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ABSTRACT

Borstad, G.A, 1985, Water colour and temperature in the southern Beaufort
Sea: remote sensing in support of ecological studies of the bowhead

whales. Can. Tech. Rep. Fish, Aquat. Sci. 1350: v + 68 p.

Comparison of the geographic distribution of bowhead whales in the
southern Beaufort Sea and coincident observations of water colour, chlorophyll

a fluorescence and/or temperature made from aircraft and satellites during
August-September 1980-1983, show that important congregations of bowheads (and
many smaller groupings also) tend to occur in the vicinity of oceanographic
phenomena manifesting themselves as surface temperature or turbidity fronts

and anomalies. This is in agreement with suggestions that bowheads feed in
areas of local zooplankton abundance, since zooplankton are known to often

accumulate at discontinuties and upwellings. It may be possible to use satel-
lite imagery to predict bowhead distribution.

Key words: bowhead whales; Beaufort Sea; water colour; chlorophyll a fluores-
cence; surface water temperature; airberne remote sensing; satel-
lite imagery.

RESUME

Borstad, G.A. 1985. Water colour and temperature in the southern Beaufort
Sea: remote sensing in support of ecological studies of the bowhead

whales. Can. Tech. Rep. Fish. Aquat. Sci. 1350: v + 68 p.

Une comparaison effectuée entre les données de la répartition géogra-
phique des baleines boréales dans les ré&gions du sud de 1a mer de Beaufort et
les observations coincidentes de la couleur de 1'eau, de la température et
(ou) de la fluorescence de la chlorophylle a & partir d'un aéronef ou d'un
satellite, entre les mois d'aolt et septembre des années 1980 3 1983, montre
que les baleines boréales se réunissent en groupes importants ou en petits
groupes surtout prés de phénoménes océanographiques prenant la forme d'@carts
prononcés de température d& la surface et d'anomalies et de fronts de turbi-
dita. Cette constatation corrorobore les hypothéses selon lesquelles les
baleines boréales se nourrissent dans les régions ol abonde le zooplancton,
puisque celui-ci s'accumule de toute &vidence dans les discontinuités et les
résurgences marines. [1 pourrait &€tre possible d'utiliser 3 1‘'avenir les
photographies spatiales pour prédire la répartition de baleines boréales.

Mots-clés: baleines boréales; mer de Beaufort; couleur de 1'eau; fluorescence
de la chlorophylle a; température de 1'eau superficielle; détec-
tion aérienne; photographie spatiale.






INTRODUCTION

The bowhead whale Balaena mysticetus is a
large baleen whale previously abundant in cold
Arctic waters. Commercial whaling during the
last century drastically reduced the population
to about 3-4000 animals in the Western Arctic
and somewhat smaller number in the Eastern Arc-
tic (International Whaling Commission 1983). It
is now considered an endangered species by the
International Whaling commission and under
American legislation. The largest remaining
population winters in the Bering Sea and summers
in the Canadian Beaufort, migrating around
Alaska and through the Chukchi Sea in spring and
fall (Braham et al, 1980; Ljungblad et al.
1982). NDuring the spring migration the animals
are far offshore, but during their exit from the
Beaufort many bowheads pass through or near the
zones of 0il exploration off the Mackenzie River
delta and along the Alaskan north coast (Ljung-
blad et al, 1982; Richardson et al. 1983).

Large-scale, comprehensive aerial surveys
of bowhead whale distribution have now been con-
ducted off both the Alaskan and Canadian coasts
for several years, partly in an attempt to
determine whether or not the industrial activity
in having a detectable effect on the distribu-
tion or behaviour of the whales. These studies
have shown that the distribution or behaviour of
the animals is highly variable from year to year
in the southeast Beaufort Sea off the Yukon
Coast and Tuktoyaktuk Peninsula (Richardson
1983). Even in the presence of disturbance by
man's activities, it is reasonable to expect the
distribution and movements of the population to
be affected by its physical environment and food
supply. There is evidence that bowheads tend to
be found at Tlocations having significantly
higher zooplankton biomass (Griffiths and
Buchanan 1982); however, there are almost no
data concerning zooplankton distribution in the
Beaufort Sea. Because of the logistical prob-
lems and the cost of such a study there has not
yet been an attempt to relate bowhead whale dis-
tribution to food abundance over a large area,
or to physical factors which at least partly
determine the distribution of zooplankton.

The present study represents an applica-
tion of relatively recent technology to the pro-
blem. Coincident with the 1983 bowhead whale
surveys which were carried out by LGL Ltd.
(McLaren and Davis 1984) for the Environmental
Studies Revolving Fund (DIAND) and managed by
Nome Petroleum Limited, we employed airborne
remote sensing techniques developed by Gower and
Borstad (Neville and Gower 1977; Gower and
Borstad 1981; Borstad and Brown 1980; Borstad et
al. 1981; Borstad and Gower, in press) to map
water colour patterns in the southern Beaufort
Sea. Sea surface temperature was also measured
from the aircraft using a PRT-5 radiometer, but
an instrument fault made the data
unretrievable. Temperature patterns present
during the 1983 surveys were determined from
coincident satellite imagery. The water colour
and temperature data were compared to the 1933
bowhead distributions reported by MciLaren and
Davis (1984), and a small number of satellite
thermal images from 1980, 1981 and 1982 were
also compared to bowhead distributions in those
years summarized by Richardson (1983).

Qur airborne measurements were made from
the whale survey aircraft using the Institute of
Ocean Sciences colour spectrometer. While such
water colour surveys have been conducted in the
Arctic before (Borstad and Gower, in press), the
1983 surveys were carried out in an opportunis-
tic mode, that is the flight lines, altitude and
times were chosen to suit the whale observa-
tions. We tried to impose as little disruption
as possible to normal survey routines. Within
these 1imitations, the objectives of the project
were to:

1. Obtain presently Tlacking descriptive data
concerning the distribution and patterns
of phytoplankton crops (chlorophyll con-
centration) in the Southern Beaufort Sea
during the period of maximum open water
(August);

2. Provide preliminary assessment of the
relationship between the primary producers
and the physical forces or processes
governing their growth and distribution
(by comparison of chlorophyll and tempera-
ture data); and

3. Acquire data concerning the importance of
frontal zones and circulation patterns on
the productivity of the region;

4, Compare the distribution of bowhead whales
to the temperature and water colour fields
on large and small scales, and seek to
answer the question as to whether or not
the distribution of feeding whales is
related to measurable physical (tempera-
ture) or biological (chlorophyll concen-
tration, sediment) variation or discon-
tinuities.

The study also included an investigation
of available satellite imagery with more limited
objectives to: compare the ice, temperature and
water colour patterns visible in NOAA - AVHRR
imagery for the month of August, 1979 to 1983.
Where imagery is available for the time of a
whale survey, compare bowhead distribution to
observed oceanographic structure. Attempt to
obtain Coastal Zone Colour Scanner Imagery for
the Beaufort Sea for the period August - Septem-
ber, 1983.

BACKGROUND ON METHODOLOGY
REMOTE WATER COLOUR MEASUREMENT

The amount of visible radiation emerging
from the sea (the upwelling signal) is deter-
mined by the absorption and scattering charac-
teristics of the upper layers of the water col-
umn, by the downwelling radiation incident upon
the sea surface and by the transmission charac-
teristics of the surface itself. Within the
water the spectral character of the incident
radiation is altered by absorption of water and
by dissolved and suspended material including
planktonic algae. The backscatter from particu-
late matter is essentially white, however the
strong spectal nature of the absorption by
water, phytoplankton and dissolved organic
material (summarized in Figure 1) result in the
change of apparent and measurable colour of
water bodies with increasing chlorophyll a (+
phaeopigments) content. Since water ifself



absorbs strongly at longer wavelengths, radiant
energy emerging from plankton-poor water will be
mostly blue. 1Increasing phytoplankton chloro-
phyll a concentrations result in decreases in
the amount of blue upwelling light (because of
strong absorbance by chlorophyll a and phaeopig-
ment at these wavelengths) and a progressive
greening of the water (Morel 1980). For remote
sensing purposes, chlorophyll a and the phaeo-
pigments are generally summed, since their
absorption properties are similar.

