground-based techniques to monitor and 

adjust for errors in these channels have been performed using target albedo for a 

perfectly reflecting Lambertian surface, illuminated by an overhead sun, in a linear 

relation to count level (Teillet and Holbern, 1994). A detailed description of pre

launch calibration procedures for Channels 1 and 2 is provided in Rao (1987). 

3.5 Summary 

This chapter summarizes the most pertinent principles of infrared remote sensing of 

the sea surface using the A VHRR. The A VHRR is designed to measure IR energy 

emitted from the surface at wavelengths that represent the peak emission charac-
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teristics for the typical range of sea surface temperatures and provide for maximum 

transmission through available atmospheric "windows". Although the use of infrared 

wavelengths presents limitations due to the near-surface characteristics of the ocean, 

in a general sense the apparent temperatures provided by the infrared channels of the 

AVHRR represent the sea surface temperature (typically considered the top metre), 

particularly once atmospheric correction algorithms have been applied. 

The proposed application of sea surface temperatures derived from the AVHRR 

dictates the nature of the accuracy required. In the case of an individual image, with 

the objective of assessing spatial variability, absolute calibration to an actual surface 

temperature is less important than the measure of temperature resolution. Com

bining the AVHRR internal in-flight calibration error (0.31 K) and the temperature 

resolution error (0.12 K) provides for an across image sensitivity of 0.33 K (RMS). 

However, temporal comparisons of numerous AVHRR images collected throughout a 

study period are more affected by absolute calibration which is generally supported 

by comparisons to in situ measurements (see Chapter 5). 
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Chapter 4 

A VHRR Data Collection and 
Processing 

4.1 Introduction 

The following chapter summarizes the AVHRR data collection and processing 

used for this study. Characteristics of the satellite receiving unit and the data acqui

sition and storage system are presented. This is followed by an overview of the data 

selection and processing employed to generate the sea surface temperature images 

used for the analysis presented in Chapters 5 and 6. 
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4.2 Characteristics of AVHRR Data Collection 
and Storage 

4.2.1 Quorum Data Capture Engine 

AVHRR infrared data were collected using a Quorum Data Capture Engine. 

The Quorum Data Capture Engine (produced by Quorum Communications of Irving, 

Texas) is a complete system capable of acquiring 1-band, digital downlinked signals 

from the NOAA satellite High Resolution Picture Transmission (HRPT) which con

tains AVHRR data (Planet, 1988). The unit consists of a 1.2 m parabolic dish 

antenna and an azimuth/elevation control unit which is combined with a PC-based 

satellite tracking software package to provide a self-contained satellite-tracking and 

data acquisition system. 

The control unit allows for 355 degrees of azipmth and 180 degrees of eleva

tion control for the 1.2 m dish. The software included with the Quorum package 

permits user-defined receiver location, elevation limits and satellites to track. Fur

ther details of the system can be found in Quorum Communications (1992) and the 

Qtrack software manual (version 1.14). Two of the more important variables in the 

program are the internal clock time and satellite element sets. The internal clock 

time is recommended to be at an accuracy of better than 1 second in order to ensure 

that the 1.2 m dish is able to successfully track the required satellite. This accuracy 

was accomplished through the use of regular clock updates to an NCSA (National 

Center for Supercomputing Applications) time reference after each satellite pass that 

was recorded (essentially 2-3 times per day). Satellite element sets define the orbital 
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characteristics of the satellite (e.g. NOAA 11) and were updated weekly through the 

US Air Force Institute of Technology from a Celestial BBS. 

4.2.2 Data Acquisition System 

The Quorum Data Capture Engine was installed in mid-February 1994 and 

regular collection of NOAA AVHRR data (NOAA's 9, 10, 11 and 12) began in mid

May. More detailed characteristics of the NOAA series of polar orbiting satellites is 

presented in various NOAA publications (Kidwell, 1991; Planet, 1988). In general 

NOAA satellites 9, 11 and 12 were used in this study. NOAA 10 data were collected 

and stored but because this particular satellite contains a repeat of the Channel 4 IR 

wavelengths in Channel 5, it was not used to generate a SST. This was due to the 

algorithm employed to convert the brightness temperatures provided by the AVHRR 

into sea surface temperatures (see Section 4.3.2). The NOAA satellites are in a sun

synchronous polar orbit at nominal altitudes of 833 and 870 km (Kidwell, 1991). The 

choice of altitude ensures that the orbital periods between operational satellites is 

sufficiently different that they do not view the same point on the earth at the same 

time. Throughout the study period satellite overpasses typically occurred between 

0600-1000 and 1600-2200 (Local time). Figure 4.1 shows a generalized schematic 

of the satellite track in relation to solar position and ground track (i.e. satellite 

subpoint) as well as the satellite scan and zenith angles referred to in later sections. 

Initially a PC-based satellite tracking program was used to select particular 

satellite passes to record based primarily on the satellite ground track. 105 images 

from NOAA's 9-12 were collected from May to early July and stored on 4 mm digital 
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Figure 4.1: Satellite ground track and sun pos1t10n demonstrating satellite scan 
(±55.4°) and solar zenith angles. In the ideal scenario the satellite subpoint would 
track overhead the receiving site (i.e. Victoria) (from Kidwell, 1991 ). 
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tape. An "automated" system became functional in early July that recorded images 

on 8 mm Exabyte tape. Images recorded using this system were restricted to a file size 

constraint that essentially limited passes to those whose satellite ground track was 

reasonably close to overhead the recording site (i.e. Victoria, BC), providing images 

with satellite nadir within 500 km of Victoria (the value of limiting the subpoint 

tolerance is further amplified in Section 4.3.1). 

Except for a few power and system failures, "automated" image collection con

tinued to 28 February 1995 (for this thesis; however, actual data collection and storage 

is ongoing). An additional 963 images were recorded during this time with the most 

notable problem being the malfunction of NOAA 11 in mid-September, and additional 

processing problems identified in Section 4.3. 

4.3 Data Processing 

4.3.1 Initial Processing and Geometric Corrections 

Initial image processing was performed with a PC-based software package called 

MapiX/Ocean (from Delta Data Systems of Picayune, Mississippi). MapiX/Ocean 

processes AVHRR data captured via the Quorum Communications package into sea 

surface temperatures and sea surface temperature gradients (SST and SST /G) and 

was developed in cooperation with fisheries scientists from the National Marine Fish

eries Service (USA). 

Geometric effects (i.e. earth curvature, satellite scan angle, etc.) have an imp or-
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tant impact on the usefulness of satellite-acquired infrared data, particularly in terms 

of the radiant energy emitted being interpreted over a non-uniform surface. In the 

case of Quorum captured images, MapiX resamples the original 2048 pixels per scan 

line to 2713, so that each pixel is set to a size of 1.1 km. The resampling algorithm 

compensates for the nadir angle dependence of the line-scan imagery provided by the 

AVHRR, and earth curvature over the sampled region by essentially increasing the re

sampling rate with increasing scan angle (using a nominal satellite altitude of 850 km 

and earth radius of 6378.4 km; see Figure 4.1). Kidwell (1991) implies that areas 

within 15° of the satellite subpoint experience very little distortion at the edges. The 

analogue data output from the sensors of the AVHRR is digitized on board the satel

lite at a rate of 39,936 samples per second per channel. This corresponds to an angle 

of scanner rotation of 0.95 milliradians for each sample step (Kidwell, 1991). Using an 

instantaneous field of view (IFOV) of 1.4 milliradians (although IFOV varies slightly 

with each channel) there are approximately 1.362 samples per IFOV (Kidwell, 1991). 

The AVHRR provides 2048 samples per scan per channel from ± 55.4° from nadir 

(subpoint). Using 15° either side of the satellite subpoint, which corresponds to 277 

samples (i.e. pixels), one can assume limited distortion over limits of approximately 

305 km either side of the satellite subpoint (based on 1.1 km per pixel). Therefore, 

although the geometrically corrected SST images produced through the MapiX re

sampling routine included a nadir angle dependence, the value of limiting the fully 

processed images to those with a satellite ground track within a reasonable range 

(approximately 500 km) of overhead the receiving site, further decreases the impact 

of any geometric distortion and supports the validity of 1.1 km pixel resolution across 

the processed image. 
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The orbit information (from the element sets) stored in the Quorum file is used 

to define earth location data for latitude and longitude across the file. A third order 

linear regression model is used to transform the coordinates into a Mercator projection 

which is defined with a parallel of true scale set to 49° North (mid-point of region of 

interest). The input pixels are then mapped into a file having the geographical limits 

defined (again defined by the selected region of interest, i.e. Vancouver Island) using 

a nearest neighbour resampling technique. 

4.3.2 Sea Surface Temperature Determination 

Sea surface temperatures used in this study have been calculated using NOAA 

algorithms developed by the National Marine Fisheries Service Coastwatch unit and 

supersede algorithms used by NOAA prior to the summer of 1993 (MapiX literature). 

The following sections present a brief overview of the general method employed to 

generate sea surface temperatures from AVHRR brightness temperatures as well as 

the characteristics of the particular algorithm employed for this study. 

4.3.2.1 MCSST Temperature Algorithms 

Multi-channel sea surface temperature (MCSST) algorithms have been used for 

several years to derive sea surface temperatures from AVHRR brightness temperatures 

and the following section presents a summary of the general procedures. 

Equation 3.13 defines the brightness temperature for a specific pixel value that 

may then be used in some form of algorithm to generate a SST based on collected 
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( insitu) surface temperature data and the modelled effects of the intervening atmo

spheric conditions. 

The general form of satellite-sensed, sea surface temperature, atmospheric cor

rection algorithms (often termed split-window functions, SWF) is 

T6urface = A[Tchannel(i)] + B[Tchannel(i)- Tchannel(j)]- Constant (4.1) 

where A and B are coefficients determined through three general approaches: 1) 

transmission models of thermal radiation using atmospheric profiles (Barton 1983, 

1985; Maul1983) where error correction is typically directed toward only atmospheric 

effects; 2) experimental methods employing regression analysis to "ground-truth" 

datasets (McMillan and Crosby 1984); and finally, 3) a combination of both methods, 

where approach 2) is used to adjust a SWF initially determined through method 1 

(McClain, 1981; McClain et al., 1985). 

McClain et al. (1985) present a summary of PEevious MCSST algorithms used 

for the AVHRR under both day and night conditions. The MCSST algorithms (in

cluding those proposed and used by NOAA/NESDIS) fall into three categories: 1) 

split-window functions using AVHRR Channels 4 and 5 for both day and night condi

tions; 2) night-time only, triple window functions (employ Channel 3; sun glint effects 

limit usefulness of Channel 3 in daytime algorithms); and 3) night-time dual window 

functions using Channels 3 and 4. These algorithms produce various error limits 

which generally result in temperature biases of -0.1°C (temperature bias reported by 

McClain et al. (1985) as Tbuoy- T satellite) with root mean square differences (RMS) of 

0.5°C. 

The coefficients used in the SWFs have undergone numerous adjustments and 
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a chronological summary is presented in Kidwell (1991) and for the specific nature 

of the coastal environment in Yokoyama and Tanba (1991). Furthermore, Yokoyama 

and Tanba (1991) demonstrate the value of the SWF using Channels 4 and 5 in 

the coastal regime off Japan, although they do suggest that the general form of the 

coefficients require regional adjustments. 

Operational algorithms (such as the MCSST used in this study) are tuned to 

remove errors associated with the bulk-skin temperature difference (i.e. skin effect 

identified previously) (Schluessel et al., 1990; Schluessel et al., 1992; Barton, 1992). 

However, the satellite zenith angle and hence the additional effects of intervening 

atmosphere, although somewhat accommodated within the reduced brightness tem

peratures inherent in Channels 4 and 5 due to an increased path length, are not always 

fully accommodated because evidence suggests that the () dependence is non-linear 

(Robinson, 1985). 

4.3.2.2 MCSST Algorithm Employed in this Study 

In the case of SSTs used in this thesis, radiances from the infrared bands of 

Channels 4 and 5 of the NOAA satellites were computed using the following 

E(i) = a(i) * DC(i) + b(i) ( 4.2) 

where, E(i)=radiance in channel(i), DC(i)=10 bit digital count value of pixels in 

channel(i), a(i)=slope in channel(i), and b(i)=intercept in channel(i). The apparent 

temperature in each channel, T(i) in degrees Kelvin, is determined through the use of 

the central wave number (V(i)) for each channel (provided by NOAA; Planet, 1988), 
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from the following 

. c2*V(i) 
T(z) = (ln(l.O + ((C1 * (V(i))3)/E(i))) 

(4.3) 

where C1 and C2 are constants (also provided by NOAA in Polar Orbiter Data Users 

Guide; Kidwell, 1991). In order to apply atmospheric corrections to the apparent 

temperatures, MapiX allows for two procedures: a) a daytime nonlinear split-window 

equation; and b) a nighttime nonlinear split-window, where the apparent temperature 

for Channels 4 and 5 (defined above) and the secant of the satellite zenith angle (see 

Figure 4.1) are used in 

and 

MC SSTday = 0.979224(T4) + 2.3617430(T4- Ts) + 

0.33084(T4 - T5 ) * (secz- 1.0)- 267.029 

MCSSTnight = 0.978971(T4) + 2.593454(T4- Ts) + 

0.623203(T4 - T5 ) * (secz- 1.0)- 267.542. 

(4.4) 

(4.5) 

The MCSSTs provide a sea surface temperature in °C and the determination 

between using the day or night version is based on the solar zenith angle (see Figure 

4.1) stored within each scan line of the A VHRR signal. For solar zenith angles less 

than 75° the daytime algorithm is employed (personal communication, Delta Data 

Systems, MapiX). 

The processed SST file consisted of a 256 greyscale image representing 465 x 

609 pixels, for the geographical limits defined as 52°N 129°W to 46°N 122°W for the 
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NW and SE corners of the selected region of interest (see Figure 2.1). A look up 

table converted the greyscale value into the appropriate SST defined by the MCSST 

algorithm. 

4.3.2.3 Image Selection and Ground Referencing 

The initial selection criterion of image file size (previously identified), essentially 

"filtered" satellite passes that were not considered to satisfy the satellite subpoint lim

its of approximately± 500 km from overhead of the receiving station. This resulted in 

1068 images collected during the study period (May 1994-February 1995). From this 

dataset, NOAA 10 satellite passes were not processed through the MapiX MCSST due 

to the limitations previously identified, reducing the dataset to 793 images. Further 

problems were encountered in mid-September when NOAA 11 became unserviceable 

and with the failure of NOAA 13 (proposed launch summer/fall 1994) limiting the 

study to two satellites (I\OAA 9 and 12). Surface meteorological analysis charts, ac

quired on a daily basis from the Meteorology and Oceanography Operations Centre 

(METOC) at Canadian Forces Base Esquimalt (Victoria. BC), and observation of 

the visual channels (i.e. Channels 1 and 2) were used to select satellite passes for 

which the region of interest was least cloud covered. The selected images were then 

processed using the MapiX routine to generate a georeferenced SST image. 

The SST images were transferred to an HP 700 series computer for further pro

cessing and image assessment. Unfortunately, the MapiX produced SST image does 

not employ an elaborate cloud contamination filter but for this study temperature 

values below 8.0°C for summer images and 6.5°C for winter images were considered 
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unreasonable and "flagged" as cloud contamination. The effects of sub-pixel clouds 

were not assessed for the general sea surface temperature images although consid

eration of their impact is included in the statistical analysis presented in Chapter 

5. 

Accurate image referencing is important, particularly for long datasets, in order 

to allow useful assessments of oceanographic temperature features (Ho and Asem, 

1986). Automated methods of image referencing using the orbital element sets have 

produced accuracies of approximately 10 km, which are further improved to 1-2 km 

using ground control points (GCPs) (Kloster, 1989). For this dataset, the SST images 

produced by the MCSST algorithm were land "masked" and then manually adjusted 

using ground control points within the region of interest (typically, 5-7 GCPs for each 

selected image: Victoria, Texada Island, Sooke-Race Rocks region, Dungeness Bay, 

Cape Flattery, Estevan Point, Brooks Peninsula, etc.) as depicted in Figure 2.1. On 

average the general corrections were limited to 2-3 km; however, in the event that an 

image required significant adjustment or had limited GCPs visible (potentially due 

to cloud contamination or signal errors), its use was limited. This processing resulted 

in 152 SST images (representing less than 20% of the collected data during the study 

period) for which further analysis was performed as identified in Chapters 5 and 6. 
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Chapter 5 

Statistical Analysis 

5.1 Introduction 

Sea surface temperatures derived from AVHRR data that have been atmospher

ically adjusted through the application of an MCSST algorithm can be assessed as 

representative of the actual sea surface temperature by comparison to "ground truth" 

sea surface temperature measurements. This chapter presents a statistical analysis 

comparing the satellite-derived sea surface temperatures with fixed buoy data. Ini

tially the characteristics of a series of fixed buoys that were used for both the sta

tistical analysis and the general image assessments (Chapter 6) is presented. This is 

followed by a summary of the general statistical characteristics of the satellite-derived 

temperatures and the fixed buoy parameters which suggest both a seasonal and geo

graphical dependence to the datasets. Linear correlation and regression analysis was 

performed comparing the satellite-derived sea surface temperatures to the various pa

rameters provided within the fixed buoy dataset. The results of this analysis indicate 

good correlations between satellite-derived and fixed buoy water temperatures (cor-
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relation coefficients between 0.88-0.94). Finally, an assessment of temperature bias, 

(T .satellite-Tbuoy ), is presented demonstrating some of the limitations associated with 

the particular MCSST used for the Vancouver Island coastal region. 

5.2 Fixed Buoy Data 

Ground truth data were provided by the Institute of Ocean Sciences (Pat Bay, 

Victoria, BC). Figure 5.1 shows the general locations of the fixed buoys along the 

Vancouver Island coast from which four buoys were selected for use in the statistical 

analysis. The buoys of primary interest are 46204, 46132, 46206 and 46146 as they fall 

within the selected region for this study (see Figure 2.1). The fixed buoy located at 

Sentry Shoal was not used ( 46131) because its location in 16 m deep water and near 

shore limited the ability to isolate this geographical location within the satellite passes 

and hence remove the confusion created by land m~ss pixels that would artificially 

alter the net radiance emitted from the location. 

Buoy Depth Latitude Longitude 
46204 224m 51° 22.5' N 128° 44.7' w 
46132 2040 m 49° 43.9' N 127u 55.4' W 
46206 73 m 48° 50.1' N 125° 59.9' w 
46146 40 m 49u 20.4' N 123u 43.6' W 

Table 5.1: Fixed buoy data from lOS. The buoy location and water depth are iden
tified. 

Complete details of the fixed buoys can be acquired through AXYS Environ

mental Systems Ltd. (Sidney, BC). The following provides a general overview of 

pertinent details. 
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Figure 5.1: Locations of fixed buoys used in satellite comparisons and general image 
assessments. Buoy 46207 \Vas not used as it was outside the selected region and Buoy 
46131 (as identified in Section 5.2) was too near shore to effectively remove possible 
land pixels (from R. Brown, lOS). 
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Wind speed and direction are averaged from two separate measurements over a 

ten minute sampling period. Reported tolerances for wind directions are ±10° which 

is further reduced to ±5° through compass comparison corrections. Wind speed mea

surements are reported with errors of approximately 2-5% (personal communication 

with AXYS Consulting, Mark Blaseckie, 1995). 

Water and air temperatures are measured with a Yellow Springs 44018 ther

mistor composite which is thermally connected to the hull below the water line at 

approximately 0.5 m depth for water temperature and 3.2 m above the buoy, in a 

mast mounted radiation shield, for air temperature. The thermistor composite is 

made of two different precision thermistors, which in combination with two precision 

external fixed resistors produce a resistance ratio which is linear with temperature 

to within ±0.35°C. The sensors are specified to give interchangeable accuracies to 

within 0.15°C. 

Adjustments are applied to calibrate temperature drift, with adjustments as 

much as 2°C per year being noted (personal communication, AXYS Consulting: 1995). 

Usually the corrections required are much less (manufacturer lists long term drift at 

less than 1%). Regular corrections and buoy repairs are performed, generally during 

May, so the tolerances suggested by the manufacturer are reasonably assured for the 

early part of the study period (personal communication, AXYS Consulting). 

Significant wave height is provided in metres and is determined by an accelerom

eter averaging over a 35 minute sampling period. The accelerometer is mounted per

pendicular to the hull deck, but not gimballed, and so subject to errors (although 

slight) due to buoy orientation. 
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5.3 General Statistical Characteristics 

5.3.1 Satellite and Fixed Buoy Temperature Dataset De
velopment 

Initially, the clearest images (152 total) were assessed visually for cloud con-

tamination within the location of the fixed buoys ( 46132, 46146, 46206, 46204). If the 

area was considered "cloud-free", a 5x5 pixel block centred on the fixed buoy location 

was extracted from the SST image. The block was median filtered (using 2£7) in order 

to minimize the effect of erratic values that may have been induced by sub-pixel cloud 

contamination and a mean value was determined. The dataset of sea surface temper-

atures was then divided into two groupings representing AM and P~1 passes in order 

to allow an assessment of the diurnal effect. This resulted in 156 A:\1 datapoints for 

the four fixed buoy locations identified in Figure 5.1 and 150 datapoints for the PM 

passes ( ""30-40 datapoints per fixed buoy location). From the fixed buoy parameters 

water temperature, air temperature and significant wave height were extracted for ±1 

hour from satellite overpass time and averaged, when necessary, to provide a single 

comparison value. 

5.3.2 General Statistical Features 

Figure 5.2 depicts histogram analysis for the AM pass dataset and the areas 

defined by up to 2£7. Mean values and standard deviations can be found in Table 

5.2. The limited number of datapoints from the winter months is apparent in the 
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Figure 5.2: Histograms of AM pass extracted data for N=156, overplotted boxes 
represent ±1 and 2 a. The effect of limited clear satellite images from late fall 1994 
through to February 1995 is apparent at the extreme left of the histograms in Plots 
1-3. 
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histograms. Images clear enough to be used in the fixed buoy comparison dataset 

were limited, for the most part, to the summer months (June through September). 