Remote measurements of the c¢hlorophyll
content of a water body have generally made use
of these changes in the amounts of blue (440 nm)
and green (560 nm) upwelling radiance (L (A))
after normalizing them to the amount and spec-
tral nature of the downwelling incident irradi-
ance (E4(r)) (Clarke et al. 1970; Curran 1972;
Arvesen et al. 1973; Miller et al. 1976; Morel
1980 and others). Examples of the resulting
reflectance  spectra LyA/Eqy or R (x) in
Figure 2 illustrate the changes associated with
increases in pigment concentration. (The re-
flectance as calculated here and by others for
remote above-water measurements is a mixed
radiance-irradiance ratio which differs from
subsurface irradiance ratios by =#/Q - 0.6
because of Fresnel reflection and refraction
which occurs as the upwelling signal Tleaves the
water (Austin 1980; Morel 1980).) Experiments
show that there is a direct relation between the
ratio of the green reflectances around 550 nm
and those at blue wavelengths (440 nm is usually
chosen) and pigment concentration in the top 5-
10 m of the water column. There are, however, a
number of factors interfering with this measure-
ments, which will be discussed later. For this
work we have chosen to use a pair of wavelengths
much closer together (550 nm and 525 nm) which
is less sensitive to other influences.

We also employ a second independent method
for remote detection and measurement of chloro-
phyll a based on in vivo fluorescence by the
pigment. This phenomenon has been exploited for
experimental and measurement purposes for many
years and oceanographers have made use of the in
vivo fluorescence by phytoplankton chlorophyll a
to infer continuous chlorophyll vertical or
horizontal distribution wusing filter fluoro-
meters. These instruments generally use weak
0.2 wW/cm”™ blue light (maximum near 440 nm) to
excite the pigment while recording all emissions
greater than 650 nm (Yentsch and Menzel 1963;
Lorenzen 1967).

Naturally stimulated in vivo fluorescence
by the chlorophyll a molecule was first detected
on reflectance spectra by Neville and Gower
(1977) as a distinct gaussian peak of 35 nm half
power band width centered at 684 nm. Figure 2
illustrates the increases of Fluorescence Line
Height (FLH) that are associated with increasing
chlorophyll a concentration. Because of the
very strong red absorption by water, the observ-
able fluorescence signal will be confined to the
uppermost 1-2 m of the water column, The weak
attenuation of long wavelengths in the atmos-
phere does not grossly affect the upwelling
fluorescence signal which exits the water, and
FLH may even be measurable at spacecraft alti-
tudes (Gower and Borstad 1981).

The two methods are in a sense more com-
plementary than similar. For both measurements
the reflectance signal (R at 525 and 550 nm,
and around 685 nm) represents an optically
weighted average of the upper layer of water and
its contents. Since the absorption by water at
short wavelengths is much less than at red
lengths the effective penetration depth for G/B
and FLH will be different. For British Columbia
waters we have empirically found that G/B
measures chlorophyll a in the uppermost 5-10 m
layer, while FLH measures the pigment concentra-
tion of a layer only 1-2 m thick. Generally,
the factors interfering with the chlorophyll
measurement by G/B (surface reflection, atmos-
pheric reflectance, dissolved organic materia]?
do not grossly affect FLH, however physiologica
variability of in vivo fluorescences may affect
this index. -

Where  inorganic  particulate material
(riverine sediments or glacial flour) is pre-
sent, it can dominate the optical processes and
alter or mask the chlorophyll signal at low pig-
ment concentrations. Since the backscatter and
absorption spectra of sediment are generally
white, we utilize wavelengths at which interfer-
ence by other colourants such as_chlorophyll are
minimum, We have used a measure of red
reflectance at 640 nm and a ratio of green to
red. reflectance (at 550 nm and 640 nm) as
indices of total suspended material (Johnson and
Munday 1983); at shorter wavelengths absorption
by phytoplankton and reflection from the sea-
surface can interfere, while at longer wave-
lengths absorption by atmospheric water vapour
can be a problem.

REMOTE TEMPERATURE MEASUREMENT

Remote temperature measurement, whether
from spacecraft or aircraft is carried out with
radiometers sensitive to infra-red radiation in
the 10-12 um region of the electromagnetic spec-
trum. This wave band is usually chosen because
absorption by the atmosphere, water vapour,
maritime aerosols and stratospheric aerosols is
minimized there. Because of the very strong
absorption of these wavelengths by Tiquid water,
radiometers viewing a water surface measure the
temperature of a very thin surface skin (top 0.1
mm). The skin temperature may differ by a few
tenths of a degree from the water temperature a
few centimetres below, where conventional sea
surface temperature is usually measured. The
presence of a diurnal thermocline in the top
metre will also result in discrepancies between
the remote (skin) and in situ temperature
measurement. This effect will be greatest dur-
ing clear, calm afternoons in protected lakes
and bays, or where a shallow freshwater lens is
present on the sea.

The best multi-band atmospheric correc-
tions for stallite data are accurate to about
0.5°C (Robinson et al. 1984) although simple
empirical field calibration of the raw data to
the same accuracy is possible for limited areas
provided sufficient in situ temperatures are
available within a TFew hours of the image
(Tabata and Gower 1980). Single channel air-
borne radiometers can usually be calibrated to



within 0.5C° also and when measurements are made
at low altitude, atmospheric effects are
reduced. Even light fog, mist or rain can cause
large errors, however.

INSTRUMENTATION AND METHODOLOGY
AIRBORNE WATER COLOUR MEASUREMENTS

The Institute of QOcean Sciences spectrometer

The Institute of Ocean Sciences (1.0,S.)
spectrometer (described in detail by Walker et
al. 1974, 1975) employs a 256 channel silicon
diode array as its sensing element. The diode
array measures 1ight focussed by a 35 mm focal
length f/2 Nikon camera lens onto a 100 um wide
slit, which is in turn in the focal plane of a
35 mm focal length f/2 Erfle eyepiece. Collima-
ted light from this lens is reflected from a 300
line per millimetre reflection grating blazed at
760 nm and refocussed by the same lens in a Lit-
tow arrangement back onto the diode array in
such a way as to register the spectral range of
380 to 1035 nm.