Variable Mean Std Dev 
AM pass N =156 

Sat T 14.8 2.7 
Water T 14.6 2.7 

Air T 14.3 3.1 
Wave Ht 1.2 m 0.8 m 

AM pass wjo 46146 N=114 
Sat T 13.9 2.1 

\Vater T 13.7 1.9 
Air T 13.3 2.4 

\Vave Ht 1.6 m 0.6 m 
PM pass N=150 

Sat T 15.2 3.1 
\Vater T 14.1 2.9 

Air T 13.3 2.8 
\Vave Ht 1.4 m 0.9 m 

PM pass wjo 46146 N=l14 
Sat T 14.4 2.3 

Water T 13.4 2.2 
Air T 12.8 2.2 

·wave Ht 1.7 m 0.9 m 

Table 5.2: Table of statistical values for fixed buoy and satellite derived sea surface 
temperatures. Of particular note is the impact that removal of fixed Buoy 46146 
has on the dataset by lowering the mean values for temperature while demonstrating 
higher mean values for significant wave height. The diurnal effect is also evident in 
the difference between mean values for satellite derived SST and the in situ water 
temperature for the PM pass data (i.e. """1°C difference). 

Figure 5.3 depicts PM pass histograms, again revealing the extremes presented 

by the limited winter month datapoints. Table 5.2 also demonstrates the diurnal 

effect associated with the PM pass dataset. Mean values for the satellite-derived 

temperatures (Sat T) are approximately 1 °C higher than their corresponding fixed 
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buoy water temperature (see Section 5.5). 

Furthermore, for both the AM and PM pass datasets, wave heights are geographically 
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Figure 5.3: Histograms of PM pass extracted data for N =150, overplotted boxes 
represent ±1 and 2 e7. 

biased by the fixed buoy located within the Strait of Georgia (Buoy 46146), which 

rarely recorded wave heights greater than 0. 7 m. In order to assess the impact of fixed 

Buoy 46146, Figures 5.4 and 5.5 represent the datasets with Buoy 46146 removed. 

In the case of the AM passes, the removal of fixed Buoy 46146 data essentially 

acts as a 0. 7 m significant wave height filter (of 42 datapoints corresponding to this 

location only one represented a significant wave height exceeding 0.7 m). Although 

there are wave heights below 0. 7 m present at the other fixed buoy locations, their 

limited impact is apparent in Figure 5.4 (Plot 4). In the case of the PM pass dataset, 

68 

25 

5 



Histogram of Sat Temp Histogram of Water Temp 
10 15 

8 
>, >, 

10 u u 
c 6 c 
v Q) 

::J ::J 
CT" 4 CT" 
v Q) 

5 .._ .._ 
LL. u.... 

2 

0 0 

5 10 15 20 25 30 5 10 15 20 25 30 
Satellite Temp (degC) Water Temp (degC) 

PLOT 1 PLOT 2 
Histogram of Air Temp Histogram of Wave Ht 

15 15 

>, 
10 

>, 
10 u u 

c c 
Q) Q) 
::J ::J 
CT" CT" 
v 

5 ~ 5 ~ u.... 

0 0 

0 5 10 15 20 25 0 2 3 4 5 
Air Temp (degC) Wave Height (m) 

PLOT 3 PLOT 4 

Figure 5.4: Histograms of AM pass extracted data for N =114, Buoy 46146 removed. 
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removal of Buoy 46146 is even more apparent as a 0. 7 m wave height filter (Figure 

5.5). 
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Figure 5.5: Histograms of PM pass extracted data for N =114, Buoy 46146 removed. 

Another feature of note apparent in Figures 5.4 and 5.5 is the effect that 

removal of Buoy 46146 has on the higher temperature values, essentially reducing the 

mean values. This feature is evident in Table 5.2 where mean temperature values 

(Sat T and Water T) are lower with the data from fixed Buoy 46146 removed. These 

results support the expected impact of solar radiation on a non-disturbed sea surface 

and suggest that the geographically isolated nature of Buoy 46146, within the Strait 

of Georgia, should be considered. 
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5.4 Regression and Correlation Analysis 

The results of the general statistical analysis indicate both a geographical and 

seasonal dependence to the fixed buoy and satellite datasets. The seasonal dependence 

is presented further in Section 5.5; however, for the regression and correlation analysis 

two distinct groupings were considered: a) the complete datasets for both the AM 

and PM passes; and b) Buoy 46146 in isolation. 

5.4.1 Statistical Analysis Techniques for Regression and Cor
relation 

The general approach is to demonstrate that two variables are correlated if it is 

statistically unlikely that they are uncorrelated. From Press et al. (1988) the linear 

correlation coefficient, r, for a pair of quantities (xi, yi) for i=1, ... ,N, where N is the 

number of pairs of datapoints is given by 

(5.1) 

where xis the mean of all Xi and 'if is the mean of all Yi· Values near zero for r imply 

no correlation between variables x andy whereas values near +1 (-1) imply positive 

(negative) correlations. 

For N pairs of datapoints the standard deviation, CY, is defined as 

The Fisher z-transform 

1 
CY= • 

..jN- 3 

1+r 
z = 0.5ln-

l- r 
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determines whether a regression coefficient is significant to support a given hypothesis. 

For a normal distribution, 95% of events occur within two standard deviations of the 

mean. One can determine a maximum absolute value for the correlation coefficient 

derived from Equation 5.1 that satisfies this defined z value, proving that the two 

variables are uncorrelated at the 95% confidence level. Subsequently, any value of the 

correlation coefficient greater than this maximum value implies that the variables are 

correlated at the 95% confidence level. 

5.4.2 Correlations and Regression Analysis Results 

Appendix B presents a summary of correlation and regression values with stan

dard errors and the minimum correlation coefficient for the 95% confidence level. The 

following sections present the most salient features of the analysis for the previously 

defined groupings. 

5.4.2.1 Complete Datasets 

The AM pass dataset produced a correlation coefficient between satellite-derived 

and measured water temperatures of 0.88, suggesting that approximately 78% of the 

variance in satellite-derived SST can be explained by the water temperature. Inclusion 

of air temperature within the regression produced a correlation coefficient of 0.89 (in 

both of these cases r95 , the minimum value for 95% confidence that the variables are 

correlated, was 0.13). Correlation between satellite-derived SST and air temperatures 

alone provided a correlation coefficient of 0.86, which is not surprising considering 
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the close link between air and sea surface temperatures. Figure 5.6 demonstrates 

the correlation and linear regression analysis performed with the complete AM pass 

datasets (N=156). 
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Figure 5.6: Correlation analysis plots using AM passes. Overplot line represents 
linear regression analysis. Correlation coefficients (r ), are indicated at the bottom 
right of each plot. 

Although the PM pass dataset demonstrated higher temperature biases (see 

Section 5.5, and Table 5.2) than the AM passes, indicating the effect of daytime 

solar radiation, a correlation coefficient of 0.94 between the satellite-derived temper

ature and fixed buoy water temperature was determined (explaining over 88% of the 

variance). Inclusion of air temperatures within the regression did not appreciably 

change the correlation coefficient, and regression between satellite-derived tempera-
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ture and air temperature alone produced a correlation coefficient of 0.90. Figure 5. 7 

presents the correlation and regression analysis performed with the PM pass dataset. 
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Figure 5. 7: Correlation analysis plots using PM passes. Overplot line represents linear 
regression analysis. Correlation coefficients (r ), are indicated at the bottom right of 
each plot. 

5.4.2.2 Buoy 46146 in Isolation 

Regression analysis of Buoy 46146 data alone (N =42 for AM pass data and 36 

for PM pass data) produced correlation coefficients of 0.86 between satellite-derived 

temperatures and the fixed buoy temperatures for the AM pass datasets and 0.97 for 

the PM pass datasets (explaining 74% (AM) and 94% (PM) of the variance, with r95 
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minimum values of 0.31 (AM) and 0.33 (PM)). The correlations coefficients for the 

complete datasets without Buoy 46146 were 0. 76 for the AM pass subset and 0.88 

for the PM pass subset. While these correlation values are slightly lower than those 

determined for the complete datasets (presented earlier) they are not statistically 

different (lower by less than 1o"). However, the 0. 7 m wave height "filtering" nature 

provided by data associated with fixed buoy location 46146 suggested a possible wave 

height dependence to the correlations. 

The complete AM and PM pass datasets were divided into two blocks, one as

sociated with wave heights greater than 1.5 m and one for datapoints recorded during 

wave height conditions below 1.5 m. The 1.5 m cutoff was selected as a midpoint be

tween the mean values recorded for significant wave heights presented in Table 5.2. 

For the AM pass datasets, the result of this division was a slightly poorer correla

tion between satellite-derived SST and water temperatures for the data defined by 

wave heights greater than 1.5 m (correlation coefficient of 0.80, explaining 64% of the 

variance). The data extracted for wave heights less than 1.5 m provided better cor

relations between satellite-derived sea surface temperatures and water temperatures 

with a correlation coefficient of 0.91, explaining almost 83% of the variance. Similar, 

although less pronounced relationships were found for the PM pass datasets when 

the 1.5 m division was applied (correlation coefficients of 0.87 for satellite to water 

temperature for greater than 1.5 m wave heights, and 0.96 for data associated with 

less than 1.5 m wave heights). 

Although nothing conclusive can be drawn from the results of the correlation 

analysis defined by the 1.5 m wave height division, particularly because the differ

ences in the correlation coefficients may not be statistically significant, the results 
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are included in light of the general pattern they present. The lower correlation coef

ficients associated with higher wave height data suggests a possible limitation within 

the MCSST used to produce the satellite-derived sea surface temperature dataset. 

At higher wave heights, substantial wave breaking and spray may develop a near sur-: 

face atmospheric layer that cannot be adequately modelled by the MCSST. In order 

to further assess a wave height dependence within the MCSST, more data points, 

under a greater variability of wave conditions should be investigated. Furthermore, 

consideration of the instantaneous field of view of the AVHRR ( 1.1 km at subpoint) 

would be necessary because it is significantly larger than the wavelength of the wave 

field, and hence a spatial mean would be required in order to interpret a relationship. 

The possible relationship between satellite-sensed SST and in situ water temperatures 

under varying wave height conditions is investigated further in the next section. 

5.5 Temperature Bias and Stability 

Numerous previous statistical studies of satellite-derived sea surface tempera

tures have employed temperature bias (T sat derived- T water in situ) to assess the validity 

of the algorithm used to generate the sea surface temperature from satellite-sensed 

infrared data (McClain et al., 1985; Pearce et al., 1989; Yokoyama and Tanba, 1991). 

Temperature bias (Tbias) and a stability measure (Tair-Twater) were determined for 

both the AM and PM pass datasets and the general results are presented in Table 

5.3. The most immediate result is the apparent effect of diurnal heating of the sea 

surface and the subsequent increase in satellite-sensed sea surface temperature which 

results in a higher Tbia.t for the PM passes. 

The temperature bias compares well with values presented by McClain et al. 
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Dataset Tbia.s RMSD T.stab 0' for T .stab 

AM pass 0.20°C 1.32°C -0.28°C 1.09°C 
PM pass 1.01 uc 1.50°C -0.75°C 0.94°C 

Table 5.3: Temperature bias and stability for complete datasets. The RMS difference 
(RMSD) for satellite to in situ water temperatures and the standard deviation on the 
stability measure are presented. 

(1985) however the significantly higher RMS differences (McClain et al. (1985) report 

RMSD of 0.6°C) may be explainable through the fixed buoy temperature comparison 

dataset which represents temperatures at 0.5 m depth. Furthermore, within coastal 

zones the existence of large horizontal temperature gradients and rapid temperature 

changes associated with advective mixing have been shown to produce larger RMS dif

ferences for various SST algorithms (Pearce et al., 1989). Using a number of different 

split-window functions (SWFs), Pearce et al. (1989) demonstrated RMS differences 

ranging from 0.55-1.36°C within the coastal waters off Australia. Yokoyama and 

Tanba (1991) performed a similar study within the coastal waters of Japan finding 

RMS differences ranging from 0.56-2.31 °C for 14 published SWFs. They suggested 

that the errors were very dependent on the coefficients determined from the atmo-

spheric model used to develop the SST algorithm and required a regional correction. 

Therefore, it is not inconceivable that the MCSST algorithm used to generate SSTs 

for this study would also require regional adjustment. 

5.5.0.3 Temperature Bias and Wave Heights 

The previous correlation and regression analysis for Buoy 46146 in isolation 

(Section 5.4.2) suggested a possible relationship between wave heights and how well 

the satellite-derived SST correlated to in situ measurements. Intuitively one would 
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expect the fixed buoy water temperature to be better represented by the satellite

derived temperature under improved mixing conditions, particularly because the fixed 

buoy sensor is located at 0.5 m depth. Figure 5.8 depicts temperature bias against 
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Figure 5.8: Plots of significant wave height against temperature bias for both AM 
and PM passes. Overplotted dashed line demarcates zero axis. These plots indicate 
no apparent decrease in temperature bias with increasing wave heights (i.e. enhanced 
mixing). 

wave heights for both the AM and PM pass datasets. The most apparent feature 

is the scatter associated with the morning passes revealing no apparent wave height 

dependence, whereas the PM passes more clearly demonstrate the effect of diurnal 

heating. However, in both cases larger wave heights do not clearly demonstrate a 

lower temperature bias. 

5.5.0.4 Temperature Bias and Stability: Geographical and Seasonal De

pendence 

Removal of Buoy 46146 from the dataset caused no appreciable difference in the 
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nature of the scatter plots depicted in Figure 5.8 except to limit the low wave height 

data. Table 5.4 summarizes the impact presented by Buoy 46146. 

Dataset Tbia6 RJvlSD T.,tab e7 for T 6 tab 

AM pass 0.21 °C 1.39°C -0.34°C 1.07°C 
PM pass 1.01 °C 1.46°C -0.62°C 0.9¥C 

Table 5.4: Temperature bias and stability for datasets with Buoy 46146 removed. 
This table demonstrates the impact of the geographical bias associated with the fixed 
buoy located within Georgia Strait. This can be compared to Table 5.3 

Figures 5.9 and 5.10 demonstrate the seasonal nature associated with tem

perature bias and stability. Geographically, no discernable feature is immediately 

apparent except perhaps the greater scatter in temperature biases associated with 

fixed Buoy 46132 (off Brooks Peninsula). This may be due to the typical higher 

wave heights and wind speeds in this region (identified in environmental conditions 

presented with the general image assessments of Chapter 6). The region near Buoy 

46132 also demonstrates pronounced sea surface temperature fronts (see Chapter 6) 

that may lead to larger temperature biases (Pearce et al., 1989). 

Seasonally, although a limited number of clear images were available from late 

October 1994 to February 1995 (Julian date 300 to 425, allowing 1995 data to overlap 

in Julian date for plotting purposes), there is a reasonable demonstration of unstable 

conditions prevailing during the late fall and winter (Julian days 330 onwards in plots) 

in conjunction with positive values for Tbia"' particularly for the AM pass data. This 

suggests that during the winter net upward radiance may have a tendency to produce 

positive temperature biases, although this conclusion is limited by the small number 

of datapoints available during the winter months due to extensive cloud cover over 

the region. 
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5.6 Summary 

Using linear regression and correlation analysis the satellite-derived sea sur

face temperatures show good correlations to in situ water temperatures (measured at 

0.5 m) providing correlation coefficients of 0.88 (AM passes) and 0.94 (PM passes). 

Features identified in the general statistical characteristics suggested a geographical 

bias associated with the data coincident with fixed Buoy 46146 (located within the 

Strait of Georgia) where significant wave heights rarely exceeded 0. 7 m. Correlations 

for data associated with fixed Buoy 46146 produced coefficients of 0.86 (AM) and 

0.97 (PM) between satellite-derived sea surface temperatures and in situ water tem

peratures. This possible wave height dependence was investigated by dividing the 

datasets into two groups separated by a 1.5 m wave height cutoff. Although nothing 

statistically conclusive was indicated, the general pattern of correlation coefficients 

suggested slightly poorer correlations between satellite derived sea surface tempera

tures and in situ water temperatures for data coincident with wave heights greater 

than 1.5 m. This feature suggests limitations in the ability of the MCSST, used to 

generate sea surface temperatures from AVHRR infrared data, to model near-surface 

atmospheric effects (e.g. wave breaking and subsequent spray). 

Use of temperature bias (T sat derived-Twater in ,itu) did not show a pronounced 

wave height dependence; however, the diurnal effect was evident with temperature 

biases of -1.0°C for the PM pass dataset. An RMS error of 1.3°C was determined for 

the AM pass dataset and 1.5°C for the PM passes. Although this RMS error is larger 

than values determined by McClain et al. (1985) for data collected in the open ocean, 

it is comparable to previous RMS errors determined within the coastal environment 
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(Pearce et al., 1989; Yokoyama and Tanba, 1991) and suggests the necessity for a 

regional MCSST algorithm. 

A general assessment provided by the results of the statistical analysis presented 

in this chapter and the summary of AVHRR errors and limitations identified in Section 

3.5 is that across a single image, SST resolution suggests 0.3°C (RMS) tolerances 

whereas an absolute calibration to actual in situ sea surface temperatures (i.e. top 

metre) indicates errors nearer to 1.3-1.5°C (RMS). 
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Chapter 6 

Image Assessment 

6.1 Introduction 

The following chapter presents a general descriptive assessment of the SST 

images collected between mid-May 1994 and February 1995. The initial section (6.2) 

describes the methods employed throughout the image assessments. Appendix A 

summarizes the characteristics of the 152 SST images collected during the study pe

riod and provides a cloud cover assessment. Images that demonstrated characteristic 

or particular features are presented in this chapter in a month by month summary. 

6.2 Methods Employed for Descriptive Assess
ments 

Characteristics of the collection system and processing performed in the selec

tion of images to be used for more detailed descriptive assessments were presented 

in Chapter 4. Of the 152 images selected, the majority (101) represent mid-June 
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through to early September. The unserviceability of NOAA 11 (after mid-September) 

and the pre-launch failure of NOAA 13 (planned for the summer/fall of 1994) limited 

the study to two serviceable satellites for the generation of sea surface temperatures 

using the NOAA/NESDIS MCSST algorithm identified in Section 4.3.2. 

The SST images were divided into two major subsets: 1) the offshore region 

(predominantly from Brooks Peninsula to the mouth of Juan de Fuca Strait; see 

Figure 2.1), and 2) Juan de Fuca Strait. The Juan de Fuca Strait region was further 

subdivided into the region near Haro and Rosario Straits and the area nearer the 

mouth of Juan de Fuca Strait (see Figure 2.2). 

For the offshore region environmental conditions (wind direction, speed, wave 

heights, etc.) were assessed using the data provided in the offshore fixed buoys (par

ticularly Buoys 46132 and 46206). No extensive filtering has been performed on the 

offshore buoy data as its primary purpose was to provide a general perspective of the 

environmental conditions and occassional erroneous values are generally readily ap

parent (e.g. anomalous "spikes" in air and water temperature data). Within the Juan 

de Fuca area, environmental conditions were assessed using meteorological data pro

vided on a daily basis from METOC (Meteorology and Oceanography Centre, CFB 

Esquimalt ). The importance of tidal influences within the Juan de Fuca estuary has 

been previously identified (Chapter 2). In order to assess the impact of tidal effects, 

tidal heights at Port San Juan (representing the mouth of Juan de Fuca Strait) and 

tidal currents at both Haro Strait (3.3 km east of Discovery Island; see Figure 2.2) 

and at mid-strait (south of Race Rocks) are summarized in Appendix A and referred 

to within the general image assessments. 

Particular features identified in the images were further investigated using a 
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number of methods. Typically, profiles were extracted across particular features to 

identify small scale fluctuations and histogram analysis (using various sized regions) 

was used to assess variability within the region. Transects were taken across Juan de 

Fuca Strait (depicted in Figure 6.1) in order to assess the up- or down-strait extent 

of features, and within the offshore region Fourier analysis methods were employed 

to determine dominant spatial scales (see Figure 6.1). 

As a convention, images are referred to by month, day, and local time for the 

satellite overpass (e.g. 05270914 is 27 l\1ay at 0914 PDT, the change to Pacific 

Standard Time (PST) occurred on 31 October 1994). Temperatures (when indicated) 

in the descriptive section are based on the SST derived from the MCSST algorithm 

identified in Chapter 4 and are identified in the legend on each image. Although 

these temperatures indicated an RMS error in the range of 1.3°C compared to in situ 

water temperatures, the sensitivity across a single SST image represents an RMS error 

nearer to 0.3°C (Section 5.6). Because colour is used to represent particular water 

temperatures on the included plates, careful attention should be paid to the cloud 

and fog assessments provided in Appendix A when general features of the images are 

observed. Low cloud and fog have a temperature very close to that of the surface 

water but may differ enough to mask isolated features. Appendix A provides more 

details of this limitation. 

6.3 General Descriptive Assessments of Images 

Plates A and B identify topographical features that are referred to in the general 

image assessments (see also Figures 2.2 and 2.1). Bathymetricfeatures are illustrated 
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North 
Sector 

South 
Sector 

Figure 6.1: Regions used in image descriptive analysis. Regions selected for Fourier 
analysis are identifed for north and south sectors as well as at the mouth of Juan de 
Fuca. The lines within the regions indicate the sections extracted to determine the 
length scales. For the offshore regions the length scales were determined alongshore 
whereas for the mouth of Juan de Fuca: length scales are referenced to a longitudinal 
measure. Transects used to determine the along-strait scale of features within Juan 
de Fuca Strait are identified. 
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in Figure 2.3 and the template (Plate AA) is included to serve as a reference overlay 

for the actual included plates. 

Images referred to in the descriptive text that have a plate are identified with the 

plate number following the image identification (e.g. 05270914(1) or 05270914 (Plate 

1), referring to Plate 1). Tidal information when included with the plate indicates 

ebb/flood tidal currents for Haro Strait (i.e. 3.3 km east of Discovery Island) in m s-1 

or tidal height information for Port San Juan in em (from which ebb/flood tidal cycle 

can be interpreted). 

6.3.1 General Assessment of May, 1994 Images 

Only two images from those collected in May were considered sufficiently cloud 

free for further assessment (note that this was prior to the "automated" collection 

system; Chapter 4). 

Both images depict a reasonably uniform temperature structure in the offshore 

region (13.7-14.5°C) with slightly cooler water along the Washington coastline. Fig

ures 6.2 and 6.3 identify the general environmental conditions offshore during May, 

with winds generally from 300-345°T at 8-11 m s-1 (15-20 knots) in the north (Buoy 

46132) to 5.5-8 m s-1 nearer La Perouse Bank (Buoy 46206). 