A simplified diagram of the spectrometer
system as used in 1983 is illustrated in Figure
3. For this project the optical sensing unit
was mounted on the floor of the aircraft so that
it Tooked horizontally at a front surface mirror
which directed the optical path either up
through a tube at an opal glass diffuser mounted
on top of the aircraft, or down at a second mir-
ror through a polarizing filter and out at the
sea. The upper optical path allowed spectral
measurements of the incident signal (sun + sky
irradiance). The lower path viewed the sea sur-
face at an angle of 53° from the vertical (the
Brewster Angle), and could be rotated to any
azimuth so as to allow the operator to look away
from sun glitter. The purpose of the polarizing
filter in the Tower ({upwelling) 1light path was
to block light reflected from the sea surface,
which at the Brewster Angle is almost completely
polarized. This arrangement is particularly
important for operations under cloud where the
reflected signal is very high,

The diode array can be scanned in approxi-
mately 0.1 second with a variable frequency of
8, 4, 2 or les™", The integrated output from
each diode is digitized and recorded on computer
compatible tape using a custom-built microcompu-
ter. After each scan the diodes are re-zeroed
and where several seconds of data are averaged,
the signal-to-noise ratio is approximately
2000:1. The custom-designed data acquisition
system also can record up to 16 analog channels
of asociated information at 12 bit accuracy.
For this project, much of the data was collected
under extreme conditions of low sun angle and
low signal strength. Except for some flights
made over open pack, data were summed over from
1, 2 or 4 seconds (shorter over bright turbid
water; longer over dark, clear water). Since
the acceptance angle of the spectrometer is
relatively small (0.17 x 0.7°), the instantan-
eous footprint on the sea surface from 150 m
altitude was about 1.4 x 6 m, However, this was
smeared by the forward velocity of the aircraft
(about 50 m-s‘l), so that the survey data are

for areas between 50 and 200 m along the flight
path.

The 1.0.S. spectrometer and data acquisi-
tion package as used for this project weighed
approximately 160 kg and required 28 V power at
15 amps. The electronics components were con-
figured in 2 short racks shock-mounted in two
fibreglass shipping crates of dimensions 60 x 70
x 80 cm. The optical "head" was attached to the
data acquisition system by a 5 m cable, The
1983 configuration of the optical periscope made
use of two holes in the aircraft fuselage: one
of 5 cm diameter in the upper skin, and a second
of approximately 15 cm diameter 1in the Tower
skin,

Airborne radiation thermometer (Barnes PRT-5)

The Barnes PRT-5 instrument is a commer-
cially available radiometer which measures natu-
rally emitted radiation in the 9.5 to 11.5 um
range by continually comparing it ot the energy
emittted by an internal temperature controlled
reference enclosure. Incoming radiation is
interrupted at a frequency of 100 Hz by a highly
reflective optical chopper thus enabling the
detector to view the sea and the temperature
reference alternately. The detector itself is
an immersed thermistor which converts the enerqgy
received into a voltage directly related to the
temperature difference of the sea and the refer-
ence, The field of view of the instrument is 2°
which at 150 m altitude means that the instanta-
neous footprint on the sea surface is 5 m in
diameter. The 1.0.S. instrumentation package
includes a PRT-5 which is capable of measuring
sea surface temperature to #1,5°C in the Tlabo-
ratory and to about 1°C under normal field con-
ditions,

Unfortunately, an intermittent short in
the PRT-5 recorder output connector through
which data were routed caused the temperature
data for the 1983 surveys to be recorded with a
varying baseline, Because the real-time strip-
chart recorder was not operated (Section 3.1.6)
this problem was not recognized in the field.
We consider the data unreliable and have not
analysed them.

Aircraft

The aircraft used for this project was a
de Havilland Twin Otter, rented from Kenn Borek
Air, Inuvik, by Dome Petroleum Limited for the
whale surveys. A1l flights were made at an
altitude of 150 m and an airspeed of 180 km/h
according to normal survey procedures (MclLaren
and Davis 1984). The aircraft was equipped with
an automatic pilot, global navigation system and
radar altimeter.

Personnel

The whale survey required a pilot and two
observers. Since navigation was not our respon-
sibility, only one person (Dr. G. Borstad or
Dr. J. Gower) accompanied the instrumentation on
the first few flights. This person operated the
data acquisition system and monitored the equip-
ment. He also kept a log of spectrometer opera-
tions and features visible on the sea, such as
lines of flotsam, colour changes, sea state,



internal waves and ice as well as notes concern-
ing sky condition and cloud cover.

After 21 August, an Arctic Llaboratories
technician (B. Clegg) was also on most flights,
in order to train 1in the operation of the
instrumentation. On some flights, S. Lin, an
oceanographer from the People's Republic of
China or B. Smiley (DFQ) flew as observers,

Dbserving conditions

Flight lines and scheduling were deter-
mined by the requirements of the whale survey.
Most flights left Tuktoyaktuk shortly after 0800
MDT, with survey lines beginning as early as
0830 MDT (0530 Tocal solar time). Since the
visual whale survey was not severly affected by
ambient light conditions many flights were made
under heavy overcast with very low incident
levels. The water colour measurements made
under these conditions were very noisy and some
data were unusable for this reason.

Haze and mist were encountered over a
large fraction {30-40%) of the survey area in
both August and September., While corrections
for 1ight mist are partly successful, about 20%
of the water colour data are unrecoverable.
Impenetrable fog covered about 5% of the survey
line kilometres in August and 20% in September,
mostly over the warmer riverine plume. Open
pack ice occupied most of the western-most line
in September with a tongue extending east along
the Yukon Coast and across Mackenzie Bay just
offshore of the river plume.

Equipment performance

The 1.0.S. equipment was shipped to Inuvik
during the week prior to the first survey and
tested on 15 August. Test data sent to Victoria
for processing did not detect any problems and
the equipment was dinstalled in a Kenn Borek
Ltd, aircraft on 18 August. The initial instal-
lation took four hours. The aircraft and water
colour crew flew to Tuktoyaktuk on the 19 and
began the first survey at 0930 MDT that morning.

Normally, the I1.0.S. instrumentation pro-
vides two channels of uncalibrated data in real
time (usually the PRT-5 record and either G/B or
FLH) as a continuous stripchart. During the
first hour of the survey flight on the 19th the
data were observed to be extremely noisy. The
skies were very heavily overcast and the ex-
tremely low signals were partly responsible.
However, since ground loops between instruments
were suspected, the AC inverters and the AC pen
recorder were turned off, and the PRT-5 was dis-
connected from the spectrometer data acquisition
system, Later tests in the air and on the
ground failed to locate the problem and the in-
verters and recorder were left off-line. Noise
was noted during Tlater flights but it appeared
to be much Tess and nothing more was done during
the August survey. When the digital data were
processed the noise was about 10x normal levels.

Before the September survey, the aluminum
tube used for the incident signal was electri-
cally insulated from the aircraft skin and a
heavy ground cable was attacted between the

spectrometer optical head and the data acquisi-
tion system rack. This reduced the electrical
noise to normal levels, The PRT-5 was recon-
nected, but the AC inverters and stripchart were
left off-line.

Calibration of airborne reflectance data

Joint aircraft/helicopter exercises: In
order to calibrate the reflectance data Tor con-
ditions similar to those encountered during the
surveys, three calibration exercises were car-
ried out: on 21 August near the edge of the
turbid river plume off Pullen Island; on 23
August in a line from 70°30'N south to Tuktoyak-
tuk; and on 9 October in the Eskimo Lakes and
Liverpool Bay. In these exercises, airborne
reflectance measurements were made simultaneous-
ly with collection of surface water samples at a
total of 39 stations. A1l these reflectance
data were collected from 150 m altitude except
at 10 stations where reflectance data were also
measured from 300 m altitude in order to obtain
an estimate of the path radiance contributed by
the atmosphere below the aircraft (see DATA
PROCESSING section). The latitude and Tongitude
of the calibration stations was obtained from
global navigation systems on both the aircraft
and helicopter. The location of the calibration
stations, place names used in the text and bot-
tom topography are illustrated in Figure 32.

Our sampling was conducted from a single
engine Bell 206 helicopter. However in future,
we would strongly recommend use of a twin engine
machine for safety reasons.