Both images also demonstrate the effects of Fraser River outflow in the banded 

temperature structure emanating from the mouth of the Fraser River and reasonably 

warm surface temperatures within the Strait of Georgia. Image 05270914 (Plate 1) 

also depicts a temperature front associated with the tidally induced standing wave 

characteristic of Georgia Strait (near Saturna Island). Unfortunately, the limited 
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Figure 6.3: Fixed buoy data for Buoy 46206, May 1994. 
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number of clear images from May preclude any detailed assessment of the effects of 

the Fraser River freshet (historically peak flow in mid-May; Thomson, 1981). 

Temperatures throughout Juan de Fuca Strait were typically uniform (11-11.5°C) 

with only slightly higher temperatures near the mouth (-12°C). However, image 

05270914(1) depicts a cooler "pulse" of water in mid-strait that demonstrated a rea

sonably coherent shape at 10.7-11.2°C. The approximate location of the temperature 

front demarcating the pulse is just past the Victoria-Green Point sill implying a 

possible topographic link to the cooler water. However, this is also the approxi

mate location where the M2 and K1 tidal constituents alternate dominance (i.e. near 

Race Rocks). Within the inner strait the K 1 component dominates producing mixed, 

mainly diurnal tides whereas within the outer strait the tides are mixed, mainly semi

diurnal (see Section 2.2.3). For this particular image (05270914(1)) tidal currents at 

mid-strait (south of Race Rocks) were 1.0 m s-1 on the ebb. The image also depicts 

warmer water (11.7-11.9°C) emanating from the Puget Sound area north of Admiralty 

Inlet under the influence of tidal outflow from Puget Sound at greater than 1.5 m s-1 . 

Tidal currents at Haro Strait (representing the bulk of influx from Georgia 

Strait) were slightly over 0.6 m s-1 for 05270914(1). The effect of tidal currents on 

vertical mixing is reasonably apparent in the temperature fronts evident in the image. 

This particular feature is investigated further in later images. 

6.3.2 General Assessment of June, 1994 Images 

The clearest images from June were recorded during the last half of the month 

(15-29 June) which coincides with typical prevailing wind directions of 300-330°T and 

average speeds of 5-10 m s-1 • Figures 6.4 and 6.5 identify the general environmental 
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conditions within the offshore region. 

The offshore region images from mid-June depict reasonably uniform sea sur

face temperatures in the range of 14-16°C (slightly higher than May images) with 

warmer regions along the Washington coastline. Images 06200631 (Plate 2) and 

06200856 (Plate 3) are both reasonably "cloud-free" and representative of this pe

riod. These two images, which are separated by 2.5 hours, show a slight increase in 

the overall offshore temperature structure ( -0.5°C). This increase may represent the 

impact of normal daytime heating. Furthermore, the existence of a band of cooler 

water (-14°C) along the Vancouver Island coastline, north of Barkley Sound, may 

be evidence of the Vancouver Island Coastal Current. Evidence of the Vancouver 

Island Coastal Current (see Plates 2 and 3; see inset of approximate location), in 

mid-June is somewhat supportive of its appearance as a buoyancy current associated 

with enhanced spring runoff from the Fraser River (Freeland et al., 1984), although 

the spring freshet is historically earlier, in mid-May. These images were collected 

-5 days after a neap tide suggesting the buoyancy plume concept (Section 2.5.4) as 

a forcing mechanism for the Vancouver Island Coastal Current. This mechanism is 

associated with pulses of less vertically mixed freshwater generated during neap tides 

that propagate down Juan de Fuca Strait at rates of -0.35 m s-1 (i.e. 150 km in 5 

days)(Griffin and LeBlond, 1990; Hickey et al., 1991). Image 06210619 depicts a com

plex temperature structure in the northernmost region of the offshore area somewhat 

similar to 06200631(2); however, what is likely low level cloud and fog affects the 

southern region. This cloud area is more apparent in image 06212000, which reveals 

a temperature structure similar to 06200856(3) with warmer waters near shore. In 

fact, a general assessment of the June images, particularly north of Estevan Point, 
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indicates warmer water near shore. This supports Tabata (1976) who suggests the 

importance of salinity in the geostrophic balance, allowing the onshore water to re

main warmer even though the general flow southeastward supports upwelling. This 

period (20-21 June) also coincides with a slight increase in wave heights (seen in the 

offshore buoys) with prevailing wind directions of 300-330°T and so may represent 

cooler surface waters (offshore) due to a well-mixed sea. The remainder of the June 

images depict similar temperatures to Plates 2 and 3 with afternooon passes typi

cally representing temperatures of 1-1.5°C higher than the morning (diurnal effect). 

Of note however, is the existence of cooler water along the Vancouver Island coast

line as depicted in Plate 2. This same feature is also marginally apparent in Image 

06280634 and 06291752 (although cloud and fog mar the region somewhat). 

Within Juan de Fuca Strait, westerly winds of 5-10 m s-1 prevailed though

out most of the month. Image 06190644 (Plate 4) depicts a sea surface temperature 

front south of Haro Strait which coincides with ebb currents of 1.1 m s-1 . Similar 

tidal current speeds exist for Image 06200631 (Plate 5). More detailed analysis of 

Image 06190644( 4) revealed that the regions immediately southeast of Haro Strait 

near Middle Bank (a bathymetric feature within 30 m of the surface) and south 

of Sooke, just past Race Rocks, exhibited the coolest temperatures (10.8°C) within 

the regions of cooler water. These temperature fronts are similarly located in Im

age 06200631(5). These two images (Plates 4 and 5) also demonstrate the effect 

of Coriolis force on the estuarine circulation within Juan de Fuca Strait, with colder 

water outbound along the north shore and warmer, ocean water along the south (Hol

brook and Halpern, 1982) (this feature is particularly apparent in Images 06190644(4), 

06200631(5), 06200856(3) and 06210619). Data from transects across Juan de Fuca 
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Strait seem to imply that this temperature structure had an up-strait influence lim

ited geographically to a line approximately from Jordan River to east of Pillar Point 

(see Plate B or Figure 2.2). This "tapering" of the temperature structure up-strait 

coincides with bathymetric features (at 50 m) that occur where the strait narrows 

and turns just east of Pillar Point. 

Fourier analysis at the mouth of Juan de Fuca Strait provided a reasonable 

amount of variability in length scales (in longitude); however, a length scale of 

25-30 km dominates a number of the images (particularly 06161710, 06200631(2), 

06200856(3) and 06210619), which is approximately the internal Rossby radius for 

this latitude, although clear evidence of the Juan de Fuca Eddy is not apparent. 

6.3.3 General Assessment of July, 1994 Images 

July represented the most "cloud-free" month during the study and there were 

52 images that were clear enough for further assessment. 

Figures 6.6 and 6. 7 depict the general environmental conditions for July in the 

offshore region. Image 07050648 (Plate 6) demonstrates eddying off Brooks Peninsula 

and what appears to be the Juan de Fuca Eddy off Cape Flattery (near the mouth of 

Juan de Fuca Strait; this feature is commented on later). The general temperature 

structure offshore in Image 07050648( 6) is reasonably consistent (approximately 14-

150C); whereas comparison to Image 07060636 (Plate 7) reveals a general decrease 

in offshore temperatures (approximately 11.5-12° C), with the exception of one region 

mid-way between Buoys 46132 and 46206. This drop in temperature coincides with 

a considerable increase in wave heights at both offshore fixed buoy locations, demon-
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strating the impact of mixing to the sea surface temperature (see Figures 6.6 and 

6.7). 

Images 07081749, 07091737 (Plate 8) and 07092018 (as well as others later in 

the month, 07101956, 07110722, 07120710, 07160941) reveal an arc-like feature with 

wavelengths of approximately 80-90 km. Fourier analysis supports length scales of 

approximately 80 km within the north and south sectors of the defined regions (see 

Figure 6.1). The arcs seem to be positioned in two definable regions, between Brooks 

Peninsula and Estevan Point and again between Estevan Point and the region south

west of Barkley Sound (see Plate 8). Positionally, the arcs coincide with bathymetric 

features at the 500 m isobath (see Figure 2.3 or the bathymetric template), that 

are paralleled to approximately the 1000 m depth. These length scales compare with 

those indicated by Ikeda et al. (1984a), who suggest that bathymetric features at 

500 m trigger the meanders. While these three images all represent afternoon passes, 

and so are subject to diurnal heating, the general temperature structure associated 

with the arcs is approximately 14-15°C, with cooler water inshore and warmer water 

offshore. Interestingly, the arcs are not apparent in images from 13-14 July (07132031 

(Plate 9a), 07140844 and 07140646) which all coincide with decreasing wave heights 

and wind speeds after 13 July at fixed buoy location 46132 (Brooks Peninsula). This 

same relationship is apparent in Image 07180858, also a period of decreasing wind 

speeds off Brooks Peninsula, where arcs are not evident, although Image 07182023 

(Plate 9) does demonstrate what appears to be the onset of meandering off Brooks 

Peninsula associated with increasing wind speeds and wave heights which develop 

later in the day. This supports some relationship between wind forcing (typical direc

tion of 300-330°T), topographic and bathymetric features off Brooks Peninsula and 
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the formation of arcs of similar water temperatures. In fact, Image 07182023 (Plate 

9), 07190725 and 07191714 (Plate 10) all demonstrate the link between Brooks Penin

sula and the formation of "filament-like" temperature features that seem to be related 

in both shape and wavelength to the arcs apparent earlier in the month. Furthermore, 

this period corresponds to increasing wind speeds, wave heights and a shift in wind 

direction back toward 300°T. 

The filament that seems to emanate from Brooks Peninsula demonstrates pro

nounced meandering and eddying along its length as evidenced in Image 07191714 

(Plate 10) and 07200713 (Plate 11). Fourier analysis of the offshore region provides 

a dominant length scale of approximately 100 km (alongshore) for the furthest re

gion offshore in Image 07191714(10) (representing approximately 75 km offshore), 

and dominant length scales of 75 and 150 km closer toward the shore (at both 50 

and 25 km offshore). Plate 10 demonstrates the dominant length scale of the me

ander (75 km) and the more uniform temperatures apparent on either side. There 

is also significant variability in the thickness of the filament, which is apparent in 

Images 07191714 (Plate 10) and 07200713 (Plate 11). Profiles were taken across the 

filament off Brooks Peninsula, Estevan Point and Barkley Sound, and the inset on 

Plate 10 illustrates the approximate profile locations. The profiles indicate widths of 

approximately 27 km off Brooks Peninsula, 36 km off Estevan Point and 24 km off 

of Barkley Sound although there is variability in these widths. The core is typically 

represented by water temperatures approximately 1 °C cooler than on either side. The 

filament also demonstrates a reasonable coherence in direction (typically southeast

waxd) and exhibits both meanders and an eddy-spawning characteristic most evident 

in Images 07191714(10) and 07200713(11 ). "Fingers" of cooler water ( ""15°C) exit 
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westward from the ocean side of the filament (see inset Plate 10) north of Clayoquot 

and Barkley Canyons and are evident in Images 07191714(10), 07200713(11) and 

07182023(9). The apparent link between the appearance of filamenting off Brooks 

Peninsula and wind direction and speed (300°T, at greater than 7 m s-1) is further 

supported by images from later in July. Although significant cloud cover over the 

northern sections of the region prevailed from 23-26 July, Images 07270903 (Plate 

12), 07271716, 07280715 and 07280841 all exhibit a more uniform temperature struc

ture, with generally somewhat cooler surface temperatures (13.5-14.5°C). This period 

coincides with a greater variability in wind direction (100-150°T) and wind speeds 

(typically less than 5 m s-1) at both fixed buoy locations, particularly off Brooks 

Peninsula (see Figure 6.6). Ikeda et al. (1984a) found that the California Cur

rent system exhibited meanders of 120-150 km during the spring under the influence 

of southeastward flows in the upper layer with a shift toward shorter wavelengths 

( -75 km) in the summer due to baroclinic instability and vertical shear between 

the California Undercurrent and prevailing surface flow. While the filamenting off 

Brooks Peninsula and the general length scale of the meanders, particularly apparent 

in Images 07191714(10) and 07200713(11), support Ikeda et al. (1984a), the apparent 

link between wind direction and speed, evident in the SST images, may be an arti

fact associated with AVHRR "skin temperature" measurements and possible image 

contamination by extensive fog evident in images from later in the month. 

Another feature in the July images is the complex meandering and eddy pat

terns along the Washington and Oregon coastline. Images 07050648, 07091737 and 

07191714 (Plates 6, 8 and 10 respectively) demonstrate this feature, revealing typical 

eddy scales of 20-25 km. These features are confined to within 50 km of the shoreline 
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and a line defined by the 200 m isobath (see bathymetric template). 

Within Juan de Fuca Strait, westerly winds prevailed throughout July at typical 

speeds of 5-10 m s-I, with the exception of 5 July (lighter than average winds, less 

than 5 m s-1) and 13 July when a gale warning was issued for southwest winds gusting 

to 15-18 m s-1• 

Image 07050648 (see Plate 6a) depicts temperature fronts throughout Haro 

Strait and back towards Saturna Island. Outflow from the Fraser River is also ap

parent turning south under the influence of an ebb tidal cycle (ebb tidal currents of 

0.3 m s-1 at Discovery Island). Image 07080619 (Plate 7.1) also represents ebb tidal 

currents at Haro Strait of 0.4 m s-1 , and although there is distinct evidence of ebb 

flow through Haro Strait into Juan de Fuca, temperature fronts are apparent back to

wards Saturna Island and near the mouth of the Fraser River. In comparison, Image 

07081749 (Plate 7.2, subject to diurnal effect) reveals a more mixed state within Haro 

Strait associated with flood currents of 0.9 m s- 1 and although somewhat marred by 

cloud, the Saturna Island "line" appears offset within Georgia Strait during flood 

tidal conditions. 

Image 07110722 (Plate 13) is taken during slack tidal conditions at Haro Strait 

(i.e. Discovery Island). This image reveals the complex temperature structure from 

the Fraser River outflow. Water at 17.5°C can be seen turning south towards both 

Haro and Rosario Straits. Of note is that the tidal current structure has been rea

sonably slack for approximately 90 minutes (see tidal current inset Plate 13) by the 

time this image was collected and so Image 07110722(13) represents an interesting 

"snapshot" of the temperature structure throughout the Strait of Georgia and Juan 

de Fuca Strait, particularly revealing Fraser River outflow. Furthermore, the temper-
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ature fronts very closely mirror some of the more pronounced bathymetric features, 

particularly the 11.5°C "band" from Race Rocks, on Vancouver Island, through Con

stance Bank towards Port Angeles (Victoria-Green Point sill), and the defined band 

emanating northwest of Port San Juan, which seems to parallel La Perouse Bank off 

Carrnanah Point. Figure 6.12 provides a more detailed view of La Perouse Bank and 

the canyon structure at the mouth of Juan de Fuca Strait. 

Images 07120710 and 07120927 (Plates 14 and 15) present a very similar tern

perature structure through Haro Strait as in Image 07110722(13). Tidal currents 

in Haro Strait are at slack conditions for 07120710(14) and 0.60 rn s-1 ebb for 

07120927(15). The temperature front at the southern tip of Haro Strait (Plate 14) 

moves approximately 10 krn in the 2.3 hours between images, providing down-strait 

flow of 1.2 rn s-1 . Using the residual (non-tidal) flow rate of 0.40 rn s-1 (summer 

maximums; Thomson, 1981), with the ebb tidal influence included, a composite flow 

rate of 1.0 rn s-1 agrees with the SST front displacement. Also of note from these two 

images is the possible influence of tidal mixing during ebb flow at mid-strait, as the 

cold pulse apparent in Image 07120710(14) is less defined in Image 07120927(15), and 

the enhanced temperature fronts near the mouth of Juan de Fuca which occur during 

ebb tidal flows at Port San Juan. Images 07080619(7.1), 07081749(7.2), 07082039, 

07091737(8) and 07092018 also demonstrate pulses of colder water situated south of 

Race Rocks (mid-strait) possibly associated with tidal mixing and the topographic 

effect of the Victoria-Green Point sill. Images 07130658(16), 07150633, 07160941, 

07270903, 07290703 and 07310638 provide a very similar temperature structure from 

the southern region of the Strait of Georgia through Haro Strait as depicted in Image 

07120710 (Plate 14). 
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Nearer the mouth of Juan de Fuca Strait Images 07050648 (Plate 6a), 07151803, 

07151948, 07160941, and 07161751 represent examples supportive of the Coriolis in-

fluence on estuarine circulation identified previously for images in mid-June, with 

warmer water along the south shore ( -1 °C). Transects taken along the strait, indi

cate that the effect seems to be limited to a region geographically located between 

transects 2 and 3 (see Figure 6.1), corresponding topographically to a narrowing 

and change in direction of Juan de Fuca Strait, and bathymetrically to a region of 

shallower banks emanating from the south shore near Pillar Point (Plate 6a depicts 

this feature and Figure 6.8 identifies the bathymetry within this area). The location 

of this up-strait limit corresponds to images previously identified from June. 

Vancouver Island 

Washington State 

Figure 6.8: Detailed view of the bathymetric features within Juan de Fuca Strait. 
Of particular note is the bathymetric "narrowing" of the strait east of Pillar Point. 
The vertical line indicates the up-strait extent of the cross-strait temperature differ
ence identified in the SST images (from GEBCO, 1994 and Canadian Hydrographic 
Services, 1979). 

Fourier analysis for the mouth of Juan de Fuca demonstrates typical length 
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scales of 20-25 km, with an additional dominant peak near 40 km (longitudinal mea

sure). Image 07050648 (Plate 6a) represents a good example of this length scale (in 

the mouth region of Juan de Fuca Strait), and demonstrates what appears to be ev

idence of the Juan de Fuca Eddy (a similar pattern exists for Image 07110722(13), 

07191714(10) and 07200713(11)). Image 07050648 (Plate 6a) identifies a core loca

tion and temperature (approximately 12.5°C with a width of 20 km and a length 

of 25 km). Furthermore, Images 07110722(13) and 07121700 reveal a frontal tem

perature structure that appears to coincide with La Perouse Bank and eddy core 

temperatures nearer 11-11.5°C. This frontal SST feature is apparent in other images 

from the month (07081749(7.1), 07091737(8), 07092018, 07101724) and appears to 

follow the 50 m isobath offshore from just north of Barkley Sound and then par

allels the northernmost boundary of La Perouse Bank (see Figure 6.12). Image 

07130658 (Plate 16) is of particular interest in its apparent isolation of an eddy-like 

feature (15°C centre) geographically centred over a bank situated within Juan de 

Fuca Canyon at a depth of 150 m. Although somewhat smaller in size than the 

eddy apparent in Image 07050648, its location (somewhat south of the eddy depicted 

in Plate 6a) supports the idea of a warm-core, anticyclonic eddy representing part 

of a dipole in response to the more familiar Juan de Fuca Eddy. The temperature 

structure north of this possible anti-cyclonic eddy does indicate the more familiar 

temperature (11.5-12.0°C) and cyclonic nature of the Juan de Fuca Eddy. Figure 6.9 

depicts temperature contours of the two images, which should be viewed in conjunc

tion with Plates 6a and 16. Interestingly, tidal conditions at Port San Juan (used 

as representative of the mouth region) indicate flood tides during 07050648(6a) and 

ebb tides for 07130658(16), which seems to support some relationship between tidal 
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Figure 6.9: These schematics illustrate the general temperature structure of the Juan 
de Fuca Eddy region and should be viewed in conjunction with Plates 6a and 16 
(temperatures are presented on the schematic to serve as a reference to the plates). 
The 200 and 500 m isobaths and Spur Canyon are shown. The boxed region represents 
the approximate location of the Juan de Fuca Eddy. At left is the structure as inferred 
from Image 07050648 (Plate 6a) illustrating the eddy core at "'12°C near the tip of 
Spur Canyon. At right is Image 07130658 (Plate 16) illustrating the general location 
of the suggested warm-core, c..nti-cyclonic eddy that may represent part of a dipole 
eddy formation in conjunction with the Juan de Fuca Eddy. 
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conditions at the mouth of Juan de Fuca, and hence modification to the estuarine 

circulation, and the appearance of the Juan de Fuca Eddy's temperature signature. 

Other images that provided reasonable evidence of the Juan de Fuca Eddy (07121700, 

07191714(10), and 07200713(11)) and demonstrated dominant lengths scales of 20-30 

km also represent flood tidal conditions at the mouth of Juan de Fuca Strait. This 

relationship is investigated further in the August images. 

6.3.4 General Assessment of August, 1994 Images 

Figures 6.10 and 6.11 show the general environmental conditions in August for 

the offshore region. Although extensive cloud cover affected the northernmost region 

during the early part of the month, Images 08020613, 08060705, 08091758 (Plate 

17) and 08100615 (Plate 18) do not demonstrate the previous filamenting off Brooks 

Peninsula. This period is marked by far more variability in both wind direction and 

speed than during July, with winds from 100-150°T during the first half of August. 

In fact, the remainder of the images from August are characterized by reasonable 

uniformity in temperatures for the offshore region, particularly Images 08091758(17), 

08100615(18), 08230657(19c) and 08230919(19b ). Images 08091758 and 08100615 

(Plates 17 and 18), depict the general temperature structure associated with wind 

directions of 100°T at both offshore buoy locations. Both images reveal a complex 

temperature structure within the nearshore region between Brooks Peninsula and 

Barkley Sound that illustrates the isolated and definably different temperatures in 

the region affected by Juan de Fuca Strait outflow (both images coincide with ebb 

tidal flows for Port San Juan at approximately mid-cycle). In fact, the actual shape 
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Figure 6.10: Fixed buoy data for Buoy 46132, August 1994. 
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Figure 6.11: Fixed buoy data for Buoy 46206, August 1994. 
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of the temperature front demarcating the area that appears to be under the influence 

of Juan de Fuca outflow follows the 500-1000 m isobath from north of Barkley Sound 

toward Cape Alava along the Washington coast and represents the general region of 

La Perouse Bank (see Figure 6.12) and the area confined within the 200 m isobath. 

Images 08230657(19c) and 08230919(19b) depict the temperature structure as

sociated with offshore winds from 300°T revealing no appreciable difference from 

Plates 17 and 18, (representing images from earlier in the month). This suggests that 

although the filamenting off Brooks Peninsula identified in images from July seemed 

to demonstrate a relationship to wind direction and speed, the August images imply 

a more complex explanation. The shelf break current (part of the California Current 

system identified in Figure 2.5) historically moves offshore during late summer to 

early fall and hence the impact of the bathymetric features at 500 m that Ikeda et 

al. (1984a) suggest "trigger" the meanders, may have a limited influence, resulting 

in the surface temperature structure apparent in the August images. 