Collection of water samples: Because a ship
was not available vertical profiles were impos-
sible. Water samples were obtained from a heli-
copter hovering at 10 - 20 m altitude, by lower-
ing a line to which two 1-L plastic bottles were
attached. In situ data or samples for surface
temperature, salinity, the weight of total sus-
pended particulate material, chlorophyll
a/phaeopigment concentration and phytoplankton
generic compositon were collected at most sta-
tions. Secchi transparency and Munsell colour
observations were obtained at most stations on
21 and 23 August. Data for all three exercises
are tabulated in Appendix 3.

Temperature and salinity: Sea surface tem-
perature was measured by inserting an AES sea
temperature thermometer (0.1°C markings) into
one of the 1-L water samples immediately after
they were brought into the helicopter. Surface
salinity of 100-mL subsamples was later measured
using a Guildline Autosal,

Chlorophyll a/phaeopigment: One hundred fif-
ty mL subsampTes fTor pigment analysis were fil-
tered immediately after return to shore through
2.4 cm Whatman GF/C glass fibre filters using
vacuum pressure less than 150 mm mercury. A few
drops of MgCO3 suspension were added as the
final 20 mL were filtered, and the filter blot-
ted dry, folded and stored at -10°C. During
transport from Tuktoyaktuk to Victoria the tem-
perature of the filters came to ambient, how-
ever,

The chlorophyll a concentration in acetone
extracts of the filtered phytoplankton material



was later measured by the fluorescence tech-
nique, using a G.K. Turner Model III fluorometer
equipped with a R446 red-sensitive photomulti-
plier and blue lamp. Analysis techniques were
as outlined by Strickland and Parsons (1972).

Total suspended particulate material: Sub-
sampTles of elther 100 mL (21 August samples), or
200 mL (23 August) were filtered through tared
47 mm diameter 0.40um pore Nuclepore filters
within five hours of sampling. For the 9 Octo-
ber samples a filter manifold was available and
510-815 mL volumes were filtered during the next
day. Filters were stored 1in plastic Petri
dishes, then dried for 24 hours in a drying oven
before reweighing using a Sartorius 2423 balance
(d=0.01 mg).

Because the tare weights of the 21 and 23
August filters were lost in the laboratory, the
weight of the suspended material contained on
these filters was determined in reverse - by
weighing the filter after cleaning in a sonic
bath. To test the validity of this approach,
Mackenzie River water containing suspended sedi-
ment was filtered through 0.4 um Nuclepore tared
filters to give loads ranging from 0 to 13 mg.
After drying, each filter was separately placed
in a Rapidographe ultrasonic cleaner (Model 3069
USCZ) containing deionized distilled water for
15 minutes. After replacing the water with
fresh deionized distilled water each filter was
then sonified for another minute. The filter
was then removed from the bath using Teflon for-
ceps, removing excess water by dragging it
across the edge of a cleaned filter dish. The
filters were then dried to constant weight for
24 hours in a drying oven before weighing.
Results from this experiment (Appendix 5) show
over-recovery at low weights and under-recovery
at high weights., Almost all of the variation
shown was within the weighing error (110.12 mg,
SD = 0.8%, n=15), which was * 0.6 mg-L~ fo[ the
23 August samples and * 0.14 to 0,24 mgeL~" for
the 9 October samples. The 21 August samples
were not used because the reflectance data ob-
tained on that day were badly contaminated by
atmospheric water vapour and cloud.

Phytoplankton generic composition: One hun-
dred fifty mL subsamples for identification of
phytoplankton were preserved with Lugol's Iodine
and stored in brown glass bottles. Because phy-
toplankton chlorophyll was not a major determi-
nant of water colour at the calibration sta-
tions, these samples have not been examined.

Secchi transparency and Munsell colour: On
the” 21 and 23 August calibration exercises,
Secchi transparency was measured by lowering a
Secchi disc from the hovering helicopter. If
the helicopter was above about 15 m altitude,
the downwash from the rotor did not interfere
with the visibility of the disc. The colour of
the water layer above the disc was also subjec-
tively measured by comparing the apparent colour
of the Secchi disc at half its disappearance
depth with a series of Munsell colour swatches
after the method of Austin (1980).

Mapping the airborne data

During processing, stripcharts of the var-
ious indices were plotted against time. By

knowing the time and positon at the start and
end of each trasect, the indices could be trans-
ferred to a 1:1 000 000 scale chart with an
accuracy of about 4-5 km along track. Data were
continuous along the flight lines as shown by
the solid 1lines 1in the distribution maps
(Figures 24, 25). The isopleths were subjec-
tively drawn by hand.

SATELLITE DATA

Providing useful data in the Beaufort

Four satellite sensors provide data rele-
vant to this project. LANDSAT 4 and 5 both
carry a multispectral scanner (MSS) and a Thema-
tic Mapper (TM). The MSS has four 100 nm wide
bands 1in the visible range having a spatial
resolution of 80 m. The placement of band 2
{600-700 nm) makes it useful for quantitative
determination of s?diment concentrations greater
than about 2 mgeL~"; however, the combination of
the relatively low gains and wide band widths
make the other bands of 1little use for the
determination of water colour in clear waters,
The TM has a spatial resolution of only 30 m.
The combination of narrower bands and their
placement in the blue and green part of the
spectrum may allow chlorophyll mapping. Both TM
also have a sensor operating in the 10.4 - 12.5
um thermal infrared region. At the time of
writing the TM on LANDSAT 4 is no Tonger opera-
tional. LANDSAT 5 was launched 1 March 1984,

The NOAA satellites (7 and 8) carry the
Advanced Very High Resolution Radiometer (AVHRR}
which has one broad band visual sensor (580-680
nm) and two infrared detectors, operating in the
10,5-12.5 thermal region. The visual sensor was
designed to provide cloud and land data for use
with the thermal sensor; however, it is suffi-
ciently sensitive to be useful for sediment
concentrations above about 2 mgeL=". The ther-
mal sensor can also provide considerable infor-
mation in the Beaufort in late summer because a
relatively large thermal contrast exists between
the warm waters of the Mackenzie River and coas-
tal embayments and the cold meltwater near the
offshore ice pack.

The Coastal Zone Colour Scanner (CZCS) on
NIMBUS-7 1is an experimental multispectral scan-
ner with five narrow band (20 nm), high gain
sensors optimally placed to measure water col-
our, After appropriate corrections to remove
atmospheric signal (which in some bands can con-
tribute as much as 90% of the recorded signal)
data from the green and blue bands can be used
to calculate a chlorophyll index useful in clear
waters not containing inorganic sediment. It
should also be capable of mapping sediment
variations under certain conditons. A sixth
band has provided intermittent, rather poor qua-
lity thermal data since launch in October,
1978. At the time of writing the CZCS was not
functional and the prospects for future opera-
tion look poor.

Data availability

The LANDSAT satellites are operational
satellites, with an established distribution



system for the data in Canada through the Canada
Centre for Remote Sensing (CCRS), but its orbit
is such that for high latitudes such as the
Beaufort Sea any particular area is only imaged
on two or three consecutive days, every 16
days. This decreases its usefulness for des-
cribing dynamic oceanographic features.  LAND-
SAT-4 band 2 imagery from two passes over the
Yukon coast on 19 and 22 August are discussed in
the description of 1983 Water Colour and Temper-
ature Patterns section of the RESULTS AND DIS-
CUSSION. A considerable amount of historical
LANDSAT data (since 1972) is achieved at CCRS.