What appears to be a cyclonic, eddy-like formation off Estevan Point is also 

apparent, particularly in Image 08240857 (Plate 20; inset in plate identifies the ap

proximate location). Although profiles through the eddy do not support a clearly 

defined temperature structure in this image, Fourier analysis for Image 08240857(20) 

supports a length scale of 50 km in the nearshore region which is not apparent in 

the area furthest offshore. This feature is also apparent in Images 08230657(19c), 

08230919(19d), and 08252001(Plate 21), similarly located but more clearly defined 

in temperature exhibiting an elliptical shape approximately 20 km wide by 40-50 

km in alongshore length. The inner boundary ("' 17 .5°C) is more clearly defined 

than the outer boundary with a core temperature of approximately 16.5°C. Images 
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08230657(19c), 08240857(20), 08252001(21) and 08260620 (Plate 22) illustrate the 

eddy's formation and define scales of approximately 50 km alongshore and an appar

ent cyclonic nature that may be associated with the effects of the California Under

current (Thomson, 1984). It is not inconceivable that it is formed under the influence 

of the Vancouver Island Coastal Current and the California Undercurrent deflecting 

offshore, perhaps due to bathymetric features along the shelf. During this period 

winds are from 300°T and somewhat stronger than earlier in the month as indicated 

by the significant wave height peaks depicted in Figures 6.10 and 6.11. Therefore, 

surface wind-driven flow would be directed southeastward and subsequently could 

define the western boundary of the eddy. Interestingly, the images support a geo

graphical dependence for this feature in that it seems to be related positionally to 

Clayoquot Canyon (see Figure 2.3) and a "bump" in the 200 m isobath that has a 

15 km scale. 

Images 08050717 (Plate 19a) and 08050908 (Plate 19b) depict evidence of the 

Vancouver Island Coastal Current, characterized by 15°C temperatures, meandering 

.......,20 km offshore north of Barkley Sound, . Although its appearance in August would 

not support the suggested six month periodicity associated with freshwater influx to 

the region (Freeland et al., 1984; LeBlond et al., 1986), Images 08050717(19a) and 

08050908(19b) were collected approximately five days after a neap tide (similar to 

June Image 06200631) and so further supports the buoyancy plume associated with 

outflow from Juan de Fuca Strait (Hickey et al., 1991). However, images collected 

later in the month, 08230657(19c), 08230919(19d), 08260620, and 08270932, also 

depict what may be the coastal current with the previous neap tide approximately 

nine days earlier. In Image 08050717(19a) the current meanders around La Perouse 
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Bank following the 100 m isobath and then parallels the shore approximately 20 km 

offshore (again reasonably close to the 100 m isobath), with a thickness of 15-18 km. 

Temperatures within the meander are approximately 15°C with outer boundaries 

defined by a 1 °C increase. Approximately two hours later (Image 08050908(19b)) the 

meander follows a similar path about La Perouse Bank although it seems more diffuse. 

A decrease in wind speed and a shift in direction (showed by the fixed buoy located 

at La Perouse Bank, 46206) to 300°T corresponds to a widening in the meander ( -30 

km) and a movement further offshore in Image 08060846. Images 08230657(19c) and 

08230919(19d) illustrate a similar pattern much later in the month; however, the 

current is narrower and appears to "split-off" from the outer boundary along the 

northwestern edge of La Perouse Bank. 

Within Juan de Fuca Strait itself, winds throughout August were typically 

westerly at 5-8 m s-1 , increasing during the afternoon to 10-15 m s-1 . 

Image 08060846 (Plate 23), was collected during ebb tidal currents at Discovery 

Island (1.0 m s-1 ), and illustrates the temperature structure associated with the 

banks (that come to within 30 m of the surface and are identified on Plate 23) in 

the inner strait, and the region southwest of Race Rocks (tidal currents of 1.2 m s-1 

at mid-strait). A similar temperature structure is apparent in other images from the 

month (e.g. 08230919(19d) and 08240645(25a)) and is generally most pronounced 

for tidal speeds greater than 0.6 m s-1 . Evidence of tidally enhanced mixing is 

apparent in Images 08240645 (Plate 25a) and 08240857 (Plate 25b ), representing 

a transition from flood tidal currents (0.6 m s-1) to slack tides over the two hour 

period. Image 08240645(25a) illustrates a more clearly defined temperature front 

at the mouth of Haro Strait. Both images also depict a temperature front in mid-
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strait, again geographically located west of the Victoria-Green Point sill as defined in 

previous images (e.g. July). The mid-strait temperature front is apparent in other 

images from the month (e.g. 08230919 (Plate 26d)) and generally coincides with ebb 

tidal flows south of Race Rocks. 

Features evident at the mouth of Juan de Fuca Strait are reasonably similar to 

the July images and provide further evidence that this region represents particularly 

different temperature characteristics than the remainder of the offshore area primarily 

associated with estuarine flow and the topographic influence of La Perouse Bank. Of 

particular interest are Images 08100615 (Plate 26a), 08131921 (Plate 26b ), 08230657 

(Plate 26c), and 08230919 (Plate 26d). Using tidal heights at Port San Juan, all four 

images represent various stages of ebb tidal flow out of Juan de Fuca Strait (identified 

in insets on plates). These images show cooler outflow from Juan de Fuca forming 

a western boundary to the Juan de Fuca Eddy region. The extent of this bound

ary away from the mouth of Juan de Fuca Strait appears related to the duration of 

ebb tidal flow, which is most apparent in Images 08230657(26c) and 08230919(26d) 

representing 4. 7 and 6 hours into an ebb tidal cycle (see tidal insets on plates). The 

impact of bathymetry cannot be underestimated as the offshore boundary mirrors the 

eastern edge of La Perouse Bank, and the core appears reasonably stationary ( cen

tred -10 km west of Spur Canyon) northwest of the Juan de Fuca Canyon. Figure 

6.12 illustrates the bathymetric features of La Perouse Bank. Fourier analysis for 

these images provide longitudinal length scales of 20-25 km for both 08230657(26c) 

and 08230919(26d), which supports the typical scales for the Juan de Fuca Eddy. 

Similar features are evident in Images 08240645(25a), 08240857(25b ), 08252001(21) 

and 08270932, which also occur during ebb tidal conditions for the mouth of Juan 
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de Fuca Strait. However, unlike previous examples of the Juan de Fuca Eddy, these 

images do not demonstrate the characteristic cold-core evident in Image 07050648 

(Plate 6a). In these cases outflow from Juan de Fuca Strait appears to entrain warm 

water (probably originating offshore) with indicated core temperatures of 16-17°C. 

Interestingly, Images 08230657(26c) and 08230919(26d), although collected from dif

ferent satellite platforms (i.e. NOAA 11 and NOAA 12 respectively), depict a core 

temperature decrease of approximately 0.8°C over the two hour period. This decrease 

implies the possible effect of cooler upwelled water (i.e. Juan de Fuca Eddy) below the 

surface. Temperature patterns evident in Images 08240645(25a) and 08240857(25b) 

provide a similar pattern to Images 08230657(26c) and 08230919(26d) and correspond 

to similar ebb tidal cycles at the mouth of Juan de Fuca Strait. These images depict 

entrained warm water of approximately 17°C surrounded by Juan de Fuca outflow 

(characteristically 14°C) and demonstrate a decrease in warm core size from 15-20 km 

to an approximate 10 km ellipse over the two hour period. The entrainment seems 

to accompany various stages of ebb flow from the mouth of Juan de Fuca Strait. By 

contrast, Image 07050648(6a) (demonstrating Juan de Fuca cold-core eddy) corre

sponds to flood currents of approximately 1.5 hours duration. Comparisons between 

the image that best typifies the Juan de Fuca Eddy ( 07050648( 6a)) and the images 

illustrating the warm water entrainment indicate that while the Juan de Fuca Eddy 

appears topographically "fixed" over Spur Canyon, the entrained warm water is geo

graphically located west of this bathymetric feature. Figure 6.13 presents a schematic 

of Images 08131921(26b ), 08100615(26a), 08230657(26c) and 08230919(26d) and il

lustrates the duration of ebb tidal flow and the extent of warm water entrainment. 

The overall impression here is not that the semi-permanent Juan de Fuca Eddy no 
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longer exists but that tidally enhanced flow from Juan de Fuca Strait has effectively 

"masked" its surface temperature signature. The ensuing decrease in core tempera

tures of the entrained water suggests the possibility of a subsurface influence. 

Image 08012020 (Plate 24) presents a somewhat different temperature struc

ture at the mouth of Juan de Fuca. Rather than the previously identified cross-strait 

temperature difference associated with the rotational influence of Coriolis on the es

tuarine circulation, warmer water appears along the north shore approximately 25 

km up-strait. This coincides with winds from 100°T at 5-10 m s-1 at Buoy 46206 (as

sumed comparable to winds at the mouth of Juan de Fuca), indicating a downwelling 

conducive environment during flood tides, which might permit a current reversal in 

Juan de Fuca Strait. However, current reversals generally intrude along the south 

shore and are more common during the winter (Frisch et al., 1981). Unfortunately, 

cloud cover prevents the feature from being assessed in later images. 

6.3.5 General Assessment of September, 1994 Images 

The failure of NOAA 11, which occurred in mid-September, limited the remain

der of the study period to data from NOAA's 9 and 12 exclusively. Figures 6.14 and 

6.15 show the offshore environmental conditions for September. 

Although the images collected in September contained far more cloud contam

ination than in previous months, the offshore region appears to present two separate 

but reasonably uniform temperature structures defined by a line approximately 50 km 

offshore. Images 0901064 7 and 09010924 (Plate 27) provide typical examples of the 

offshore temperature structure early in the month which is similar to the majority 
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Figure 6.14: Fixed buoy data for Buoy 46132, September 1994. 
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of the August images, except for the colder water alongshore (typically 14°C). The 

temperature structure later in the month follows a similar pattern, apparent in Image 

09200913 (Plate 28). The cooler water nearshore may be evidence of the Vancouver 

Island Coastal Current (Image 09041945(29)). Image 09041945(29) also shows cooler 

surface temperatures ( -15°C) located within the region of the previously identified 

cyclonic eddy off Est evan Point (see Plate 20) and pronounced eddying along the 

Washington coast, north of the Columbia River outflow. 

The eddying along the Washington coastline is apparent in Images 09041740(29a), 

09041945(29), 09050938, 09051727(33), and 09191935 and appears to be cyclonic and 

of a scale of approximately 30-40 km. Eddy development in this location could be 

due to interactions between the poleward undercurrent (CUC) and the normal sur

face California Current. Positionally, the feature is contained between the shore and 

the 200 m isobath, near Quinault Canyon (see Figure 2.3 or bathymetric overlay). 

Similar eddying features, although of smaller scales, have been identified in images 

from mid-July (Plates 8 and 10). 

Within Juan de Fuca Strait itself, winds were again generally westerly at 7-

12 m s-1 , with the exception of periods of southwesterly winds in mid-month and 

easterly winds during cloudy conditions between 20-22 September. 

Images 09041740 and 09041945 (Plates 30 a and b) depict the transition between 

flood and ebb tidal currents at Haro Strait (flood of 0.4 m s-1 at 1740 to ebb of 

0.5 m s-1 at 1945, off Discovery Island). The effect of enhanced mixing due to tidal 

currents is apparent with an overall temperature decrease within the inner strait, 

particularly at the mouth of Haro Strait. Image 09041945(30b) also demonstrates the 

effect of bathymetry within the region as the areas of coldest water are concentrated 
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near the banks (Middle, Hein, and Eastern, all of which come to within 30 m of 

the surface, see inset on Plate 30b for locations). Image 09050938 (Plate 31) further 

illustrates the impact of tidally enhanced mixing at Haro Strait during ebb tidal 

currents of -1.0 m s-1 . This image reveals even more pronounced SST fronts than 

Image 09041945(30b) suggesting the effect of current speed on the development of SST 

fronts. Images 09160900 and 09190935 (Plates 32 a and b), both during ebb flows 

of 0. 7 m s-1 or greater, also support tidally enhanced mixing although the fronts at 

Haro Strait are less defined than in Plate 31. These two images show a cold pulse in 

mid-strait with a temperature approximately 1 °C colder than the surroundings. Tidal 

flow in mid-strait is at 0.60 m s-1 ebb for 09190935(32b) and in transition to flood 

from 0.10 m s-1 ebb for 09160900(32a). The general along-strait scale of the feature 

is 45 km in 09190935 and 25 km in 09160900 and the geographical location supports 

both of the previously suggested influences: a) the Victoria-Green Point sill, and b) 

the shift in dominant tidal constituents between the inner and outer strait (see Section 

2.2.3). Interestingly, Image 09200913 (Plate 28) shows a defined cold pulse exiting 

from the mouth of Juan de Fuca Strait approximately six days after a neap tide. This 

feature may be evidence of the buoyancy plume propagating down-strait at speeds of 

approximately 0.35 m s-1 (i.e. 150 km in ""'5 days) suggested by Griffin and LeBlond 

(1990) and Hickey et al. (1991). In fact, although somewhat affected by cloud cover, 

the cooler water ("" 11.5°C) evident at mid-strait in Image 08200913(28) may represent 

the western edge of the pulse identified in Image 09190935(32b) recorded 24 hours 

earlier. 

Nearer the mouth of Juan de Fuca Strait, Image 09051727 (Plate 33) appears to 

demonstrate the Juan de Fuca Eddy with core temperatures near 13°C and a length 
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scale of approximately 30 km. The temperature of the core compares reasonably with 

previous examples of the eddy (i.e. 07050648), and the geographical position seems 

centred close to the base of Spur Canyon. In a very similar pattern to the August 

images (presented in Figure 6.13), Images 09041740 (Plate 30a), 09041945 (Plate 

30b), and 09051727(33) depict cold outflow from Juan de Fuca Strait ( -14°C) curling 

southwestward along La Perouse Bank during ebb to slack tidal conditions at the 

mouth (see tidal height insets on plates). In these three images the cold outflow forms 

a western boundary and seems to entrain warmer water (temperatures to 16.5°C). 

However, in this case (particularly evident for Image 09051727(33)), characteristics 

of the Juan de Fuca Eddy remain apparent eastward of the entrained water. It seems 

as if the "masking" effect (from the August images) is no longer as dominant and 

this may be associated with an increased influence of the California Undercurrent 

(CUC) in the region. Hickey (1979) suggested a seasonal variation in the core depth 

for the cue, reaching the surface in late fall to early winter, which could support 

enhanced topographic upwelling and the surface appearance of the Juan de Fuca Eddy 

(Freeland and Denman, 1982). 

Image 09262009 (Plate 34) represents a complex temperature structure at the 

mouth of Juan de Fuca (2.5 hours into an ebb cycle, although this is a neap tide with 

very small tidal range). This particular image demonstrates a temperature structure 

west of Spur Canyon that is somewhat similar to the Juan de Fuca Eddy, although 

features further west of this region seem to demonstrate the interaction of La Perouse 

Bank and the shelf current with meanders arcing in a cyclonic fashion to the south 

and anti-cyclonic to the north. The image also coincides with a significant wave 

height peak and winds from 300-330°T off Brooks Peninsula (fixed Buoy 46132) that 
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may support what seems to be upwelling ("stringer") between Brooks Peninsula and 

Estevan Point. 

6.3.6 General Assessment of October, 1994 Images 

Thirteen images were selected for further assessment from October. 

The offshore environmental conditions for October are shown in Figures 6.16 

and 6.17. The most apparent features are the cyclic nature apparent in the sign

ficant wave height data (peaks at 3-5 day cycles) and the general decline in water 

temperatures beginning in mid-October. 

Unfortunately, extensive cloud contamination affects a number of the areas of 

various images throughout October, most particularly the area north of Estevan Point. 

The general temperature pattern for the offshore region is evident in Images 10030932 

(Plate 35) and 10210942 (Plate 36). Image 10030932(35) shows 13.5-14°C water 

alongshore out to approximately 30-50 km, with warmer water further offshore, a 

pattern very similar to images from September. The significant change in the off

shore temperature structure which occurs later in the month is apparent in Image 

10210942(36). Although affected by large areas of cloud contamination, the most no

table feature is the decrease in overall temperatures by almost 2°C. The temperature 

decline corresponds to the general decrease in temperatures evident in Figures 6.16 

and 6.17. The temperature front depicted in Image 10030932(35) (and to a lesser 

extent in 10210942(36)) approximates the 1500 m isobath along the Vancouver Island 

coastline (see bathymetric template). 

Another notable feature is the apparent 100 km cyclonic "arc" off the Washing

ton coast in Images 10030932(35), 10031917, and 10040910 (Plate 37; approximate 
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Figure 6.16: Fixed buoy data for Buoy 46132, October 1994. 
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location identified in inset). Although this feature is not apparent in images from later 

in the month, it may represent the influence of the poleward Davidson Current nearing 

the surface (Hickey, 1979). Seasonal variations in the current structure off Vancouver 

Island are described in Chapter 2 (Figure 2.5) and have been related to shifts in 

prevailing winds (Thomson et al., 1989). Although Figures 6.16 and 6.17 depict 

greater variability in wind direction and speed from mid-October onwards, a pro

nounced shift in prevailing direction is not readily apparent until mid-December (to 

100°T, see Figure 6.21). Unfortunately extensive cloud cover limited the usefulness 

of images from mid-October onwards. However, this cyclonic flow (arc), seemingly 

influenced by La Perouse Bank, is not evident in images from November or December. 

Within Juan de Fuca Strait itself, Image 10012001 (Plate 38) was taken during 

ebb flows of 0.5 m s-1 through Haro Strait. The effect of tidally enhanced mixing is 

not as apparent as in previous images, however there is a clear pattern of Fraser River 

outflow (depicted as water temperatures greater than 15.5°C) turning north within 

the Strait of Georgia, and a temperature front at Saturna Island, associated with 

the standing wave (in this case the temperature difference is approximately 1 °C). 

Image 10052014 (Plate 39), also during an ebb cycle (1.0 m s-1 ), shows the more 

pronounced SST front in Haro Strait associated with higher tidal current speeds and 

enhanced vertical mixing. This feature is also evident in Image 10061952 (Plate 41) 

taken during an ebb flow of 1.0 m s-1 . Of additional note in Image 10061952(41) is 

the appearance of a cold pulse at mid-strait (11.3°C), similar in location to images 

from mid-September. Images 10052014 (Plate 39) and 10030932( 40) also exhibit cold 

pulses (11.0-11.3°C) in mid-strait. All three images coincide with ebb flows at mid

strait of 0.60 m s-1 or greater. The location of the eastern boundary of this pulse 
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seems to be defined by the region associated with both the Victoria-Green Point sill 

(bathymetrically) and the narrowing of Juan de Fuca Strait (topographically). 

At the mouth of Juan de Fuca Strait, there is no pronounced evidence of the 

Juan de Fuca Eddy; however, there is a defined structure that seems to support 

complex cyclonic and anti-cyclonic motion at the mouth. Image 10030932 (Plate 

40) illustrates what seem to be vestiges of cyclonic motion generated during normal 

estuarine flow under the topographic influence of La Perouse Bank, as well as an 

anti-cyclonic feature southwest of Barkley Sound (inset on Plate 40 identifies a gen

eral schematic). Image 10040910 (Plate 37), collected two hours into a flood tidal 

cycle at the mouth of Juan de Fuca Strait, demonstrates a similar structure to Im

age 10030932( 40) although the anti-cyclonic flow southwest of Barkley Sound is not 

as pronounced. Image 10061952 (Plate 41) shows the temperature structure at the 

mouth of Juan de Fuca Strait during an ebb tidal cycle (see inset). The structure is 

similar to the images collected in August and September (during ebb flows) except for 

the apparent "curling" motion at the southwest corner of the region, possibly due to 

the influence of the Davidson Current (which may now be nearer to the surface). In 

fact, during August to September the southwest corner of the region under the influ

ence of Juan de Fuca Strait (i.e. La Perouse Bank) demonstrated a more pronounced 

cyclonic "curling" that was assessed as the influence of the southeastward directed 

coastal current. Figure 6.18 illustrates a generalized schematic of the current and 

tidal influences inferred from the SST images (i.e. 10030932( 40), 10040910(37) and 

10061952(41)). 
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Figure 6.18: Generalized schematic of influences at the mouth of Juan de Fuca Strait. 
Left depicts features apparent in Images 10030932(35: 40) and 10040910(37) during 
flood tides. The schematic at right illustrates 10061952( 41) during ebb tidal currents. 
This schematic presents the suggested influences at the mouth of Juan de Fuca Strait 
as inferred from the SST images. The 200 m isobath and the location of La Perouse 
Bank are identified. 
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6.3.7 General Assessment of November, 1994 Images 

Special note on colour plates: Due to the possibility of colder water tempera

tures during the winter months, images from November onwards are presented with 

a variation in the colour palette (the change is evident on the legend provided with 

each image). 

Figures 6.19 and 6.20 depict the general offshore environmental conditions 

for November and the cyclic (3-5 day) significant wave height peaks apparent in late 

October are still evident. Generally poor weather conditions and extensive cloud 

cover permitted only three images from November that were considered clear enough 

for further assessment. 

Within the offshore region the temperature structure is very similar to late Oc

tober with nearshore temperatures of approximately 11.0°C (to 100 km offshore) and 

warmer water further offshore. Although the three clearest images all constitute after

noon passes, Image 11111913 (Plate 42) illustrates the general temperature structure 

within the offshore region and reveals the extent of cloud contamination typical in 

the images collected throughout November. 

Within Juan de Fuca Strait, Image 11111913 (Plate 42a), recorded near the 

end of an ebb tidal cycle at the mouth of Haro Strait (see inset Plate 42a), shows 

colder water throughout the inner strait to the Victoria-Green Point sill, with slightly 

warmer water temperatures in the outer strait (typically 1°C warmer). Although 

Image 11161904 (Plate 43) has extensive cloud cover within the inner strait, it does 

show the rotationally influenced estuarine flow (identified in previous summer images), 

with colder water ( -10°C) along the north shore occurring during ebb tidal currents 
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Figure 6.19: Fixed buoy data for Buoy 46132, November 1994. 
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Figure 6.20: Fixed buoy data for Buoy 46206, November 1994. 
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at mid-strait (0.8 m s-1 ). 

6.3.8 General Assessment of December, 1994 Images 

Significant cloud cover also affected the December images with only seven se

lected for further assessment. 

Figures 6.21 and 6.22 show the environmental conditions in the offshore region, 

with the most pronounced feature being the storm surge early in the month, followed 

by two days of reasonably calm weather (3-5 December). There is also a tendency 

for the prevailing wind direction to be from 100-150°T (typical winter regime) with 

reasonably stormy offshore conditions (i.e. significant wave heights frequently greater 

than 3.5-4 m). 

Images 12021818 and 12030811 (Plate 44) depict a temperature front in the off

shore region paralleling the 200-500 m isobaths. Image 12030811 (Plate 44) illustrates 

cooler nearshore temperatures (9.5-10.5°C) and the complex features associated with 

the bathymetry of La Perouse Bank (where temperatures are "'1°C warmer). This 

coastal structure may be associated with freshwater runoff during the typical rainy 

season along the Vancouver Island coastline (Freeland et al., 1984), which forms a 

buoyant, cooler surface layer. Fourier analysis for the offshore region supports a dom

inant length scale of 100 km for Image 12030811(44) (for nearshore regions), with 

scales of 70-80 km for the southern sector, in agreement with the scale of features 

evident around La Perouse Bank. 

Images 12040749 (Plate 45), 12120816 and 12130754, depict colder water along 

the Washington and Oregon coastline seemingly associated with colder outflow from 
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133 



ar-----~----~------------~-----S~IG~N~In~CUIT~~W~A~~~H~EI=G~~(~m~:~B~uo~y-4~8~20~6~----~------------------------~ 

a 
a 10 15 :10 JO ..,( __ .. , 

I 12 
WATER TEt.IPERATURE de . C 

l" - Ia 

! . 
.. . 
f 7 

I 
5 
a 10 15 20 25 

.., (month Doc- 14) 

AIR TEt.IPERATURE (deg. C) 

10 u 20 30 
.., ( ....... Doc ........ ••> 

A~RAGE WIND DIRECTION (BUOY 46206) 

15 20 
.., (.._th of Docomw) 