The AVHRR operates continuously providing
1 km resolution data with a repeat cycle of
about 12 h. Since two saellites are currently
operational, data for any particular area are
theoretically available every 6 h. However, not
all orbits are within direct acquisition range
of receiving stations and without special
arrangements beforehand, only one or two images
per week are available. This number is further
reduced by cloud. In Canada, AVHRR data are
received at the CCRS Prince Albert Receiving
Station (Prince Albert, Saskatchewan) and at the
Atmospheric Environment Service {AES) receiving
station in Edmonton, Alberta. Pue to manpower
constraints at AES, however, digital data have
nor been available from this station since April
1983. A new receiving facility at the Univer-
sity of British Columbia began operation in late
1983, Digital data for the Beaufort were avail-
able from CCRS for about four days out of five
during 1983. Nata from previous years were
obtained from the Environment Data Service in
HMashington, D.C. However, only a small propor-
tion of these data are in digital form.

NIMBUS-7 operates in a polar orbit with
several daily overpasses at high Tlatitudes.
Dn-board power Timitations and demand for data
elsewhere, combined with the frequent cloudiness
has limited past CZCS coverage of the Beaufort
Sea to one scene in August, 1980. In 1982 and
1983 this sensor was turned on only on request.
In 1983, requests for imagery over the Beaufort
Sea resulted in acquisition of data in this area
nearly two days out of five during July, August
and September. At the time of writing this 1983
imagery is not yet available because of delays
in archival and processing at NASA. This data
is archived at the Satellite Services Division,
Environmental Data Information Service, NOAA,
Washington, D.C.

DATA PROCESSING
AIRBORNE WATER COLOUR DATA

Details of correction and calibration procedures

The data processing stream for the several
separate measurements required to produce a
reflectance spectrum is shown in Figure 4. In
all cases a reflectance measurement consists of
an upwelling signal which is used in conjunction
with a downwelling signal and an electrical dark
signal measured less frequently. The first two
signals are corrected for the spectral transmis-
sion character of the uplooking and downlooking
pathways (see Equation 1 and description to fol-

Tow), and the downwelling signals are updated to
the time of the upwelling measurement. This
updating is necessary because the instrument is
a single array device.

_U(t2,2) - D(t2,2) .
RL = 1T, 0 = O(6,,0 ° k(1) Equation 1

where U(t,,A) = uncalibrated spectral radiance
measurement of upwelling light,
uncorrected for transmission of
front surface mirror or peri-
scope glass
I{tz,A) = uncalibrated spectral irradiance

measurement of the downwelling
(incident) signal, updated to
time of upwelling measurenent
but uncorrected for transmission
of the uplooking neutral density
filter or opal glass diffuser

D{tp,A) = electrical dark spectrum updated
to time of upwelling measurement

K{x) = corrections for differences in
spectral transmission of uplook-
ing or downlooking optical path-
ways

to,tysty = time of measurement (tg=dark;
ti=incident; t, =upwelling)

A = indicates spectral measurement
(380-1100 nm)

The electrical dark current spectrum (D)
is recorded at intervals throughout the flight,
and since it varies with the array temperature,
D is updated according to changes of the signal
from the Tast diode on the array S(380 nm) for
both incident and upwelling measurements. This
diode at 380 nm receives very little light from
the target except a small amount which is scat-
tered inside the instrument, because of the
transmission character of the optics and sensi-
tivity of the instrument at these wavelengths,

D(tn,)\) = D(to,)‘) - D(tn,380 nm) Equation 2

This correction which is independent of wave-
length, compensates for the internal scattering
as well as the temperature dependence of the
array.

The corrected dark current spectrum
D{t2,1), the upwelling spectrum U(t,,2) and the
corrected incident spectrum I{t,;,A) are smoothed
over four adjacent diodes (approximately 12
nm). Since the spectrometer optics cause light
of any given wavelength to be imaged over four
diodes, this smoothing reduces the noise level
without any further loss in useful information,

The incident spectrum utilized in the cal-
culation of I(t;,A) is also updated to the time
of the upwelling measurement t, by utilizing a
continuously recording single uplooking diode
(C) mounted on the top of the aircraft. This
diode is under an opal glass diffuser and a blue
cutoff filter transmitting less than 590 nm.
I(t,,x) 1is modified according to a factor
Ct2/Cty which describes the change in the inten-
sity of the incident signal seen by the uplook-
ing diode between t, and t,.

Ct
I(ty,A) = I{t;,A) chf Equation 3



This updating algorithm is based on the assump-
tion that the spectral quality of the incident
irradiance shows little variation. This is not
strictly true, although tests have shown that
cloud cover sufficiently strong to reduce the
incident signal by a factor 10 resulted in less
than 20% increase in the ratio of radiation
intensity between 400 and 685 nm. Generally,
variations are less than this and where large
changes in incident signal are encountered, this
measurement is made more often. Many of the
gaps in survey data shown in the distribution
maps presented in Section 5 are where the
upwelling measurements were interrupted in order
to obtain a new incident spectrum,

Contaminating signals

Simply put, the upwelling signal arriving
at the aircraft can be thought of as the sum of
three components: the water leaving radiance
Ly(x) multiplied by the transmittance of the
atmosphere T(A); specularly reflected radiance
from the sea surface Lp(RA); and the atmos-
pheric path radiance Lp().

L= Ly(x) « T(a) + Lg(d) + Lp(n) Equation 4

Most of the surface reflection Lg(i) is block-
ed by our use of a polarizer. Lp{i) the path
radiance, is reduced simply by flying at Tow
altitudes, but a noticeable effect can remain.
Since the Rayleigh scattering component ofgtgg
path radiance is predictable (following a A~ "

law), a constant correction scaled to the air-
craft altitude should be successful at correct-
ing for most of the effects of gaseous compo-
nents in the atmosphere. However, the effect of
the atmospheric aerosols (suspended particulates
or liquids) is not strictly predictable and
should be measured. Aerosol scattering is also
assumed to follow a A~" power law; however, n
the Angstrom coefficient varies with the type
and size of aerosols. Since many marine aero-
sols increase in size due to deliquesence as
relative humidity increases, they form a haze
which can reduce visibility by scattering
1ight. The vertical and horizontal distribution
of aerosols can vary considerably (Wallace and
Hobbs 1977; Gordon and Clarke 1980; Sturm 1981).

Tests made during earlier projects showed
that for the very clear days on which we gener-
ally chose to fly, and for the altitudes at
which we operated, the combined atmospheric
effects were small and relatively constant over
wide areas. Under these circumstances we could
make reflectance measurements for a target from
two different altitudes and calculate the
reflectance contribution by the atmospheric
tayer between them by subtraction. This atmos-
pheric reflection signal was pro-rated according
to the survey altitude and subtracted from sur-
vey data to arrive at sea surface reflectances.
For this project, however, we were not able to
wait for optimal atmospheric conditions because
we were hitchhiking on the whale survey air-
craft. We were also not able to make frequent
measurements of the atmospheric effects, since
this would have required repeated overflights at
differing altitudes and added to the time
required for the surveys., We did make these

measurements as part of the calibration exer-
cises carried out 21 and 23 August and 9 October
and have subtracted a mean atmospheric signal
proportional to the survey altitude from the
water spectra. This assumption of uniformity
may lead to fincreasing errors as atmospheric
turbidity increases.

Because time in the field did not allow
for a very thorough investigation of these
effects in this area, we have empirically reduc-
ed errors in the G/B due to this factor in three
ways, First, we utilized a ratio of two wave-
lengths relatively close together, placed so as
to be sensitive to water colour variations but
not severely affected by atmospheric contamina-
tion. Second, we monitored the absolute upwell-
ing radiance at 780 nm, where for non-turbid
waters at least, the radiance should be very
nearly zero. For areas away from the very tur-
bid plume water, the G/B was adjusted according
to a linear relationship between G/B and
R7gonm derived from data obtained on 8 Septem-
ber when the aircraft flew over an isolated
patch of mist on the outer portion of line 0.
Where Rygg became greater than about 3% because
of mist or fog, the water data were considered
unretrievable, Finally, we have plotted the G/B
data at relatively wide contour intervals. We
are confident most of the error due to atmos-
pheric effects is contained within these error
Timits.