AVERAGE WIND SPEED (BUOY 46206) 
~~~--------~--------~------~~~~~~~~~~------~--------~---------= 
!! 

iJO 

Figure 6.22: Fixed buoy data for Buoy 46206, December 1994. 
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the Columbia River moving northward under the influence of a poleward current. 

Image 12040749 (Plate 45), in particular, provides support for poleward flow as the 

outflow from the Columbia River turns northward once offshore. 

Significant cloud interference limited the number of useful images within Juan 

de Fuca Strait. Image 12030811(44) depicts slightly warmer water at the mouth of 

Juan de Fuca Strait during the initial phase of a flood tide (see inset on plate). The 

general temperature structure within the strait during December is illustrated by 

Image 12040749 (Plate 45) indicating cooler water from Haro Strait to the mid-strait 

region, with warmest waters at the mouth of Juan de Fuca Strait (approximately 

1.2°C temperature difference from inner to outer strait with a temperature front near 

the Victoria-Green Point sill). This particular image corresponds to flood currents 

of 0.2 m s-1 at Haro Strait, 0.1 m s-1 ebb at mid-strait and slack tides after an ebb 

cycle at the mouth. The cross-strait temperature difference is also apparent in Image 

12040749(45) with warmer water along the south shore of Juan de Fuca Strait. 

6.3.9 General Assessment of January, 1995 Images 

Figures 6.23 and 6.24 show the environmental conditions in the offshore region, 

particularly emphasizing the winter regime characteristic previously identified (winds 

from 100-150°T). 

The period of clear images from January corresponds to the mid-month (19-22 

January) peak in significant wave heights and the shift in wind direction back to 

the seasonal100-150°T from 250-300°T. The offshore region demonstrates reasonably 

cool water temperatures (10.5-11 °C) probably associated with well mixed conditions 
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Figure 6.23: Fixed buoy data for Buoy 46132, January 1995. 
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suggested by the peak wave heights. Images 01211834 and 01220827 (Plates 46 and 

47) illustrate these offshore temperatures and cooler water within 20-25 km of the 

coast. The nearshore temperature gradient (similar to images from December) ap

pears to mirror the canyon structure and the topographic promontories (e.g. Estevan 

Point, Nootka Island) along the Vancouver Island coastline, implying a link between 

the surface temperature signature (under the influence of poleward flow) and the 

bathymetry to approximately 25 km offshore. Image 01220827( 4 7) shows a narrow 

region of slightly warmer water ( -0.5°C; identified with inset on Plate 4 7) that varies 

from approximately 60 km in width south of La Perouse Bank to 10 km near Brooks 

Peninsula. This feature may be evidence of the poleward Davidson Current during 

the winter current regime (see Figure 2.5). It should be noted that this period is 

characterized by prevailing winds from 100-120°T in the offshore region at 7-10 m s-1 • 

A similar nearshore temperature structure is apparent in earlier images (12021818), 

however, large areas of cloud cover prevent an earlier determination of the effects of 

the winter current regime in the sea surface temperature and Image 01221834( 46) is 

affected by diurnal heating so that the temperature structure is not evident. 

Within Juan de Fuca Strait the clear images from January reveal reasonably uni

form temperatures ranging between 9.5-10°C. Image 01211834(46) illustrates colder 

water ( -7-7.5°C) emanating from the Fraser River and flowing northwestward into 

the Strait of Georgia (flood tidal conditions at Haro Strait), although large regions 

of cloud cover prevent a more detailed assessment. 
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6.3.10 General Assessment of February, 1995 Images 

Figures 6.25 and 6.26 show the environmental conditions in the offshore region 

and demonstrate what appears to be more frequent recording errors in wind direc

tion. However, the general environmental conditions offshore are very similar to those 

evident in January. 

The general temperature structure in the offshore region is similar to January, 

and Images 02090836 (Plate 48), 02271832 (Plate 49) and 02280825 (Plate 50) il

lustrate a nearshore temperature structure that appears to mirror characteristics of 

the shoreline. This feature was also evident in January and is quite likely due to 

onshore directed flow and the bathymetry at 50 m (i.e. mirrors coastline) under the 

influence of a poleward current structure (see Figure 2.5). Cold outflow from the 

Columbia River, which is apparent in Images 02090836(48) and 02280825(50), serves 

as a "tracer" of the general current structure, and demonstrates general poleward 

flow. 

Another feature apparent in Image 02090836 (Plate 48; see inset for approximate 

location) is what appears to be an anticyclonic eddy approximately 125 km off the 

Washington coastline with a 50-60 km length scale (core). Profiles across the feature 

indicate core temperatures averaging 11. 7°C, with boundaries defined by a 0.5°C 

decrease. Unfortunately, cloud cover prevents earlier observation and the feature is 

not apparent in Image 02280825, later in the month. It appears to be situated over 

the Nitinat Fan (bathymetrically), and wind data (for Buoy 46206, near La Perouse 

Bank) indicates unusually low wind speeds for 8-10 February. However, with only the 

isolated image, further assessment is difficult. 

Within Juan de Fuca Strait the general temperature structure is very similar to 

January demonstrating reasonable uniformity (9.5-10°C). Image 02280825 (Plate 50) 
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Figure 6.25: Fixed buoy data for Buoy 46132, February 1995. 
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shows cold outflow from the Fraser River (7.5-8.0°C) moving southeastward under 

ebb tidal conditions (see inset Plate 50). 

At the mouth of Juan de Fuca Strait, Image 02271832( 49) provides further 

evidence of the influence of poleward directed flow. This image was collected at the 

end of an ebb tidal cycle at the mouth of Juan de Fuca Strait and the cold outflow 

appears constrained alongshore toward Barkley Sound. A similar feature is apparent 

in Image 02280825(50) during a flood tidal cycle at the mouth. 

6.4 Summary of Descriptive Analysis 

6.4.1 General Temperature Characteristics: Seasonal Per
spective 

Seasonal variability was apparent in the sea surface temperature images. The 

offshore region illustrated reasonable uniformity in temperature (13.3-14.5°C) through

out most of May with distinct evidence of warming during June. By July there was 

a more pronounced temperature structure with nearshore (within 50 km) tempera

tures of 14.5-15°C and slightly warmer water further offshore. Although there was 

evidence of meanders and eddies within the offshore region (summarized later) this 

general temperature pattern was maintained until late October when there was a no

ticeable decrease in offshore temperatures (......., 1.5-2°C). Extensive cloud cover affected 

images from mid-October onwards (for this study period), however, winter tempera

tures in the offshore area were typically near 10°C with slightly cooler water nearer 

to the coastline (within 30 km). 
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The area near the mouth of Juan de Fuca Strait demonstrated temperature 

characteristics that suggested a geographical isolation from the remainder of the off

shore region. This is likely due to the topographical influence of La Perouse Bank 

(within the 200 m isobath) and estuarine outflow from Juan de Fuca Strait. This 

feature is evident in many of the collected images and generally represented tem

peratures that were 1.5-2°C lower (e.g. 07050648(6), 08091758(17), 08230919(19d), 

10030932(35), and 12030811(44)). 

Within Juan de Fuca Strait, temperatures in May were generally in the range 

of 11-12°C with a slight increase throughout June and July ( -1.0°C). Cooling was 

apparent throughout October and November with temperatures near 10°C during De

cember and occasionally down to 9-9.5°C in February. Temperatures within Juan de 

Fuca Strait also demonstrate an along-strait characteristic with noticeable differences 

between the inner and outer strait (defined by Victoria-Green Point sill). During the 

summer the outer strait is typically slightly cooler than the inner strait whereas the 

opposite is true for the winter months, demonstrating the impact of freshwater from 

the Fraser River. Within the inner strait, tidal mixing seems to dominate the temper

ature, whereas for the outer strait temperatures appear more related to rotationally 

influenced estuarine circulation, with warmer ocean water often apparent along the 

south shore of Juan de Fuca Strait. 

6.4.2 Filaments and Meanders in the Offshore Region 

Perhaps the most pronounced feature apparent in the offshore region was the 

evidence of meandering and eddy-spawning off of a filament emanating from Brooks 
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Peninsula (e.g. 07191714(10), 07200713(11)). The filament seemed to be related in 

both scale and location to arcs that were observed earlier in July, and suggested a 

triggering mechanism due to both the bathymetric features at 500 m and the gen

eral offshore current structure (California Current and Undercurrent). Furthermore, 

although there was reasonable variability in filament thickness, it was generally de

fined by a 0.8°C drop in temperature and seemed fixed in a path SSE from Brooks 

Peninsula. 

The filament was not apparent in August although there was evidence of a cy

clonic eddy offshore near Estevan Point (e.g. 08240857(20)) that may be related to 

the interaction of the Vancouver Island Coastal Current and the general offshore flow 

(SSE) along the continental shelf. During the late fall and winter, evidence of pole

ward flow in the offshore region was apparent (e.g. 10040910(37) and 12040749(45)) 

and the regions of cooler nearshore temperatures were generally confined closer to 

shore than in the summer images (within 30 km). As a general assessment the sum

mer wind and current regime (SSE) supports the generation of meanders that appear 

bathymetrically linked (i.e. 500 m), whereas the typical winter current structure 

(poleward) does not demonstrate as pronounced a surface temperature signature but 

suggests onshore directed flow that tends to mirror the topographic features of the 

Vancouver Island coastline. 

6.4.2.1 Vancouver Island Coastal Current 

A defined nearshore region of cooler water has been suggested as a possi

ble surface signature of the Vancouver Island Coastal Current (e.g. 06200631(2), 
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08050717(19a), 08230657(19c) and 08240857(20)). The region was typically defined 

by a 15-20 km wide band of water approximately 1 °C cooler than its surroundings. 

The current was evident within 20 km of shore and had a tendency to meander along 

the southern edge of La Perouse Bank moving closer to shore once north of Barkley 

Sound. 

Within the sea surface temperature images, the appearance of the Vancouver 

Island Coastal Current (VICC) did not seem to suggest the seasonal periodicity asso

ciated with peak freshwater influences along the Vancouver Island coast (i.e. spring 

freshet and winter "rainy season"). However, there was reasonable evidence linking 

neap tidal cycles within Juan de Fuca Strait (minimal tidal mixing) and the ap

pearance of the VICC near La Perouse Bank approximately 5 or 6 days later. This 

apparent relationship provides support for the buoyancy plume suggested by Griffin 

and LeBlond (1990) and Hickey et al. (1991) as a forcing mechanism. 

6.4.3 Tidal Mixing and Circulation within Juan de Fuca 
Strait 

The influence of the Strait of Georgia was evident in the sea surface temperature 

images. The standing wave near Saturna Island demonstrated a positional variation 

that was linked to the ebb/flood tidal stage within the region. Outflow from the Fraser 

River illustrated seasonally definable temperatures with warmer water (20°C) during 

the summer and cooler water in the winter (7-8°C). The direction of Fraser River 

outflow within the Strait of Georgia was also apparent with directional influences 

associated with local wind stress and the ebb/flood tidal cycle. 

Enhanced mixing at the mouth of Haro Strait (i.e. off Discovery Island) and the 
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development of sea surface temperature fronts seemed most evident for tidal currents 

greater than 0.6 m s-1 • Although there are banks within the inner strait, using a 

nominal depth of 100 m these current speeds suggest a stratification parameter of 

2.66 (from log (h/u3); see Section 2.2.3). This value is somewhat higher than that 

reported by Simpson and Pingree (1978) for the Irish Sea; however, LeBlond (1983) 

suggests regional differences dependent on the magnitude of the surface buoyant flux. 

In the case of Juan de Fuca Strait, freshwater from the Fraser River could support 

stratification and hence a higher value for log (hju3 ). 

The along-strait temperature characteristic associated with the inner and outer 

strait has been previously identified; however, a number of images depict a cold 

pulse geographically located west of the Victoria-Green Point sill (e.g. 05270914(1), 

07120710(14), 10030932(35)). The typical structure is defined by temperatures be

tween 10.7-11.5°C in summer and 7.5-8.0°C during the winter (-1°C cooler than 

surroundings) with an along-strait scale of 25-40 km. The feature may be associated 

with the topographic influence of the Victoria-Green Point sill although this area 

also represents the region within Juan de Fuca Strait where there is a shift in the 

dominant tidal constituent from M2 (outer strait) to K1 (inner strait). 

A final feature evident in a number of images is the surface temperature sig

nature associated with the rotational influence of Coriolis force on normal estuarine 

circulation within Juan de Fuca Strait (Holbrook and Halpern, 1982). The feature is 

apparent as an across-strait temperature difference ( -1 °C) that seems to be limited 

geographically within the outer strait (west of Pillar Point along the south shore of 

Juan de Fuca Strait). This up-strait limit represents a narrowing and slight direction 

change in Juan de Fuca Strait. 
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6.4.4 Tidally Enhanced Estuary Flow at the Mouth of Juan 
de Fuca Strait 

A number of the collected images illustrated the Juan de Fuca Eddy (e.g. 

07050648(6), 07191714(10), 10030932(35)). Dominant length scales of 20-25 km and 

a topographically fixed nature near Spur Canyon were also apparent. Furthermore, 

there was some evidence of what appeared to be an anticyclonic eddy, south of the 

more familiar Juan de Fuca Eddy (07130658(16)), suggesting a possible dipole struc-

ture. 

In a number of images, tidally enhanced estuarine flow from Juan de Fuca Strait 

(ebb tides) seemed to entrain warmer offshore water into the region that typically rep

resented the Juan de Fuca Eddy. This enhanced estuarine flow defined a cold western 

boundary that paralleled the eastern edge of La Perouse Bank and the entrained 

warmer water tended to "mask" the surface temperature signature (cold upwelled 

water) of the Juan de Fuca Eddy. However, decreases in the surface temperature of 

the entrained warm water (over a 2.5 hour period) within the geographical region of 

the Juan de Fuca Eddy suggested that upwelling was still present. 

Furthermore, ebb flow from the mouth of Juan de Fuca Strait demonstrated 

complex cyclonic and anticyclonic features over La Perouse Bank (e.g. 10030932(35), 

10061952(41)) and a seasonal characteristic in the region furthest away from estuarine 

influence (near the southwest corner of La Perouse Bank). Under the influence of the 

summer offshore current regime ( equatorward) outflow continues in a cyclonic fashion, 

whereas in the winter (poleward fl. ow) the southwest region forms an anticyclonic 

feature that tends to move back onto La Perouse Bank. 
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Chapter 7 

Conclusions and Future Directions 

This thesis has demonstrated the value of sea surface temperatures derived 

from AVHRR data as a primary method of providing a synoptic view of the complex 

oceanographic processes within the Vancouver Island coastal region. Although the 

region was frequently affected by cloud cover, the series of infrared images collected 

between mid-May 1994 to February 1995 allowed an assessment of features ranging 

from SST fronts associated with tidally induced mixing and estuarine flow charac

teristics within Juan de Fuca Strait to large-scale surface temperature signatures in 

the offshore region that indicated seasonal current variability, complex temperature 

fronts and numerous mesoscale features (Section 6.4). 

As part of a complete sovereignty policy, the ability to effectively monitor the 

coastal region is essential and the sea surface temperature images derived from the 

AVHRR provide the most feasible method of acquiring a timely and comprehensive 

view of many oceanographic characteristics. Furthermore, from a sub-surface surveil

lance perspective, SST images have been shown to improve operational effectiveness 

by providing an ideal mechanism for locating oceanic fronts and eddies (Poore, 1987). 
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7.1 Summary of Statistical Analysis 

The statistical analysis indicated good correlations between the satellite sensed 

sea surface temperatures and in situ water temperatures (measured at 0.5 m depth) 

provided by offshore fixed buoys. Correlation coefficients of 0.88 (AM) and 0.94 (PM) 

were determined, explaining approximately 77-88% of the variance in satellite sensed 

sea surface temperature. 

Temperature bias calculations (T sat derived-Tin situ) indicated an RMS error of 

1.3°C for the AM pass dataset and 1.5°C for the PM pass dataset. This error is com

parable to other studies performed within coastal waters and suggests the desirability 

of regionally specific algorithms for the derivation of sea surface temperatures from 

AVHRR data. 

In order to develop a MCSST for the coastal environment of Vancouver Island 

it would probably be preferrable to extract Channel 4 and 5 data from the AVHRR 

and use regression analysis with in situ surface temperature measurements taken 

over a wide range of geographical locations within the region. The general form of 

the MCSST could follow that provided in Section 4.3.2 but the coefficients would 

be regionally specific. The statistical analysis performed in this thesis indicated a 

geographical nature to both the correlations and temperature biases suggesting that 

the diversity inherent in the region should be considered. Due to the logistical diffi

culties in obtaining a high quality in situ sea surface temperature dataset for such a 

geographically diverse area, the complementary use of low-flying aircraft to measure 

upwelling radiance from the sea surface might prove worthwhile for both a comparison 

dataset and to validate the radiative transfer model used to derive the coefficients in 
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a regional MCSST algorithm. 

7.2 Summary of Features from the Descriptive 
Analysis 

The summary provided in Chapter 6 encapsulates the most prominent features 

evident in the series of satellite-derived sea surface temperature images collected dur

ing this study period. However, particular areas that should be investigated further 

are identifed below. 

7.2.0.1 Bathymetric Link to the Offshore Temperature Features 

Evidence of a link between the bathymetry of the coastal region (i.e. 200-500 m) 

and meanders and eddy spawning characteristics is apparent in the images. In fact, 

the sea surface temperature images from this study provided further support for the 

suggested importance of the 500 m isobath as a "triggering" mechanism for meanders 

in the general offshore current structure (Ikeda et al., 1984a). Furthermore, the 

general temperature structure (particularly SST fronts) often "mirrored" the 200 m 

isobath. This feature suggests a link to the bathymetry that might be exploited in 

developing a temperature with depth profile from sea surface temperatures within the 

near-shore environment. In fact, Best (1989) demonstrated a correlation coefficient 

of 0.77 (to depths of 150m) between temperature fields generated from AVHRR SST 

images and CTD data along the coast of California. Satellite-sensed SST imagery 

has also been used in the development of a three-dimensional distribution of sound 
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speed in the Iceland-Faeroe area (Essen and Sellschopp, 1994). 

Another feature evident in the collected images is the apparent influence of La 

Perouse Bank on the temperature structure at the mouth of Juan de Fuca Strait. This 

study indicated a link between ebb/flood tidal cycles at the mouth and the sea surface 

temperature structure. A more detailed study focusing on the tidal currents at various 

locations across the mouth of Juan de Fuca Strait would probably provide additional 

insight into the mechanisms of estuarine flow and the impact of La Perouse Bank. 

Because La Perouse Bank represents an important British Columbia fisheries resource, 

an improved understanding of the temperature structure and the influence of outflow 

from Juan de Fuca Strait in the area could serve to improve conservation methods. 

Myers and Hick (1990) employed AVHRR data as a component of a comprehensive fish 

stock monitoring program for the coastal waters of Australia and a similar approach 

might be appropriate for La Perouse Bank and Barkley Sound. 

7.2.0.2 Features within Juan de Fuca Strait 

In this study sea surface temperature images have been used to assess tidal 

mixing and estuarine flow characteristics within Juan de Fuca Strait. The impact of 

tidal currents on the development of SST fronts in the inner strait was evident. 

The along-strait temperature structure demonstrated variability between the 

inner and outer strait. This temperature difference appears related to both the 

bathymetric impact of the Victoria-Green Point sill and probable tidal influences 

associated with the shift in dominant tidal constituents from mixed, mainly diurnal 

(inner) to mixed, mainly semi-diurnal (outer). Seaward of the sill, a cold "pulse" 
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was frequently apparent. This pulse may be related to topographic mixing associated 

with the Victoria-Green Point sill and was generally evident during ebb tidal flows 

south of Race Rocks (mid-strait). 

Finally, a number of images depicted an across-strait temperature gradient that 

indicated the effects of a sloped interface between estuarine outflow and inflow identi

fied by Holbrook and Halpern (1982). However, this feature demonstrated an up-strait 

limit that was defined by a narrowing and slight change in direction of Juan de Fuca 

Strait (line from Jordan River to Pillar Point). 

7.3 AVHRR Data Collection and Processing 

As indicated in Chapter 4, AVHRR data collection has been ongoing since mid

May 1994 and although the images presented in this thesis cover mid-May 1994 to 

February 1995 future studies would most certainly include additional data (including 

NOAA 14). 

A limitation identified in this study was the inability to effectively assess high 

temporal variability of oceanographic temperature features due to the separation 

between consecutive satellite passes (see Section 3.4). This limitation was particularly 

apparent with the failure of NOAA 11 (mid-September) and because the MCSST 

used Channel 4 and 5 AVHRR data to generate a SST image, the use of NOAA 

10 was eliminated (see Section 4.2.2). However, Minnett (1990) demonstrated the 

potential of using AVHRR Channel 4 data alone to assess oceanographic features. 

This method would not permit a sea surface temperature measurement generated 

through a MCSST atmospheric modelling technique but would provide for a more 
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detailed assessment of temporal and spatial variability of an identified feature. 

Finally, recent advances in the MapiX/Ocean product permit greater user ma

nipulation of the various MCSST algorithms and coefficients which would probably 

allow for extensive experimentation with a regional "algorithm" (personal communi

cation, Delta Data Systems). However, because of the frequency of cloud contami

nation within the Vancouver Island region, a more elaborate and automated cloud 

''filter" should probably be considered. Gallegos et al. (1993) report reasonable suc

cess with an automated method of cloud detection using spectral and textural features 

of multiple bands from the AVHRR. 
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Appendix A 

Images Processed for SST 

This appendix presents generalized characteristics for the complete set of sea surface 
temperature images derived from the collected AVHRR data and processed as indi
cated in Chapter 4. Images that have been selected for a more detailed descriptive 
analysis, because they represent characteristic or particular features of the dataset, 
are presented in Chapter 6. Images are referred to by month/ day /local time, and 
those images for which a coloured plate is available are annotated with the plate 
number in brackets. Tidal currents at Haro Strait (i.e. 3.3 km east of Discovery 
Island), and at mid-strait (south of Race Rocks in central Juan de Fuca Strait) are 
presented. Tidal heights for Port San Juan are also included and have been used to 
infer ebb or flood tidal cycle at the mouth of Juan de Fuca Strait. 

Cloud Cover Assessments: 

Cloud cover assessments have been made from METOC daily surface analysis 
charts and the visual channels of the AVHRR (Channels 1 and 2). For the most part 
the use of a temperature threshold effectively eliminates high cloud cover (seen as 
black or grey in the plates); however, low cloud and fog have temperatures close to 
that of the surface water, while still differing enough to mask isolated temperature 
features. The reader is cautioned to use the cloud cover assessments provided in this 
appendix when viewing general features of the presented images. Plate lOa represents 
Image 07191714 (Plate 10) with a low fog mask applied (based on AVHRR Channel 
1) and serves as an example of this approach to low cloud and fog assessment. 
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GLOSSARY OF TERMS USED IN APPENDIX: 

The following glossary identifies particular terms used in this appendix. 

HS - Haro Strait (tidal currents) 
MS - Mid-Strait (tidal currents south of Race Rocks) 
PSJ - Port San Juan (tidal heights from which tidal cycle inferred) 
JDF Juan de Fuca 
"tipped" - estuary flow characteristic identified in Section 2.2.3 
VICC - Vancouver Island Coastal Current 
"line" SST front near Saturna Island 
"filament" - cold stream of water emanating from Brooks Peninsula (see Plate 10) 
"arcs" 
"fingers" 

arc-like features apparent in offshore region (illustrated in Plate 8) 
cold water exiting from the "filament" (see Plate 10) 

A.O.l Characteristics of Processed SST Images 

Image 05211728: 
eHS: 0.30m s-1 ebb eMS: 0.20 m s-1 ebb ePSJ: slack 
•Percentage of cloud cover: 40 (offshore region only) 
Offshore region approximately 13°C (within 20 km of the coastline) with warmer water 
emanating from the Columbia River. Temperatures further offshore range from 14-
150C. Juan de Fuca Strait generally 12.5-13°C with coldest regions near mouth of 
Haro Strait. 

Image 05270914: Plate 1 
eHS: 0.8 m s-1 ebb eMS: 1.0 m s-1 ebb ePSJ: slack 
•Percentage of Cloud cover: 10-15 (sporadic) 
Offshore region 14-14.5°C with cooler water in mouth of Juan de Fuca Strait (12.5°C). 
Cold "pulse" south of Race Rocks with 30 km along-strait length scale. Warm water 
emanating from Fraser River (16.5°C). 
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Image 06151722: 
eHS: 0.3 m s-1 ebb eMS: 0.25 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 50 (some cloud in JDF region) 
General offshore temperatures near 15°C, with clear areas of Juan de Fuca showing 
13°C and warm water emanating from the Columbia River (16.5°C). 

Image 06161710: 
•HS: 0.1 m s-1 ebb eMS: slack ePSJ: flood 
•Percentage of Cloud cover: 40 (single large area ~100 km of Washington coast) 
Reasonably uniform temperatures within the offshore region with Juan de Fuca Strait 
slightly cooler (similar to Image 06151722 and Plate 2). 

Image 06190644: Plate 4 
eHS: 1.0 m s-1 ebb eMS: 0.85 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 35 (majority off Brooks Peninsula) 
Offshore region similar to Plate 2 ( ~14.5-15°C) with warmer water along the Wash
ington coastline. Juan de Fuca Strait cooler (12°C) with warmer water along the 
south shore of the outer strait (estuary flow). 

Image 06200631: Plates 2 and 5 
eHS: 1.0 m s-1 ebb eMS: 1.2 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 10 (limited to western extreme and southern area of 
offshore region) 
Near-shore temperatures within offshore region slightlti warmer than further offshore 
with warmest region along the ·washington coast (to 16 C). Juan de Fuca region shows 
"tipped" estuary flow with across-strait temperature gradient of ~0.8°C. Vancouver 
Island Coastal Current (VICC) seems evident around La Perouse Bank and within 
20 km of shoreline north of Barkley Sound. 

Image 06200856: Plate 3 
eHS: 0.7 m s-1 ebb eMS: 0.4 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 10 (limited to western edge of region, similar to Plate 2) 
Offshore region illustrates temperatures near 15°C with slightly warmer water near
shore (within 50 km). Warm water apparent along the Washington coast as in Image 
06200631. "Tipped" estuary flow apparent in outer Juan de Fuca Strait with a 1.2°C 

8radient across-strait. A defined temperature gradient evident near Saturna Island 
within the Strait of Georgia). This image also has evidence of the Vancouver Island 
oastal Current (similar to 06200631 ). 

Image 06210619: 
eHS: 0.9 m s-1 ebb eMS: 1.2 m s-1 ebb ePSJ: flood 
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•Percentage of Cloud cover: >50 (clouds and low fog in southern offshore sections) 
Within the clear areas of the offshore region (north sector) temperatures :::::15°C. 
Cloud cover affects mouth of JDF, inner strait 12-12.5°C. 

Image 06212000: 
eHS: 0.3 m s-1 ebb eMS: 0.4 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 30 (clouds in SW area of offshore region and within 
central JDF) 
Warmer water within 30 km of coast in offshore region (16.5°C). Warm water from 
Fraser River moving NW in Georgia Strait. Cloud affects JDF region. 

Image 06241712: 
•HS: 1.3 m s-1 flood eMS: 1.0 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 80-85 (only JDF Strait clear) 
Warmer water along the south shore of JDF (0.6°C gradient). Typical temperature 
within strait 12°C. 

Image 06261952: 
eHS: 1.0 m s-1 flood eMS: 0.60 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 75-80 (Washington coast (within 40 km) and JDF area 
clear) 
Outflow from Columbia River (18°C) apparent along Washington coast. JDF region 
depicts temperatures near 12.5°C. Outflow from Fraser River (~19°C) apparent in 
Strait of Georgia. 

Image 06280634: 
eHS: slack eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: ::::::40 (cloud in NW area of offshore region and along 
Washington coast) 
Evidence of Vancouver Island Coastal Current. Within JDF warmer water in inner 
strait (12.6°C) compared to outer strait (11.8°C). The Strait of Georgia reasonably 
uniform at 18°C. 

Image 06291752: 
eHS: slack eMS: 0.5 m s-1 flood ePSJ: flood 
•Percentage of Cloud cover: 50 (sporadic isolated cloud within the offshore region) 
JDF region shows warmer water in the inner strait with a 0.8°C gradient from Haro 
Strait to the mouth of JDF. Evidence of the VICC along the coast north of Barkley 
Sound. 
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Image 07021715: 
•HS: 0.1 m s-1 ebb eMS: slack ePSJ: flood 
•Percentage of Cloud cover: 85-90 (only Barkley Sound and inner JDF Strait clear) 
Along the coast from Barkley Sound to Nootka Island 14.5°C. Inner JDF Strait 
approximately 12.5°C. 

Image 07031702: 
•HS: <0.1 m s-1 ebb eMS: slack ePSJ: flood 
•Percentage of Cloud cover: 90-95 (only inner JDF and Strait of Georgia clear) 
Strait of Georgia generally uniform 17.5-18°C. Inner JDF 12-12.5°C. 

Image 07050648: Plate 6 and 6a 
eHS: 0.8 m s-1 ebb eMS: 1.0 m s-1 ebb •PSJ: flood 
•Percentage of Cloud cover: 35 (clouds in SW area of offshore region) 
JDF Eddy apparent with core temperature near 12.5°C. "Tipped" estuary flow within 
the outer strait and inner strait generally 1.0°C cooler. Cold outflow apparent from 
the Fraser River turning southeastward during ebb tidal cycle. Offshore region 14-
14.50C with cooler water within 20 km of coast. "Eddy-like" feature off Brooks 
Peninsula. 

Image 07060636: Plate 7 
eHS: 0.7 m s-1 ebb eMS: 1.0 m s-1 ebb •PSJ: flood (onset) 
•Percentage of Cloud cover: 65-70 (extensive cloud in three major regions NW of 
Brooks Peninsula and along Washington coast and at the mouth of JDF Strait) 
Generally cooler temperatures in the offshore region than Image 07050648 associated 
with enhanced mixing. Saturna Island temperature front evident ( ;::::2.0°C gradient). 
SST fronts apparent at the mouth of Haro Strait. 

Image 07080619: Plate 7.1 
eHS: 0.4 m s-1 ebb eMS: 0.65 m s-1 ebb ePSJ: ebb 
•Percentage of Cloud cover: 20-25 (clouds in SW area of offshore region and "fog" at 
mouth of JDF Strait) 
General offshore temperature structure 14.5-15°C. Reasonably uniform temperature 
within inner JDF Strait ( <0.5°C gradient at Haro Strait). Cold outflow from Fraser 
River apparent turning SW during ebb tidal cycle. 

Image 07081749: Plate 7.2 
eHS: 0.9 m s 1 flood eMS: 1.0 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear 
Within the offshore region temperatures of 16°C furthest offshore with cooler water 
within 30 km (14°C). "Arcs" apparent along 500-1000m isobath (see Plate 8). Within 
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JDF Strait cold "pulse" seaward of Victoria-Green Point sill. Inner JDF Strait typ
ically 13.5°C. Warm outflow from Fraser River evident moving westward across the 
Strait of Georgia. 

Image 07082039: 
•HS: slack eMS: slack ePSJ: flood 
•Percentage of Cloud cover: Clear 
"Arcs" of a similar scale as in Image 07081749 are apparent in the offshore region. 
The "pulse" of cold water evident in Image 070817 49 narrower (along-strait scale of 
<20 km) and general temperatures within JDF Strait are ~0.5-0.8°C warmer. 

Image 07091737: Plate 8 
•HS: 1.0 m s-1 flood eMS: 1.0 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear (some fog near the mouth of JDF Strait) 
"Arcs" apparent approximately 50-70 km offshore with 80-90 km length scale. Cooler 
near-shore temperatures ( <13.5°C, possible upwelling). Small "filament" structure 
apparent emanating off Brooks Peninsula. Pronounced "pulse" of cooler water at the 
mouth of JDF Strait. JDF Strait reasonably uniform with slightly warmer water in 
the inner strait and the appearance of a temperature front located near Victoria-Green 
Point sill. The Strait of Georgia indicates uniform temperatures near 18°C. 

Image 07092018: 
eHS: slack eMS: slack ePSJ: flood 
•Percentage of Cloud cover: Clear 
"Arcs" evident in offshore region with some "filamenting" beginning from Brooks 
Peninsula (similar to Plate 8). JDF Strait depicts reasonably uniform temperatures 
(~13°C). 

Image 07101724: 
eHS: 1.0 m s-1 flood eMS: 1.0 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear 
"Arcs" apparent as indicated in Image 07091737. Pronounced cold area (11-11.5°C) 
near the mouth of JDF Strait. Temperature fronts seem to mirror La Perouse Bank. 
Warm water from the Fraser River evident in the Strait of Georgia ( ~20°C). 

Image 07101956: 
eHS: 0.1 m s-1 flood eMS: 0.2 m s-1 flood ePSJ: slack 
•Percentage of Cloud cover: Clear 
"Arcs" similar to Image 07091737 modestly apparent although the offshore region 
depicts generally higher temperatures (diurnal effect). JDF Strait depicts along
strait gradient (0.6°C) with inner strait slightly warmer. Temperature fronts at the 
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mouth of JDF Strait mirror features of La Perouse Bank. 

Image 07110722: Plate 13 
•HS: slack eMS: <0.1 m s-1 ebb ePSJ: ebb 
•Percentage of Cloud cover: 10 (fog/cloud in SW region of image) 
The "arcs" are apparent, however, the "filament" off Brooks Peninsula seems to have 
moved offshore. Temperature gradients mirror La Perouse Bank and there is evidence 
of the JDF Eddy located near Spur Canyon. A cold "pulse" in central JDF Strait 
( :::::::1 °C gradient) demonstrates an along-strait scale of 60 km and seems defined by 
Victoria-Green Point sill at its eastern boundary. 

Image 07111712: 
eHS: 0.9 m s-1 flood eMS: 1.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30 (most of the cloud limited to SW area of offshore 
region, however some cloud near Estevan Point and Brooks Peninsula) 
Offshore region with warmer temperatures approximately 50 km offshore. JDF Strait 
shows an along-strait gradient of 1 °C with water warmer in the inner strait. 

Image 07111935: 
•HS: 0.9 m s-1 flood eMS: 0.8 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30-35 (previous area of "arcs" cloud covered) 
JDF Strait indicates cross-strait temperature gradient of 0.5°C within the outer strait 
(estuary flow). Inner strait illustrates reasonably uniform temperatures of 13-13.5°C. 

Image 07120710: Plate 14 
eHS: slack eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: <10 (low fog along Washington coast with sporadic fog 
at the mouth of JDF Strait) 
"Arcs" apparent within the offshore region. Pronounced temperature fronts from 
Haro Strait back toward Saturna Island "line". Within JDF Strait a cold "pulse" is 
evident with the eastern border defined by the Victoria-Green Point sill. 

Image 07120927: Plate 15 
eHS: 0.6 m s-1 ebb eMS: 0.60 m s-1 ebb •PSJ: slack 
•Percentage of Cloud cover: <10 (similar to Plate 14) 
Beginning of pronounced "filament" structure from Brooks Peninsula. SST front 
apparent in inner JDF Strait associated with ebb tidal cycle. Warmer water from the 
Strait of Georgia evident moving into upper Haro Strait through the displacement of 
the Saturna Island "line". Cold "pulse" apparent in mid-strait west of Victoria-Green 
Point sill. 
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Image 07121700: 
•HS: 0.7 m s-1 flood eMS: 0.85 m s-1 flood •PSJ: ebb (onset) 
•Percentage of Cloud cover: Clear 
Diurnal effect seems to "mask" evidence of "arcs" previously identified. Near the 
mouth of JDF Strait indications of JDF Eddy located near Spur Canyon. Inner JDF 
Strait approximately 14.5°C compared to cooler outer strait (13.5°C). 

Image 07130658: Plate 16 
•HS: slack eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 50 (majority of offshore region cloud covered. Fog evident 
along Washington coastline) 
Warm core eddy-like feature south of usual location of JDF Eddy ("dipole" eddy). 
Warm water evident in outflow from the Fraser River and clear temperature gradient 
at Saturna Island ( :::::2.5°C). 

Image 07132031: Plate 9a 
tHS: 0.7 m s 1 flood eMS: 0.8 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: -20 (fog in western extreme of offshore region) 
Generally uniform offshore temperatures (14-14.5°C). Definable temperature front at 
Victoria-Green Point sill with inner JDF Strait approximately 1.5°C warmer than 
outer strait. 

Image 07140646: 
eHS: slack eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30-40 (cloud within offshore region predominantly) 
Near-shore temperatures within the offshore region generally uniform at 13-13.5°C. 
Temperatures within JDF Strait range from 12.5-13°C. 

Image 07140844: 
eHS: 0.3 m s-1 flood eMS: < 0.1 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30-40 
Within the offshore region near-shore temperatures generally similar to 07140646 (13-
13.50C). Reasonably uniform temperatures within JDF Strait with no pronounced 
SST fronts. 

Image 07142010: 
eHS: 0.8 m s-1 flood eMS: 0.8 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30-40 
"Filamenting" off Brooks Peninsula apparent, however no clear evidence of the pre
vious "arcs". Within JDF Strait a SST front is apparent near Victoria-Green Point 
sill (:::::0.8°C gradient) with inner strait temperatures of 13.5-14°C. 
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Image 07150633: 
eHS: 0.1 m s-1 ebb eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: >60 
The Strait of Georgia and inner JDF Strait clear with temperatures of 17-18°C near 
the Fraser River outflow. Inner JDF Strait generally uniform at 13.5°C. No pro
nounced SST fronts at the mouth of Haro Strait. 

Image 07151803: 
eHS: slack eMS: 0.4 m s-1 flood ePSJ: flood 
•Percentage of Cloud cover: 10-15 (band of cloud near Estevan Point) 
Offshore temperatures generally uniform in the range of 12.5-14°C. Sporadic cloud 
cover affects the mouth of JDF Strait, however the inner strait indicates unusually 
high temperatures 13.5-14°C (diurnal effect). 

Image 07151948: 
eHS: 0.3 m s-1 flood eMS: 0.8 m s-1 flood ePSJ: ebb (onset) 
•Percentage of Cloud cover: 10-15 (band of cloud in Image 07151803 moved SE) 
Generally uniform temperatures within the offshore region similar to Image 07151803 
with no evidence of "arcs". Within JDF Strait cloud near the mouth area, however 
inner strait temperatures are near 14°C (diurnal effect). SST gradient of ~0.5°C at 
mouth of Haro Strait. 

Image 07160621: 
eHS: 0.2 m s 1 ebb eMS: 0.2 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: >20 (cloud through JDF Strait) 
Some evidence of "arcs" beginning to be apparent from Brooks Peninsula but offshore 
region generally uniform in temperature (13.5°). 

Image 07160941: 
eHS: 0.4 m s-1 flood eMS: 0.6 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear 
"Filament" of 12.5°C water emanating from Brooks Peninsula with "arc-like" patterns 
beginning to be evident. Within JDF Strait 0.5-0.8°C gradient along-strait. Some 
evidence of SST fronts within the inner strait. 

Image 07161751: 
eHS: 0.3 m s-1 ebb eMS: <0.1 m s-1 flood ePSJ: flood 
•Percentage of Cloud cover: >20 (cloud predominantly over NW sector of offshore 
region) 
Uniform temperatures in clear SW section of offshore region. Warm water within 
Barkley Sound. Reasonably uniform temperatures apparent in JDF Strait with no 
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pronounced SST fronts. 

Image 07180858: 
eHS: 0.3 m s-1 ebb eMS: 0.1 m s-1 flood ePSJ: flood 
•Percentage of Cloud cover: 25 (cloud and fog within JDF Strait) 
Offshore reasonably uniform 12.5-13°C with warmer water (to 14°C) within 50 km of 
shore. 

Image 07182023: Plate 9 
eHS: slack eMS: slack ePSJ: flood 
•Percentage of Cloud cover: -30 (low cloud and fog along SW sector of offshore 
region) 
"Arcs" are apparent in the offshore region with temperatures near 16°C. Filament of 
water at 14°C beginning to be apparent off Brooks Peninsula. JDF Strait represents 
uniform temperatures to 14.5°C with a pronounced SST gradient near Saturna Island. 

Image 07190725: 
eHS: 0.8 m s-1 ebb eMS: 1.2 m s- 1 ebb ePSJ: flood 
•Percentage of Cloud cover: Clear 
"Filament" apparent off Brooks Peninsula defined by ;::::l.0°C gradient that seems to 
follow 500m isobath. Cold "fingers" emanating westward off the filament. Near-shore 
temperatures within the offshore region generally 1 °C warmer. Characteristics of the 
JDF Eddy apparent near Spur Canyon. Within JDF Strait warmer water along the 
south shore (estuary flow) in the outer strait. Pronounced SST front at the mouth 
of Haro Strait apparent. 

Image 07191714: Plate 10 and lOa (with low cloud mask) 
•HS: slack eMS: slack ePSJ: flood (onset) 
•Percentage of Cloud cover: 10 (cloud in SW sector of offshore region) 
Very pronounced "filament" off Brooks Peninsula that demonstrates eddy spawning 
and "fingers" off of the west side. "Fingers" are located topographically over Clay
oquot and Barkley Canyons. Eddying evident along the Washington coast that is 
generally constrained over the shelf area (coast to 200 m depth). Evidence of JDF 
Eddy near the mouth of JDF Strait. 

Image 07200713: Plate 11 
eHS: 1.1 m s-1 ebb eMS: 1.3 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: <20 (clouds west of Brooks Peninsula and in SW sector 
of offshore region) 
Very similar offshore temperature structure to Image 07191714 except eddying along 
Washington coast not as evident but the temperature fronts mirror the 200 m iso
bath. JDF Eddy apparent geographically near Spur Canyon. Within JDF Strait SST 
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temperature fronts are apprent in the inner strait and a cold "pulse" is apparent west 
of the Victoria-Green Point sill. Warm water from the Fraser River turning towards 
Haro Strait during ebb tidal cycle. 

Image 07201702: 
eHS: 0.6 m s-1 flood eMS: 0.3 m s-1 flood •PSJ: slack 
ePercenta?,e of Cloud cover: Clear 
"Filament' off Brooks Peninsula apparent but less pronounced. Within JDF Strait 
warmer water from Puget Sound entering throu~h Admiralty Inlet. The Strait of 
Georgia depicts temperatures greater than 21 °C (diurnal effect). 

Image 07201940: 
eHS: slack eMS: 0.3 m s-1 flood •PSJ: flood 
•Percentage of Cloud cover: Clear 
Very similar temperature structure to Image 07201702. However, JDF Strait more 
uniform in temperature generally 14.5-15°C. 

Image 07210700: 
eHS: 0.9 m s-1 ebb eMS: 1.3 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: Clear 
"Filamenting" evident from Brooks Peninsula with defined eddy spawning at south
eastern extreme. Geographically isolated nature of the temperature structure at the 
mouth of JDF Strait is evident that seems to parallel 200 m isobath around La Perouse 
Bank. SST fronts are apparent at the mouth of Haro Strait in inner JDF Strait. 

Image 07210933: 
eHS: 1.0 m s-1 ebb eMS: 1.0 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: Clear 
"Filament" from Brooks Peninsula clear (similar to 07210700, 07191714). SST fronts 
evident at the mouth of Haro Strait and west of Victoria-Green Point sill (ie. 0.8°C 
gradient). 

Image 07211649: 
eHS: 1.1 m s-1 flood eMS: 0.5 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: >50 (majority of cloud limited to south sector of the 
offshore region and inner JDF Strait) 
Similar evidence of "filament" off Brooks Peninsula (as Image 07191714). 

Image 07220648: 
eHS: 0.6 m s-1 ebb eMS: 1.3 m s-1 ebb •PSJ: ebb (near end of cycle) 
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•Percentage of Cloud cover: 30 (cloud cover at the mouth of JDF Strait) 
"Filament" apparent however cloud cover affects southern section. Within the inner 
strait SST front modestly apparent at Haro Strait (ie. 0.4°C gradient). 

Image 07230636: 
•HS: 0.1 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: ebb 
•Percentage of Cloud cover: > 75 (only inner JDF Strait and Strait of Georgia clear) 
No pronounced temperature front at Haro Strait. Temperatures within the Strait of 
Georgia 18°C and Saturna Island "line" apparent. 

Image 07251741: 
eHS: 1.0 m s-1 flood eMS: 1.0 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 85 (inner JDF clear) 
Warm water from Fraser River turning southeastward and defined "line" at Saturna 
Island. Inner JDF Strait 13°C with SST fronts near banks. 

Image 07260925: 
•HS: 0.4 m s-1 ebb eMS: 0.4 m s-1 ebb ePSJ: slack (at end of ebb cycle) 
•Percentage of Cloud cover: 45 (cloud in inner strait and offshore region) 
No evidence of filament with reasonably uniform temperatures in clear areas off 
Brooks Peninsula. Outer JDF Strait generally 13-13.5°C. 

Image 07270903: Plate 12 
•HS: 0.1 m s-1 flood eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: -35 (cloud cover in western regions and fog approxi
mately 30 km off the Washington coast) 
Offshore region reasonably uniform temperatures (14°C) with no pronounced evi
dence of "filament". Inner JDF Strait warmer than outer strait ( ::::1.2°C difference 
along-strait) with defined front near Victoria-Green Point sill. Cold "pulse" apparent 
south of Race Rocks with an along-strait scale of approximately 40 km. 

Image 07271716: 
eHS: 0.3 m s-1 ebb eMS: 0.8 m s-1 flood ePSJ: ebb (onset) 
•Percentage of Cloud cover: 20 (majority of cloud within north sector of offshore 
region) 
Uniform temperature in the offshore region and JDF Strait also reasonably uniform 
(13.5°C). 

Image 07280715: 
eHS: 0.3 m s 1 flood eMS: 0.4 m s-1 flood ePSJ: ebb 
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•Percentage of Cloud cover: >80 (most of JDF Strait in cloud) 
Only the Strait of Georgia clear enough for assessment (17-18°C). 

Image 07280841: 
eHS: 0.4 m s-1 flood eMS: 0.1 m s-1 flood •PSJ: ebb 
•Percentage of Cloud cover: 50 
Uniform temperatures in the offshore region (12-12.5°C), although this may be af
fected by low fog (from previous cloud assessment Image 07280715). Within JDF 
strait a pronounced gradient at Victoria-Green Point sill is evident. 

Image 07282007: 
eHS: 0.6 m s-1 flood eMS: 0.7 m s-1 flood •PSJ: ebb 
•Percentage of Cloud cover: >60 (only JDF area clear) 
Inner JDF Strait 12.8-13.5°C with SST front in the inner strait. Outer strait slightly 
cooler and a defined temperature front is evident near Victoria-Green Point sill. 

Image 07290703: 
eHS: slack eMS: 0.2 m s- 1 flood ePSJ: ebb 
•Percentage of Cloud cover: >80 
Warm water from the Fraser River ( :::::20°C) moving southward toward Haro Strait. 

Image 07310638: 
eHS: 0.4 m s- 1 ebb eMS: slack ePSJ: flood (neap tide) 
•Percentage of Cloud cover: >85 
Inner JDF Strait depicts uniform temperatures with no pronounced SST fronts. Outer 
JDF approximately 0.5°C cooler. 

Image 08010625: 
eHS: 0.7 m s-1 ebb eMS: 0.3 m s-1 ebb ePSJ: flood (neap tide) 
•Percentage of Cloud cover: >50 (majority of cloud limited to westernmost extremi
ties of region and near the mouth of JDF Strait) 
Eddying apparent along the Washington coast. Within JDF Strait there is a pro
nounced temperature gradient south of Race Rocks. Inner strait uniform at 13.5°C 
with some evidence of SST fronts near the mouth of Haro Strait. 

Image 08012020: Plate 24 
eHS: 0.1 m s-1 ebb eMS: slack ePSJ: slack (neap tide) 
•Percentage of Cloud cover: >40 (western extremities of the offshore region cloud 
covered) 
Appearance of warm water along the north shore of JDF Strait near the mouth sug-
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gesting up-strait current reversal. The remainder of JDF Strait reasonably uniform 
in temperature (14.5°C). Saturna Island temperature front apparent with 1.5°C gra
dient. 

Image 08020613: 
•HS: 0.8 m s-1 ebb eMS: 0.7 m s-1 ebb ePSJ: flood (neap tide) 
•Percentage of Cloud cover: 20 (JDF cloud covered), 
Offshore region does not indicate previous "filament ' and demonstrates uniform tem
peratures 15-16°C. 

Image 08031731 : 
•HS: 0.5 m s-1 flood eMS: 0.1 m s-1 flood ePSJ: flood (onset) 
•Percentage of Cloud cover: 30 (cloud from Brooks Peninsula and southeast along 
coast) 
Within JDF Strait a cold "pulse" is apparent south of Race Rocks (may be associated 
with neap tides). No pronounced SST fronts within the inner strait near Haro Strait. 

Image 08031937: 
eHS: 0.4 m s-1 ebb eMS: 0.2 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: >40 (cloud within Haro and inner strait, offshore region 
sporadic cloud as in Image 08031731) 
Appearance of SST front near Haro Strait, however cloud affects the determination 
of the scale of the front. Extensive sporadic cloud in the offshore area limits the 
usefulness of this image although the general temperature appears uniform at 15-
160C. 

Image 08050717: Plate 19a 
•HS: 0.9 m s-1 ebb eMS: 1.2 m s-1 ebb ePSJ: ebb 
•Percentage of Cloud cover: 30 (limited to north sector of the offshore region and 
within the eastern region of inner JD F Strait) 
Offshore region within southern sector uniform temperatures of ~17°C, with cooler 
water along Washington coast. JDF Strait depicts temperature fronts near Victoria
Green Point sill with cooler water (13°C) in outer strait. Evidence of VICC meander
ing around La Perouse Bank and proceeding northward approximately 20 km offshore 
north of Barkley Sound. 

Image 08050908: Plate 19b 
eHS: 1.0 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: 35 (majority of cloud in north sector of offshore region) 
Offshore temperature very similar to Image 08050717. JDF Strait more uniform in 
temperature throughout with SST fronts south of Race Rocks (inner strait somewhat 
cloud covered). Evidence of VICC similarly located to Image 08050717 although 
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meander north of Barkley Sound appears more diffuse. 

Image 08060705: 
•HS: 0.8 m s-1 ebb eMS: 1.0 m s-1 ebb •PSJ: slack (after ebb) 
•Percentage of Cloud cover: 25 (central JDF Strait cloud covered) 
No evidence of previous "filament" off Brooks Peninsula. Region near the mouth of 
JDF Strait depicts isolated temperature structure associated with La Perouse Bank 
and clear areas of JDF Strait indicate reasonable uniformity in temperature. 

Image 08060846: Plate 23 
eHS: 1.0 m s-1 ebb eMS: 1.2 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 40 (majority of cloud limited to southern regions of 
offshore area) 
Some evidence of SST fronts within inner JDF Strait which demonstrate positional 
features located near banks and south of Race Rocks. Saturna Island "line" evident. 
Appearance of VICC along La Perouse Bank and meandering north of Barkley Sound. 

Image 08091758: Plate 17 
eHS: 1.0 m s-1 flood eMS: 0.9 m s- 1 flood ePSJ: ebb 
•Percentage of Cloud cover: 20-30 (fog in westernmost offshore area, cloud within 
outer JDF Strait) 
Offshore region depicts uniform temperature within 100 km of shore. Pronounced 
eddying and cooler filaments within 30 km of coastline. Clear evidence of Saturna 
Island "line" and SST fronts within the inner strait. 

Image 08100615: Plate 18 
eHS: 0.6 m s 1 flood eMS: 0.4 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 25-30 (SW extreme of offshore region) 
Offshore region demonstrates a similar temperature structure to Image 08091758 with 
cooler water within 30 km of shore. Near the mouth of JDF Strait isolated area over 
La Perouse Bank very evident with colder water emanating from JDF Strait during 
ebb tidal cycle. Cold "pulse" apparent south of Race Rocks in mid-strait with an 
along-strait scale of approximately 40 km. 

Image 08131921: Plate 26b 
eHS: 0.3 m s-1 flood eMS: 0.6 m s-1 flood ePSJ: ebb (onset) 
•Percentage of Cloud cover: 20 (cloud in southern sector of the offshore region and 
within the eastern portion of inner JDF Strait) 
Offshore region depicts reasonable uniformity in temperatures with no pronounced 
"filament" from Brooks Peninsula. Outer JDF Strait also uniform in temperature 
(13-13.5°C). Outflow from JDF Strait affecting mouth region. 
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Image 08191735: 
eHS: 0.2 m s-1 flood eMS: 0.35 m s-1 flood ePSJ: ebb (near end of cycle) 
•Percentage of Cloud cover: 30 (cloud cover in JDF Strait and central offshore region) 
Uniform temperatures within clear areas of JDF Strait. Warm water (>20°C) appar
ent from Fraser River flowing both north and south within the Strait of Georgia. 

Image 08200844: 
•HS: 1.0 m s-1 ebb eMS: 1.0 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: 85-90 
Only the Strait of Georgia was clear enough for assessment and depicts uniform 
temperatures near 19°C. 

Image 08221926: 
eHS: 0.7 m s- 1 flood eMS: 0.2 m s-1 flood •PSJ: ebb (near end of cycle) 
•Percentage of Cloud cover: 20 (JDF in cloud) 
Offshore region does not provide evidence of "filamenting" with generally uniform 
temperatures in the range of 16-17°C. 

Image 08230657: Plates 19c, 26c 
•HS: 0.3 m s-1 flood eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: 25 (cloud in inner JDF Strait and within southern sector 
of the offshore region) 
General temperature structure within the offshore region demonstrates near-shore 
temperatures that are slightly cooler than further offshore. The region near the mouth 
of JDF Strait depicts cold ebb outflow. Evidence of VICC meandering northwest of 
La Perouse Bank approximately 20-25 km offshore. 

Image 08230919: Plates 19d, 26d 
eHS: 0.4 m s-1 ebb eMS: 0.7 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: <10 (majority of cloud cover limited to northermost 
sections of image) 
Offshore temperature structure similar to Image 08230657 with slightly cooler tem
peratures within 30-50 km of shore. Vancouver Island Coastal Current evident north 
of La Perouse Bank approximately 25 km offshore. Appearance of cyclonic eddy de
veloping off Estevan Point. Ebb tidal flow from the mouth of JDF Strait apparent. 
South of Race Rocks a cold "pulse" with an along-strait scale of 60 km is defined by 
a pronounced SST front near the Victoria-Green Point sill. 

Image 08231646: 
eHS: 0.8 m s 1 flood eMS: 1.0 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: >30 (large cloud mass in the central offshore region) 
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Inner JDF Strait 14.5-15°C (diurnal effect) with outer strait 13-13.5°C. Temperature 
front apparent near Victoria-Green Point sill. 

Image 08240645: Plate 25a 
•HS: 0.5 m s-1 flood eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 20 (sporadic, isolated cloud) 
Offshore region depicts uniform temperatures. Evidence of ebb flow at the mouth 
of JDF Strait is apparent with warm water entrainment. Within JDF Strait a cold 
"pulse" south of Race Rocks covers most of the outer strait to very near the mouth of 
JDF. A SST front is located at the mouth of Haro Strait during flood tidal currents. 
Saturna Island "line" appears offset northward into the Strait of Georgia. 

Image 08240857: Plates 20, 25b 
•HS: 0.2 m s-1 flood eMS: 0.3 m s-1 flood ePSJ: ebb (near the end of cycle) 
•Percentage of Cloud cover: 10-15 (sporadic, isolated cloud in the offshore region, 
area of fog near mouth of JDF Strait) 
Generally uniform offshore temperatures with no evidence of "filamenting" although 
a cyclonic eddy appears to be developing off Estevan Point that may be influenced 
by the VICC. Features of ebb tidal flow from the mouth of JDF Strait and a cold 
"pulse" at mid-strait west of Victoria-Green Point sill evident. SST fronts (gradient 
<0.5°C) are located at the mouth of Haro Strait. 

Image 08242023: 
•HS: 0.2 m s- 1 flood eMS: 0.1 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30 (cloud generally limited to offshore regions) 
Apperance of ebb flow at the mouth of JDF Strait (similar to Image 08240857). 
Offshore temperatures are uniform and range from 16-17~C. 

Image 08250632: 
eHS: 0.6 m s-1 flood eMS: 0.6 m s-1 flood ePSJ: ebb 
e Percentage of Cloud cover: 65 (extensive cloud cover in southern sector of the off
shore region and eastern region of JDF Strait) 
Offshore region depicts similar uniform temperatures to Image 08240645. 

Image 08250835: 
eHS: 0.3 m s-1 flood eMS: 0.1 m s-1 flood ePSJ: ebb (near end of cycle) 
•Percentage of Cloud cover: 70 (similar cloud cover to Image 08250632) 
Temperatures are reasonably uniform within the outer strait generally 13-13.5°C. Ebb 
flow from the mouth of JDF Strait demonstrates similar features to Image 08240645 
(Plate 25a). 
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Image 08252001: Plate 21 
•HS: 0.3 m s-1 flood eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 20 
Offshore region depicts cooler temperatures within 75 km of shore. A cyclonic eddy is 