Scattering is not the only atmospheric
effect, 1In areas where large changes are occur-
ring in the atmosphere over short distances
(such as near weather fronts), absorption by
water vapour and oxygen can show up as spectral
differences between incident and upwelling mea-
surements made more than a few kilometres
apart., This absorption then appears on the
reflectance data as negative peaks which by
their location interfere with our usual FLH cal-
culation (Figure 5). If the shape of the
absorption were constant, it would be possible
to correct the reflectance spectra by adding a
similar (but positive) shaped signal sufficient
to fill the 760 nm oxygen absorption feature.
In  practice this is not possible because the
relative depths of the lines vary. This problem
could be reduced by making more frequent spec-
tral incident measurements (every few minutes)
but this would complicate the field routine and
lengthen the time required for data processing.
Redesigning the system to look alternately up at
the sky and down at the sea, or adding a second
optical unit to continuously monitor the spec-
tral nature of the incident signal would be pre-
ferable solution.

For the 1983 survey data, where chloro-
phyll concentrations and the observed FLH were
Tow, these atmospheric absorption effects (in
part caused by our current incident updating
scheme) were sometimes severe enough to preclude
using FLH as an index of chlorophyll. The areas
affectd are marked on the distribution maps for
both August and September,

Comparison of remotely acquired data with

surface samples

The 21 August calibration exercise was
confined to a relatively small area, and within



a few kilometres of a weather front and fog
bank. Many of the water colour spectra are con-
taminated by water vapour and oxygen absorption
(Figure 5) and cannot be used for calibration.
However, good water colour data were obtained on
August 23, (Figure 6). This was a relatively
clear day and the exercise took place within a
few hours of solar noon and over a large area,
thus covering a wide range of water types (sta-
tion locations are shown on the distribution
maps (Figure 15, 16) and in Figure 32. A third
exercise was attempted several times in Septem-
ber but difficulties in scheduling the aircraft,
a twin-engine helicopter, open water and good
weather delayed it until 9 October. Since most
of the study zone was covered by open pack by
that time, the exercise was carried out in the
Eskimo Lakes and Liverpool Bay. The sun eleva-
tion was extremely low, but skies were clear and
no atmospheric absorption problems were encoun-
tered (Figure 7).

Chlorophyll a/phaeopigment concentration:
Only a very narrow range of chlorophyll a cog;

centrations (0,01-0.66 mg chlorophyll "a-m-
was encountered during the three calibration
exercises., Where the Fluorescence Line Height
(FLH) observed during the survey was equal to or
less than that observed for the calibration
stations having suspendq@ particulate material
(SPM) less than 2 mg.L-*, a surface concentra-
tion of Tless than 1 mg chlorophyll em~° has been
inferred.

Absolute calibration of higher FLH is not
possible because calibrations made in British
Cgolumbia waters have all been carried out in
sediment-free waters. Where concentration of
inorganic particles were present above about
2 mgeL-", their increased backscatter increased
the overall reflectance and otherwise modified
the spectral character of the water, giving
anomalously high FLH. A rough estimate of the
pigment concentrations near Herschel Island,
based on the shape, size and placement of the
550 nm peak and the height of the FLH peak at
685 nm relative to the green peak suggests
levels in the range of 2-5 mg chlorophyll aem-73,
This estimate 1is not confirmed by in situ
measurements,

The green blue ratio (G/B) 1is not exten-
sively used as an index of chlorophyll a concen-
tration, especially with data from the Coastal
Zone Colour Scanner (e.g., fordon and Clarke
1980). This is only possible where phytoplank-
ton dominate the absorption and scattering pro-
cesses. During the time of our surveys the
chlorophyll concentrations over much of the
Beaufort were very low and most of the blue-
green colour variations were probably caused by
variations of the SPM content. Because chloro-
phyll concentration roughly covaried with SPM at
most calibration stations (Figure 8), the G/B
ratio appears to oprovide an index of both
chlorophyll a + phaeopigment (C+P) and SPM
(Figure 9A, B). This covariance, however, prob-
ably did not occur everywhere in the study
area. For instance the G/8 and sediment indices
(R640 and G/R discussed in the next section)
disagreed in the area north of the Mackenzie
River Delta, Because of the possihle inter-
ference between chlorophyll and SPM, and because
we suspect that dissolved organic materials from
the river may also have been affecting the G/B,

we have not used it as an index. The lack of in
situ vertical profiles in all types of water
mass encountered limits our ability to calibrate
the G/B data.

Suspended particulate material: Figure 10
illustrates the reTationship between the weight
of surface suspended particulate material {SPM)
and two indices (a) the reflectance at 640 nm (R
640); and (b) a ratio of the reflectance at 560
and 660 nm (G/R). The relationship between R
640 nm and Secchi transparency is shown in Fig-
ure 11. In spite of the fact that the 9 October
data were collected much later in the season
when the sun elevation was much less, the data
agree reasonably well, The better agreement
with the green/red ratio (G/R) than with R 640
probably reflects the fact that a ratio further
removes between-station variations in downwell-
ing irradiance, For the relatively good condi-
tions under which the 23 August and 9 October
calibrations were done, the G/R ratio was a more
accurate index of total suspended material than
was the red reflectance, R 640. The G/R ratio
was much more susceptible to interference by
mist and haze, however, and the sediment maps
discussed in RESULTS AND DISCUSSION utilize both
indices. The accuracy of the quantitative esti-
mate of total fuspended material is therefore
about1 *] mgeL=" at low c?ncentration and #2
mgeL-" above about 10 mgeL~*, The dashed 1 mg.
L-" isopleth in the August suspended particulate
map (Figure 16) reflects an uncertainty north of
the Delta caused by contours apparently follow-
ing the flight lines made on different days.
Since this interval is at the Timit of our cali-
bration no attempt has been made to resolve this
difficulty. Agreement in other areas was bet-
ter, usually because R 640 dropped to very near
zero offshore,

SATELLITE DATA

NOAA series AVHRR thermal imagery

In order to determine the dates and times
of suitable cloud-free imagery over our study
area, data from the AVHRR band (visible band 1)
were first obtained from CCRS in protographic
print form for several days in August and Sep-
tember, 1983, Digital data for cloud-free days
over the Beaufort were then obtained from either
the Prince Albert Receiving Station or the
Satellite Services Nivision, Environmental Data
Information Service (EDIS), Suitland, Maryland.
Digital data were also obtained from EDIS to
coincide with past whale surveys (1980, 1981,
1982). Since not all thermal data are archived
in digital form at EDIS, some of these data are
in the form of photographic prints of both the
thermal and visual bands.

Processing of the digital data was carried
out on the Institute of Ocean Sciences Image
Processor. The images were geometrically recti-
fied to an equal-area projection; a digitized
coastline was applied; and the visible data were
used to mask land, cloud and ice features in the
image. The visual display of the thermal signal
was also adjusted so as to optimally portray the
range of values from the water areas (contrast
stretching). No atmospheric corrections have
been applied, for as Tabata and Gower (1980)



have demonstrated the brightness temperatures
measured at the spacecraft are linear with sea
surface temperatures with a fairly constant off-
set. This is demonstrated in Figure 12 which
illustrates a comparison of the raw band 4 digi-
tal counts for the 22 August 1983 thermal image
(Plate 3 ) with sea surface temperatures measur-
ed one day before and one day after the image.
The difference in the y-intercept between the
two days can be ascribed to variations in atmos-
pheric absorption. We would choose a line mid-
way between the two regressions as representa-
tive of the central part of the 22 August image,
but because of variations of atmospheric signal
across the scene, the absolute calibration may
vary. The digital data were not received until
early March and the time available did not allow
presentation of the images in Plates 2 to 9
(including that for 22 August) in calibrated
form. For the same reason we have not attempted
to find historical data with which to describe
the subsurface structure of features shown in
the images. Neverthelass, the imagery very
dramatically demonstrates the surface thermal
patterns present. Both temperature and turbi-
dity are depicted as increasing from blue to
red. Note that similar colour in two images do
not imply similar temperatures or turbidity.

Comparison of bowhead whale distribution
with temperature patterns required that the
whale positions be digitized and plotted on the
imagery. The accuracy of these positions is
limited by the accuracy to which they were plot-
ted in the reports we used as sources and by the
accuracy of our digitization. Overall accuracy
should be better than 5 km along 1983 transects
(McLaren and Davis 1984), and better than 10 km
for the historical distribution summarized by
Richardson (1983). The latter authors did not
show each location, but used symbols of varying
size to simplify their maps.

The AVHRR data obtained in print format
have not been presented here for two reasons:
(1) they were of such poor quality that the
thermal structure was barely visible; and (2)
they were returned to EDIS for reprocessing and
were received only two days before the end of
the project.

NOAA series AVHRR visible imagery

The most important use of AVHRR band 1
(0.58-0.68 nm) for oceanic remote sensing is
usually as an indication of cloud which will
contaminate the thermal signal. In the Beau-
fort, however, the upwelling radiance from the
bright Mackenzie River plume is well within the
dynamic range of the AVHRR band 1. A simple
comparison of the 22 August 1983 band 1 digital
counts with the weights of suspended particulate
material collected on 21 and 23 August, illus-
trates this potential. It is perhaps surprising
that the agreement is this good, considering the
water movements and atmospheric changes possible
in 48 h. None of the visible images in Plates 2
to 9 have been calibrated, but Figure 13 shows
that the brightness in band 1 is a linear func-
tion of suspend%d material, at least over the
range 2-20 mgeL"".

LANDSAT-4 MSS imagery

The MSS band 2 prints (Plate 1) and the
false colour transparencies were examined and a
sketch map was drawn from each image to illus-
trate the interpretation. No geometric correc-
tion was required for these purposes.

NIMBUS-7 CZCS imagery

The CZICS data for 20 August 1980 were
obtained from EDIS via Dr. Phil Hill, Atlantic
Geoscience Centre. They were rectified to the
same geographic grid as the AVHRR data, but
since our interest was with the water colour
patterns only, no atmospheric corrections were
applied. Band 5 was used to mask cloud and land
areas. The images in Plate 5 have been contrast
stretched to emphasize the colour variations.

RESULTS AND DISCUSSION

DESCRIPTION OF 1983 WATER COLOUR AND TEMPERATURE
PATTERNS

August, 1983

Our fisrt airborne water colour survey was
conducted 19-24 August following a period of
predominantly easterly winds, and beginning two
days after a switch to southerly and southwes-
terly winds. A NOAA-7 AVHRR thermal image for
14 August 1983 (Plate 1, top) illustrates con-
ditions prevailing before the systematic whale
surveys began. Preceding easterly winds had
directed the warm Mackenzie River plume to the
north and west. Warm water extended along the
Yukon Coast and past Kay Point to Herschel
Island, isolating a pool of slightly cooler
water in the Stokes Point area. (A map showing
place names, bottom topography and calibration
stations is provided in Figure 32.) The western
edge of the warm plume was convoluted and
without a strong thermal gradient. An abrupt
thermal discontinuity was present northwest of
Herschel 1Island however, presumably caused by
upwelling in the lee of the island. Note that
the turbid water in Kugmallit Bay had been
forced onto the western shore of the bay by the
easterly wind. The eastern boundary of this
plume was very sharp.

By the time of our airborne operations,
the Mackenzie River plume had a much more con-
tracted distribution in eastern Mackenzie Bay
probably as a result of the southerly winds on
20 and 21 August (Figures 14-16). It was separ-
ated from cooler, less turbid waters offshore by
a sharp discontinuity and extended north and
east around the edge of the delta as a zone of
very bright, grey-brown water visble by eye and
in both the satellite and airborne data. Sur-
face temperatures in the turbid water ranged
from 12-14°C while the clearer waters just out-
side the plume were near 9°. Both the airborne
water colour data and the 22 August 1983 band 1
image (Plates 2 and 3) show that suspended
particulﬁte loads in the plume were greater than
20 mg<L™" (the upper Timit of our calibrations
based on surface samples). None of the sensors



used here have sufficient gain to sense the
lower radiances offshore, but the satellite
images in Plates 2, 3 and 4 all emphasize the
abruptness of the western edge of the plume
after 22 August, and confirm the position of the
discontinuity shown in the airborne data.

While our remote sensing methods cannot
retrieve chlorophyll a concentrations from these
turbid waters, our calibration samples indicate
that the chlorophyll a (+ phaeopigment) con-
centrations in the turbid waters near the Delta
and ig Kugmallit Bay were in the range 0.5-1.0
mgem~~. From 45-75% of this was live chloro-
phyll a (see Appendix 4) with the highest per-
centage being observed near the outer edge of
the plume. No bowhead whales were seen in these

very turbid waters.

The NOAA and airborne data both show a
separate turbid plume issuing from the eastern
channel through Kugmallit Bay. By 22 August the
turbid plume was situated further east in the
bay as a result of southerly winds. A narrow
band of bright brown water with SPM in the range
5-10 mg+L~" was also present all along the Tuk-
toyaktuk Peninsula, separated from darker, less
turbid brown-green or green waters further off-
shore by a sharp discontinuity in some areas and
by a more gradual transition in others (Figures
14 and 16). A band of green and green-blue
coloured water (G/B 1.0-0.8) extended a further
5-10 km offshore, gradually changing to clear
blue waters along the 25 m isobath., Five bow-
head whales were observed in blue-green water in
this area.

This offshore gradation of water colour
was probably mostly a result of suspended sedi-
ments, and not chlorophyll. It is not possible
to compare water colour and temperature patterns
in this area directly, since the AVHRR thermal
data in Plates 2 and 3 are from 22 August, one
to two days before the eastern transects were
flown. Strong and varying winds during this
period will have caused substantial water move-
ments.

A sharply delineated patch of very cold
water (near 2-3°C) just north of Cape Bathurst
(Plate 3, middle) dindicated local upwelling
there resulting from offshore winds previous to
22 August. A band of cool water is also evident
along the Tuk Peninsula, but temperatures there
were not as extreme, probably because water
depths off the Tuk Peninsula are much less than
off Cape Bathurst. No water colour data or
whale observations are available for the Bath-
urst Peninsula upwelling.

In the central part of the study area
north of the delta, an extensive green coloured
water mass was detectable, exhibiting green/blue
reflectance (G/B) slightly greater than 1.0
(Figure 14). This colouration extended from the
very turbid Mackenzie River plume in the south,
past the northern end of the survey lines be-
tween transects H through L. Suspended parti-
culate loads inferred for this area from red
reflectance (R 640) and green/{ed reflectance
ratios (G/R) were near 1.0 mgeL-", although some
inconsistencies existed between data recorded on
differeqt days. The southward inflection of the
1 mgeL~" isopleth along lines K and L may be a
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real manifestation of the cooler waters seen in
this area on 22 August thermal image (Plate 3,
top). Because this is at the lower limit of our
SPM calibration, the 1 mgeL=" isopleth is shown
as a dashed line in Figure 16.