apparent off Est evan Point (apparent in other images previously identified). Features 
of ebb tidal flow from the mouth of JDF Strait are apparent with warm water en
trainment. Within JDF Strait isolated cold regions are evident south of Race Rocks, 
however the remainder of the strait is reasonably uniform in temperature 12-12.5°C. 

Image 08260620: Plate 22 
eHS: 0.5 m s-1 flood eMS: 0.5 m s-1 flood •PSJ: ebb 
•Percentage of Cloud cover: 35 (south sector affected by fog, some fog along Wash
ington coast) 
The cyclonic eddy off Estevan Point is apparent and appears to be defined by the 
VICC. Temperature fronts mirror bathymetric features of La Perouse Bank. Within 
JDF Strait temperatures are reasonably uniform along-strait with no pronounced 
SST front at Victoria-Green Point sill, however, a section of warmer water is evident 
within the outer strait. 

Image 08261750: 
eHS: slack eMS: 0.6 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear 
Offshore region uniform with temperatures ranging from 17.5-18°C (diurnal effect). 
Within JDF Strait there is an along-strait temperature gradient of approximately 
1 °C with warmer water in the inner strait. The Victoria-Green Point sill seems to 
represent the most pronounced temperature change. 

Image 08261939: 
eHS: 0.5 m s-1 flood eMS: 0.4 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear 
Temperatures within the offshore region show some difference between the northern 
regions (14°C) and areas further south (17°C). JDF Strait demonstrates uniform 
temperatures 13-13.5°C with no pronounced SST fronts. 

Image 08270932: 
eHS: 0.3 m s 1 flood eMS: 0.4 m s-1 flood ePSJ: ebb (near end of cycle) 
•Percentage of Cloud cover: 25 (extensive fog in SW sector of offshore region) 
Uniform temperatures within the offshore region similar to Image 08240857 (Plate 
20). Ebb flow from JDF Strait developing warm water entrainment feature evident in 
previous images. Possible evidence of VICC meandering alongshore north of La Per
ouse Bank. Within JDF Strait the inner strait depicts no pronounced SST fronts 
although temperatures are approximately 0.5°C warmer than within the outer strait. 
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Image 08271738: 
eHS: slack eMS: 0.4 m s-1 flood ePSJ: ebb (onset) 
•Percentage of Cloud cover: 35 (extensive cloud cover in southern sector of offshore 
region and within JDF Strait) 
Northern region of offshore area generally 17-17.5°C (diurnal effect) with no pro
nounced "filament". 

Image 08290724: 
eHS: slack eMS: 0.2 m s-1 flood ePSJ: slack (neap tide) 
•Percentage of Cloud cover: 30 (sporadic, isolated clouds) 
Pronounced eddying along the \Vashington coast with general offshore temperatures 
17-18°C. Within JDF Strait there is an along-strait temperature gradient of ~0.5°C 
with the inner strait warmer. There is no definite SST front at the mouth of Haro 
Strait. 

Image 08301953: 
eHS: 0.1 m s-1 ebb eMS: slack ePSJ: slack (neap tide) 
•Percentage of Cloud cover: 20-25 
Offshore region demonstrates uniform temperatures (17°C). Within JDF Strait tem
peratures are higher than usual (14.5°C) but this is probably the diurnal effect. No 
pronounced SST fronts within the inner strait. 

Image 08310659: 
•HS: 0.5 m s-1 ebb eMS: 0.3 m s-1 ebb ePSJ: flood (neap tide) 
•Percentage of Cloud cover: 30 (cloud cover over the mouth of JDF Strait) 
Although somewhat affected by cloud there is evidence of the temperature character
istics of the JDF Eddy. The general offshore temperatures do not depict "filaments" 
and are reasonably uniform (16.5-17°C). 

Image 09010647: 
eHS: 0.8 m s-1 ebb eMS: 0.6 m s-1 ebb ePSJ: flood (neap tide) 
•Percentage of Cloud cover: <10 (isolated clouds in southern offshore section) 
Within the offshore section colder water evident along the Vancouver Island coast 
(may be evidence of VICC). Temperatures are generally 16.5-17°C approximately 
100 km offshore. Within JDF Strait inner strait approximately 0.5°C warmer than 
outer strait. SST fronts evident at the mouth of Haro Strait and although affected 
by sporadic cloud the Saturna Island "line" is apparent. 

Image 09010924: Plate 27 
eHS: 0.3 m s-1 ebb eMS: slack ePSJ: flood (neap tide) 
•Percentage of Cloud cover: <10 (clouds in SW corner of the offshore region) 
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Offshore region demonstrates two definable temperature regimes separated at ap
proximately 75 km offshore. Near-shore temperatures range from 14-15°C, whereas 
further offshore they are approximately 1.5°C warmer. The isolated nature of the 
temperature structure near the mouth of JDF Strait is evident and appears to be un
der the influence of La Perouse Bank. Within JDF strait temperatures are generally 
0.5-1.0°C cooler in the outer strait. 

Image 09032006: 
eHS: 0.5 m s-1 ebb eMS: 0.6 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 20 (cloud and fog along Washington coast and within 
JDF Strait) 
Similar offshore temperature pattern to Image 09010924. Evidence of the VICC 
between Barkley Sound and Estevan Point. 

Image 09041740: Plates 29a, 30a 
eHS: 0.4 m s-1 flood eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: <20 (cloud predominantly in the northern sections of 
the offshore region) 
Cooler water alongshore in the offshore region confined to within 30 km. Eddying 
apparent off the Washington coast located over the Quinault Canyon. Temperature 
features associated with ebb flow at the mouth of JDF Strait are evident. Within 
JDF Strait temperatures are warmer in the outer strait. 

Image 09041945: Plates 29, 30b 
eHS: 0.5 m s-1 ebb eMS: 0.6 m s-1 flood ePSJ: flood (onset) 
•Percentage of Cloud cover: 20 (cloud limited to north tip of Vancouver Island) 
Similar offshore temperature structure to Image 09041740. Also pronounced features 
associated with ebb flow at the mouth of JDF Strait and eddying along the Washing
ton coast. Cyclonic features off Estevan Point are apparent. Within JDF Strait SST 
fronts are evident at the mouth of Haro Strait and near the banks within the inner 
strait. Beyond the Victoria-Green Point sill water temperatures are typically 1.0°C 
warmer. 

Image 09050938: Plate 31 
•HS: 1.0 m s-1 ebb eMS: 0.9 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 30-40 (predominantly at the north tip of Vancouver Is
land and Barkley Sound area) 
Eddy off the Washington coast more clearly defined than previously with core tem
peratures near 15.5°C and a 30 km scale. The feature seems topographically fixed 
near Quinault Canyon over a feature apparent in the 200-500m isobaths. Pronounced 
SST fronts are evident at the mouth of Haro Strait during ebb tidal currents with 
the remainder of the strait a more uniform temperature (13.5°C). Area at the mouth 
of JDF cloud covered. 
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Image 09051727: Plate 33 
eHS: 0.8 m s-1 flood eMS: 0.6 m s- 1 flood ePSJ: ebb 
•Percentage of Cloud cover: 30-40 (cloud cover north of Estevan Point) 
Eddy feature off the Washington coast is evident in this image as well as the ebb tidal 
flow at the mouth of JDF Strait. Temperature characteristics of the JDF Eddy remain 
apparent over Spur Canyon. Saturna Island "line" evident, although pronounced SST 
fronts at the mouth of Haro Strait are not as clear. 

Image 09051923: 
eHS: slack eMS: 0.1 m s-1 ebb ePSJ: slack 
•Percentage of Cloud cover: 30-40 
Similar temperature features at the mouth of JDF Strait as depicted in Image 09051727. 
Within JDF Strait the inner strait is slightly cooler 13.5°C compared to the outer 
strait (14.5°C). 

Image 09081958: 
eHS: 0.2 m s-1 flood eMS: 0.1 m s-1 ebb •PSJ: ebb 
•Percentage of Cloud cover: 30 (sporadic cloud throughout image) 
The offshore region depicts a generally uniform temperature structure although spo
radic cloud affects the region. ·within JDF Strait temperature near 12.5°C throughout 
with no pronounced SST fronts. 

Image 09091737: 
eHS: 0.5 m s-1 flood eMS: 0.7 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 40 (JDF Strait cloud covered) 
Offshore region shows similar temperature structure to Image 09041740 with reason
able uniformity. Isolated nature of the mouth of JDF Strait over La Perouse Bank is 
evident although cloud cover affects the strait itself. 

Image 09100930: 
•HS: 0.7 m s-1 flood eMS: 0.4 m s-1 flood ePSJ: ebb (near end of cycle) 
•Percentage of Cloud cover: >40 (JDF Strait cloud covered) 
Offshore region depicts reasonably uniform temperatures with slightly cooler water 
within 30 km of shore. Cloud cover affects JDF Strait. 

Image 09122012: 
eHS: slack eMS: 0.4 m s-1 flood •PSJ: ebb 
•Percentage of Cloud cover: 60 
JDF Strait represents the only major clear area and depicts temperatures at the 
mouth near 14.5°C with cooler water within the outer strait. The Victoria-Green 
Point sill defines a SST front ( :::::1.0°C gradient). There are no definable SST fronts 

181 



at the mouth of Haro Strait. 

Image 09160900: Plate 32a 
•HS: 0. 7 m s-1 ebb eMS: 0.2 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 30-40 (cloud cover predominantly in the offshore regions) 
Isolated nature of the temperature structure at the mouth of JDF Strait is evident. 
This region also represents a more uniform temperature across La Perouse Bank 
during flood tides than previously during ebb tidal flow. A cold "pulse" is apparent 
at mid-strait south of Race Rocks and the Saturna Island "line" demonstrates a SST 
front. Puget Sound (ie. Admiralty Inlet) depicts warmer water. 

Image 09172004: 
•HS: 0.6 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 20 (cloud at the mouth of JDF Strait) 
The offshore region represents uniform temperatures of approximately 16°C with 
cooler water within 50 km of shore (similar to 09041945, Plate 29). Within JDF 
Strait a SST front is evident at the mouth of Haro Strait ( :::::0.6°C gradient) otherwise 
the strait depicts temperatures of 13-13.5°C. 

Image 09180956: 
eHS: 0.8 m s-1 ebb eMS: 0.4 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 20 
Offshore region presents a similar temperature structure as depicted in Image 09262009, 
Plate 34). Within JDF Strait a pronounced SST front is evident south of Haro Strait. 
The outer strait represents uniform temperatures of 13.5°C. 

Image 09181942: 
eHS: 0.6 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: 30 (sporadic cloud) 
Temperatures within the offshore region are reasonably uniform (16°C) with cooler 
water within 30-50 km of shore. Within JDF Strait there is evidence ot a SST front 
at the mouth of Haro Strait represented by a 0.6°C gradient. 

Image 09190935: Plate 32b 
eHS: 0.9 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 30 
Offshore region demonstrates temperatures between 15-16°C with the warmest region 
approximately 50 km offshore near Estevan Point. Cooler water is also evident along 
the Washington coast over the continental shelf from the shoreline to the 200 m iso
bath. There is a pronounced SST front south of Race Rocks with a cold "pulse" that 
demonstrates an along-strait length scale of approximately 25 km. The characteris-

182 



tics of previous ebb flow are apparent at the mouth of JDF Strait over La Perouse 
Bank. 

Image 09200913: Plate 28 
eHS: 0.7 m s-1 ebb eMS: 0.7 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 20 (fog evident in southernmost offshore region and inner 
JDF Strait) 
The offshore region demonstrates the typical temperature structure for September 
with cooler water within 30 km of shore. Although cloud affects the inner strait a 
cold "pulse" seems apparent at the mouth of JDF Strait over La Perouse Bank. 

Image 09202038: 
eHS: 0.3 m s-1 ebb eMS: 0.6 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: Clear 
Similar offshore temperature structure to Image 09200913 with near shore temper
atures generally 1.5-2°C cooler. Temperature structure at the mouth of JDF Strait 
illustrates the usual ebb flow cycle over La Perouse Bank. Within the inner strait a 
SST front is evident at the mouth of Haro Strait. 

Image 09231934: 
eHS: 0.2 m s-1 flood eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 40 
Offshore region illustrates similar temperatures to 09200913. Temperatures along 
the Washin~ton coast are 13-13.5°C. A cold "pulse" is apparent exiting the mouth of 
JDF Strait (similar to 09200913, Plate 28) during ebb tidal flow. Within JDF Strait a 
SST front exists near the Victoria-Green Point sill with the inner strait approximately 
0.5-1.0°C warmer than the outer strait. 

Image 09240927: 
eHS: 0.5 m s-1 flood eMS: 0.2 m s-1 flood ePSJ: slack 
•Percentage of Cloud cover: 30-40 
The temperature structure within the offshore region is very similar to Image 09200913(Plate 
28). Near the mouth of JDF Strait ebb flow characteristics are evident. A cold "pulse" 
is apparent at mid-strait. The Victoria-Green Point sill is apparent with a tempera-
ture difference of 1-1.5°C between the inner and outer strait. 

Image 09250905: 
eHS: 0.5 m s-1 flood eMS: 0.5 m s-1 flood ePSJ: ebb (neap tide) 
•Percentage of Cloud cover: 30 (inner strait cloud covered) 
Temperatures within the offshore region depict cooler water near-shore and typical 
uniform temperatures of 16°C in the offshore area. Inner JDF Strait cloud covered 
although the outer strait depicts temperatures of 12.5-13°C. 
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Image 09262009: Plate 34 
eHS: slack eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: Clear 
Temperatures within the offshore region are very similar to earlier in the month with 
the definable temperature front that tends to follow the 500 m isobath. There is 
also evidence of what may be "stringer" upwelling off of the topographic features 
of the Vancouver Island coast (this is apparent in other images from earlier in the 
month). The complex temperature structure at the mouth of JDF Strait indicates 
the importance of La Perouse Bank. Within JDF Strait temperatures are reasonably 
uniform with no pronounced SST fronts at the mouth of Haro Strait. 

Image 09280940: 
eHS: 0.5 m s-1 flood eMS: 0. 7 m s-1 flood ePSJ: slack (neap tide) 
•Percentage of Cloud cover: >40 (majority of cloud within the north section of the 
image) 
Complex temperature structure at the mouth of JDF Strait (as in Image 09262009, 
Plate 34) over La Perouse Bank. JDF Strait represents uniform temperatures with 
evidence of some SST fronts within Haro Strait (gradient <0.5°C). 

Image 10012001: Plate 38 
eHS: 0. 7 m s- 1 ebb eMS: 0.5 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 30-40 (majority of cloud limited to JDF mouth (over La 
Perouse Bank) and southern regions of offshore area) 
Offshore region depicts separated temperature structures with near-shore tempera
tures typically 1.5-2.0°C cooler (within 30 km). Within JDF Strait there is a cross
strait temperature gradient ("tipped" estuary flow) within the outer strait of approx
imately 0.5°C. SST fronts apparent in the inner strait south of Haro Strait. Outflow 
from the Fraser River is evident flowing northward within the Strait of Georgia. 

Image 10030932: Plates 35, 40 
eHS: 0.6 m s-1 ebb eMS: 0.6 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: Clear 
Complex temperature structure within 50 km of shore in the offshore region demon
strating temperatures near 13.5°C. The temperature front mirrors the 500-1000m 
isobaths with warmer water further offshore. Near the mouth of JDF Strait there 
are temperatures characteristic of the JDF Eddy although the region over La Per
ouse Bank demonstrates a very complex pattern of cyclonic and anticyclonic flows. A 
100 km scale "arc" is apparent off the Washington coast, suggesting poleward flow. 
Within JDF Strait temperatures are reasonably uniform along the strait except for 
the appearance of a cold "pulse" approximately 40 km west of Race Rocks. The 
Saturna Island "line" is evident although the temperature gradient is less than 1.5°C. 
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Image 10031917: 
eHS: 0.7 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: 30 (majority of cloud cover north of Estevan Point) 
Area near the mouth of JDF Strait similar to Image 10030932 (Plate 35). Within 
JDF Strait there is evidence of a SST front south of Haro Strait. Temperatures within 
the inner strait generally 0.5°C warmer than within the outer strait. 

Image 10040910: Plate 37 
•HS: 0.9 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: Clear (isolated band near mouth of JDF Strait) 
The offshore region depicts a temperature front approximately 30 km offshore. "Arc" 
off the Washington coast identified in Image 10030932 is also evident. A pronounced 
SST front is evident at the mouth of Haro Strait. The remainder of JDF Strait is 
reasonably uniform in temperature (~12.5°C) with no significant along-strait differ
ence. 

Image 10042035: 
eHS: 0.4 m s-1 ebb eMS: 1.0 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: >50 (predominantly in the northern sections) 
Offshore temperature similar to 10040910 (Plate 37). There is evidence of the tem
perature characteristics of the JDF Eddy during flood tide at the mouth of JDF 
Strait. A cold "pulse" is apparent at mid-strait south of Race Rocks west of the 
Victoria-Green Point sill. 

Image 10050848 : 
eHS: 0.4 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: >50 (cloud over JDF Strait and withinthe southern 
sector of the offshore region) 
Similar offshore temperatures as in Image 10040910. 

Image 10052014: Plate 39 
eHS: 1.0 m s-1 ebb eMS: 1.0 m s- 1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: 30 (majority of cloud within the offshore region, fog 
along Washington coast) 
Features of ebb tidal flow at the mouth of JDF Strait are apparent over La Perouse 
Bank. SST fronts are evident at the mouth of Haro Strait during ebb tidal currents of 
1.0 m s-1 . Another front near the Victoria-Green Point sill demonstrates a gradient 
of 0.8°C. 

Image 10061952: Plate 41 
eHS: 1.0 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: ebb (near the end of cycle) 
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•Percentage of Cloud cover: 30 (sporadic, isolated cloud) 
Features of ebb tidal flow evident at the mouth of JDF Strait. Within JDF Strait 
there is a pronounced SST front near Victoria-Green Point sill. Outflow from the 
Fraser River seems to be moving northward. 

Image 10070945: 
eHS: slack eMS: 0.5 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: 20 
General temperature structure very similar to Image 10040910 (Plate 37). Cooler 
water along the Washington coast confined to within 20 km of shore. 

Image 10140854: 
eHS: 1.1 m s-1 flood eMS: 0.5 m s-1 flood ePSJ: flood 
•Percentage of Cloud cover: 80 
Extensive cloud cover limited the usefulenss of the image although region near the 
mouth of JDF indicates similar temperature structure to 10040910. 

Image 10210942: Plate 36 
eHS: 0.2 m s-1 ebb eMS: 0.4 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 40-50 (sporadic, isolated cloud, outer JDF Strait cloud 
covered) 
Although affected by extensive cloud cover the general temperature structure indi
cates cooler temperatures than earlier in the month. Near-shore region ~12°C with 
warmer water offshore. 

Image 10280850: 
eHS: 0.2 m s-1 flood eMS: 0.8 m s-1 flood ePSJ: ebb (neap tide) 
•Percentage of Cloud cover: 75 
Similar temperature pattern to Image 10210942 (Plate 36). 

Image 10282016: 
eHS: slack eMS: slack ePSJ: ebb (neap tide) 
•Percentage of Cloud cover: 75-80 
Similar to Image 10210942 (Plate 36). 

Image 11111931: Plates 42, 42a 
eHS: 0.2 m s-1 ebb eMS: slack ePSJ: slack (after flood cycle) 
•Percentage of Cloud cover: > 70 
Although affected by extensive cloud cover the general offshore temperature depicts 
cooler water along-shore to approximately 100 km. Within JDF Strait the inner strait 
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shows temperatures that are ::::::0.8°C cooler than within the outer strait and the major 
temperature front is evident near the Victoria-Green Point sill. 

Image 11161904: Plate 43 
eHS: 0.9 m s-1 ebb eMS: 1.2 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: >70 (JDF region and mouth area clearest) 
Offshore region affected by extensive cloud cover. JDF Strait illustrates cooler water 
within the inner strait and characteristics of "tipped" estuary flow within the outer 
strait. 

Image 11251909: 
eHS: slack eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: > 70 (large cloud mass between Brooks Peninsula and 
Est evan Point) 
Near-shore temperatures within the offshore region are generally 1.5-2.0°C cooler than 
further offshore (very similar to 11111931, Plate 42). 

Image 12021818: 
eHS: 1.1 m s-1 ebb eMS: 1.2 m s- 1 ebb ePSJ: slack (after ebb cycle) 
•Percentage of Cloud cover: >50 
Within the offshore region temperatures of 11 °C within 30 km of shore increasing to 
a range of 12.5-13°C further offshore. Extensive cloud cover within JDF Strait. 

Image 12030811: Plate 44 
eHS: 0.8 m s-1 ebb eMS: 0.4 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: 70 
Temperature structure within the offshore region parallels the coastline with coolest 
water within 30 km. Temperature features over La Perouse Bank indicate its isolated 
nature from the remainder of the offshore area. Within JDF Strait temperatures are 
uniform at 10-10.5°C with slightly warmer water in the outer strait. 

Image 12040749: Plate 45 
eHS: slack eMS: 0.1 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: > 75 (most of northern region of offshore area cloud cov
ered) 
Outflow from the Columbia River is apparent flowing north under the influence of sea
sonal poleward flow. Within JDF Strait there is an along-strait temperature gradient 
of approximately 1.2°C with the inner strait cooler. 
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Image 12120816: 
eHS: slack eMS: 0.5 m s-1 flood ePSJ: slack (after flood cycle) 
•Percentage of Cloud cover: 60 (JDF area in cloud) 
Temperatures along the Washington coast are coolest within 10 km of the coast. 
General offshore temperatures within clear areas range between 10.8-11.5°C. 

Image 12130754: 
eHS: 0.2 m s-1 ebb eMS: 0.2 m s-1 flood ePSJ: flood 
•Percentage of Cloud cover: 75 (most of northern regions and JDF in cloud) 
Similar temperature structure along the Washington coast as in Image 12120816. 

Image 12241841: 
eHS: slack eMS: 0.2 m s- 1 flood ePSJ: ebb 
•Percentage of Cloud cover: >50 (sporadic, isolated cloud throughout image) 
In the offshore region temperatures within 30 km of the coast approximately 10°C 
with warmer water offshore. Majority of JDF area is in cloud. 

Image 12291833: 
eHS: 1.2 m s-1 ebb eMS: 1.0 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: >85 
Extensive cloud prevented effective image navigation (ie. GCPs). 

Image 01191917: 
eHS: 0.1 m s-1 ebb eMS: 0.4 m s- 1 ebb ePSJ: ebb 
•Percentage of Cloud cover: >85 
Temperatures within the inner strait are generally 0.5°C cooler than the outer strait. 
Cold outflow from the Fraser River apparent in the Strait of Georgia. 

Image 01201856: 
eHS: 0.2 m s-1 flood eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: 40 (band of cloud from Brooks Peninsula to the Wash
ington coast) 
Warmest water apparent offshore (20 km) of the Washington coast. Within JDF 
Strait temperatures are reasonably uniform at 9-9.5°C in the inner strait and 10-
10.50C in the outer strait. 

Image 01211834: Plate 46 
eHS: 0.4 m s-1 ebb eMS: 0.2 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: <15 
The offshore region illustrates typical winter temperature structure with coldest water 
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along the coastline (within 20 km) mirroring the topographic promontories. Warmest 
water is evident along the Washington coast. Within JDF Strait temperatures are 
uniform along-strait at approximately 9°C. Cold outflow from the Fraser River is 
evident. 

Image 01220827: Plate 47 
eHS: 0.6 m s-1 flood eMS: slack ePSJ: ebb 
•Percentage of Cloud cover: <20 (cloud cover in southern offshore area and Strait of 
Georgia) 
Very similar offshore temperatuture structure to Image 01211834, although there is 
some evidence of poleward flow within the offshore region. JDF Strait shows uniform 
temperatures throughout (10°C). 

Image 02061927: 
eHS: 0.3 m s-1 flood eMS: 0.4 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: Clear (some cloud in JDF Strait) 
Offshore temperature structure very similar to Image 01220827 (Plate 47). JDF Strait 
illustrates uniform temperatures along-strait with no pronounced SST fronts. 

Image 02081844: 
eHS: 0.3 m s-1 ebb eMS: slack ePSJ: flood (neap tide) 
•Percentage of Cloud cover: >30 (extensive cloud in JDF Strait and along the Wash
ington coast) 
Offshore region depicts similar temperature structure to Image 01220827 with rea
sonably uniform temperatures of 10.5-11 °C approximately 30 km offshore. 

Image 02090836: Plate 48 
eHS: slack eMS: 0.1 m s-1 flood ePSJ: ebb 
•Percentage of Cloud cover: 10 (cloud at mouth of JDF Strait) 
Within the offshore region temperatures are coolest within 20 km of the coastline. 
Off the Washington coast an anticyclonic feature is evident with a length scale of ap
proximately 50 km (this region is represented by temperatures of 11.5-12°C). Within 
JDF Strait temperatures are uniform at 10°C with no pronounced SST fronts. 

Image 02131835: 
eHS: 0.8 m s 1 ebb eMS: 0.9 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: >50 (cloud cover predominantly in the northern regions) 
Cold outflow from the Columbia River is evident turning northward under poleward 
flow. Within JDF Strait the along-strait temperature gradient of ~0.5°C is evident 
with the inner strait cooler. Cold outflow from the Fraser River is apparent turning 
toward Haro Strait under ebb tidal flow. 
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Image 02271832: Plate 49 
eHS: 0.9 m s-1 ebb eMS: 1.0 m s-1 ebb ePSJ: flood (onset) 
•Percentage of Cloud cover: Clear 
Offshore region depicts coolest water within 20 km of the coast. Cold outflow from 
JDF Strait is apparent near Barkley Sound under the influence of poleward flow. 

Image 02280825: Plate 50 
eHS: 0.9 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: flood 
•Percentage of Cloud cover: Clear 
Offshore temperatures depict a similar structure to previous winter images with cold
est water along the shore. However this image identifies two temperature regimes on 
a northwest-southeast axis with warmer water evident in the southernmost regions 
of the offshore area. Cold outflow is apparent from both the Columbia River and the 
Fraser River. Temperatures within JDF Strait are reasonably uniform with slightly 
warmer water in the westernmost region of the outer strait. 

Image 02281810: 
eHS: 0.5 m s-1 ebb eMS: 0.8 m s-1 ebb ePSJ: slack (after ebb cycle) 
•Percentage of Cloud cover: Clear 
The temperature structure within the offshore region is very similar to Image 02280825 
(Plate 50) although the structure is not as clearly defined (diurnal effect). JDF strait 
is uniform at 11.5°C. 
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Appendix B 

Summary of Correlation and 
Regression Analysis 

The following appendix summarizes the correlation and regression analysis re
sults presented in Chapter 5. In all cases the dependent variable is the satellite-derived 
sea surface temperature. 
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Correlation Variable Coefficient Std Error N (observations) Deg of Freedom 
A. AMPASS DATA 
l.water temp. only 0.888 0.03 156 154 

Constant 1.83 1.28 
Correlation Value 0.88 

r95 cut off 0.1353 

2. air temp only 0.752 0.035 156 154 
Constant 4.042 1.405 

Correlation value 0.86 
r95 cut off 0.1353 

3. water temp 0.6548 0.108 156 154 
air temp 0.216 0.09 
Constant 2.146 1.26 

Correlation value 0.791 
r95 cut off 0.1353 

B. AMPASS wjo Buoy 46146 
l.water temp. only 0.785 0.06 114 112 

Constant 3.144 1.32 
Correlation Value 0.76 

r95 cut off 0.1875 

C. AMPASS Buoy 46146 only 
l.water temp. only 0.959 0.08 42 40 

Constant 0.599 1.68 
Correlation Value 0.86 

rgs cut off 0.3097 

CorrelatiOn values for AM passes ( contmued) 
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Correlation Variable Coefficient Std Error N (observations) Deg of Freedom 
D. AMPASS 

wave ht -< 1.5m 
1. water temp. only 0.881 0.042 91 89 

Constant 2.14 1.15 
Correlation Value 0.83 

rgs cut off 0.210 

2.water temp 0.484 0.132 91 88 
air temp 0.375 0.12 
Constant 2.58 1.15 

Correlation value 0.847 
rgs cut off 0.210 

wave ht >- 1.5m 
3.water temp. only 0.793 0.082 55 53 

Constant 2.95 1.31 
Correlation Value 0.64 

rgs cut off 0.271 

4.water temp 0.701 0.184 55 52 
air temp 0.078 0.141 
Constant 3.16 1.32 

Correlation value 0.642 
r95 cut off 0.271 

Table B.1: Summary of correlation values for AM passes with relation to satellite 
temperature 
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Correlation Variable Coefficient Std Error N (observations) Deg of Freedom 
A. PMPASS DATA 
1. water temp. only 0.999 0.029 150 148 

Constant 1.10 1.04 
Correlation Value 0.94 

rgs cut off 0.1635 

2. air temp only 0.991 0.038 150 148 
Constant 1.96 1.319 

Correlation value 0.90 
rg5 cut off 0.1653 

3. water temp 0.872 0.09 150 147 
air temp 0.139 0.093 
Constant 1.04 1.03 

Correlation value 0.89 
r95 cut off 0.1635 

B. PMPASS wjo Buoy 46146 
l.water temp. only 0.907 0.044 114 112 

Constant 2.24 1.05 
Correlation Value 0.88 

r95 cut off 0.1875 

C. PMPASS Buoy 46146 only 
l.water temp. only 1.044 0.04 36 34 

Constant 0.661 0.884 
Correlation Value 0.97 

rgs cut off 0.3346 

CorrelatiOn values for PM passes ( contmued) 
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Correlation Variable Coefficient Std Error N (observations) Deg of Freedom 
D. PMPASS 

wave ht -< 1.5m 
1. water temp. only 0.981 0.065 85 83 

Constant 1.66 0.871 
Correlation Value 0.926 

rgs cut off 0.2172 

wave ht >- 1.5m 
l.water temp. only 0.903 0.065 60 58 

Constant 1.94 1.11 
Correlation Value 0.764 

rgs cut off 0.2589 

Table B.2: Summary of correlation values for PM passes, related to satellite temper
ature 
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