The Fluorescence Line Height (FLH) was
very low in this green water mass and we inter-
pret the discolouration as evidence of dissolved
or particulate material of riverine origin. CTD
data from the four CANMAR drill ships indicated
the presence of 4-5 m layer of brackish water
with salinity in the range of 8-16 ppt. A sub-
surface chlorophyll maximum could have been
responsible for the green colour; however, our
field notes remark that the water over submerged
portions of ice floes appeared green, suggesting
that the colourant was in the top few metres.
Two bowheads were observed in this grea, near
the northern extension of the 1 mg.L~~ SPM iso-
pleth and near a small patch of elevated fluo-
rescence, Cloud in this region on the thermal
image does not allow us to see whether the tem-
perature discontinuity visible near 70° conti-
nues this far north.

East of line M was a large area of clear,
blue water with G/B less than 1.0, decreasing to
near 0.75 in the northeast. 1In this region, the
water over submerged in ice appeared blue to the
eye, Suspended particulate loads were less
than 1 mgeL=" and very low Fluorescence (FLH)
and G/B are confirmed by calibration samples
having surface chlorophyll concentrations less
than 1 mgem=>, Surface salinity at the calibra-
tion stations in this blue water were greater
than 20 ppt. Fifteen bowhead whales were
recorded in this area, roughly distributed along
the 50 m isobath and widely dispersed in blue
and blue-geen water. Unfortunately we do not
have coincident temperature measurement. Most
bowheads observed on 23 and 24 August appeared
to be in the outer portion of the thermal plume
as imaged on 22 August (Plate 3, middle). How-
ever, strong southerly winds during the interval
may have altered the real relationship.

West of 1ine H, the interpretation of
water colour patterns is complicated by the fact
that much of the data is of poor quality.
Because the data were obtained under very heavy
overcast, the incident and upwelling signals
were extremely low and electrical noise was a
problem. Experience in the eastern Arctic has
shown that our incident correction does not work
well at these Tow signal strengths, and the cal-
culated reflectances are elevated., The data no
Tonger follow established calibration relation-
ships. The green/blue reflectance ratio for the
first five transects flown on 19 August (A to E)
were not useable for this reason. The red
reflectance (R 64D) was noisy but useable for
all but A and B,

In spite of very ragged spectra, a strong
fluorescence peak was visible from data obtained
near Herschel Island (Figure 17). The exact
chlorophyll concentration responsible for this
peak cannot be inferred directly from the FLH,
but other factors such as the centre wavelength
of the fluorescence peak and its shape and size
relative to the 560 nm peak are consistent with
a surface chlorophyll concentration in the range

2-5 mg-m'a.



The G/B, FLH and R 640 were all elevated
across a 40-50 km wide band along the Yukon
coast, implying increased chlorophyll concentra-
tions and suspended particulate loads in this
region. The highest G6/B and FLH were in a band
5-10 km offshore, while highest red reflectance
was measured over turbid waters close to the
coast (Figures 14, 15 and 16). The 22 August
thermal data (Plates 2 and 3) clearly show that
the water near the coast was very cold (2-3°C
compared to near 13°C in the plume and 8-9°C
further offshore).

Two relatively cloud-free LANDSAT 4 images
were obtained for the western portion of the
study zone, to supplement the airborne data and
the AVHRR imagery. LANDSAT imagery was not
obtained for the other areas. Plate 4 and Fig-
ure 18A (bound with Plate 4) are the band 2
(600-700 nm) image for the Yukon coast west of
Herschel Island on 20 August 1983 and a line
drawing interpretation, respectively. Features
of note are a tongue of open pack ice near the
coast in the west, small zones of turbid water
near the rivers to the west of Herschel Island
and a complicated pattern of turbidity fronts in
the vicinity of Herschel Island. The Z shaped
form attached to Herschel may have been the
result of tidal motions or inertial oscillations
(caused by the shift of the wind two days ear-
lier) superimposed on other longer term flow.
The ice tongue at the left of the image was the
leading edge of pack ice moving southeastward
into the Canadian BReaufort during late August
and early September,

Only three bowhead whales were observed in
this area, on a flight made 19 August. One ani-
mal was seen at the boundary separating the high
chlorophyll zone west of Herschel (Figure 15)
from turbid waters closer to shore, while two
whales were found in clear waters north of Her-
schel, within 5 km of a sharp thermal discon-
tinuity crossing the western sector (Plates 2
and 3). In spite of the poor airborne data
obtained 19 August on transects A through E, it
was possible to map the extent of the turbid
water in the vicinity of Herschel Island using
the red reflectance and green/red ratio (Figure
16). A zone of high FLH was situated just north
of this turbidity and extended around the north
side of Herschel, where it was separated from
the Island by a sharp front and narrow band of
turbid water (also visible in Plate 4)

Plate 4 (bottom) is a LANDSAT 4 band 2
image acquired 22 August 1983 on an orbit fur-
ther east than that of 20 August. As shown in
Figure 18B, more structure is visible in this
area because of higher upwelling radiances
caused by suspended sediment. The very bright
Mackenzie River plume is visible in the east,
with a easterly flow clearly indicated by the
wakes behind Pelly and Hooper Islands near the
delta. The sediment patterns in the vicinity of
Herschel and Kay Point are more complicated than
two days earlier with a northerly or north-
easterly flow indicated. A small ice flow seen
near the northern edge of both images also show-
ed a net north-northeastward movement of 25 km
during the 48 h interval between images, for an
average velocity of approximately 14 cmes™" or
0.3 knots. Turbidity patterns near Herschel
Island are well delineated in the band 2 print
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and pseudocolour transparencies; however, a
linear feature running northwest--southeast is
also faintly visible 20-40 km north of the
island. Comparing the patterns in the airborne,
MSS and AVHRR thermal data we see good agreement
in the areal extent and configuation of the tem-
perature and turbidity patterns both near Hers-
chel and further north. Note that unlike the
very turbid, high reflectance Mackenzie River
plume visible near the delta, the turbid waters
near Herschel were cold (near 2.3°C). This fact
plus the observed direction of drift, leads us
to believe that upwelling from below the shallow
(5 m) thermocline was occuring along the Yukon
coast on 22 August. The high fluorescence band
along the northern side of this cold turbid
water and the report by MclLaren and Davis (1984)
of the presence in the cold water zone of glau-
cous gulls (Larus hyperboreus) and black-legged
kittiwakes (Rissa tridactyla) which are both
surface plankton feeders, are consistent with
this interpretation. We have no in situ data in
this region, T

Unfortunately, the location of the large
congregation of bowhead whales (85 animals or
maore) observed near King Point (McLaren and
Davis 1984) was cloud-covered at the time of the
LANDSAT image. However, the airborne data
obtained on two transects that parallel the
Yukon coast on 22 August showed that the area
between Herschel and Shingle Point was tur‘bidI
with suspended particulate loads near 2-3 mg-L-
and Secchi transparency of 1.5-3 m across most
of the transects (Figures 19-23). Water colour
was variable along the coastal transects, how-
ever, Just off King Point a small (5-10 km
long) patch of sightly less turbid water was
detected coinciding closely with the observation
of 80-100 bowhead whales (Figure 20, redrafted
from McLaren and Davis 1984 and Figures 21-23).
The thermal image for this day shows that this
patch was the coldest area of the upwelling
water (Plate 3, middle). Visual observations
suggested that the turbid water was overlaying
much clearer water as a thin layer. MclLaren and
Davis (1984) noted “circular holes of clear
water in the turbid layer where bowheads had
dived or surfaced through the turbid waters"
which are consistent with a 2-3 m surface
layer, It is doubtful however, whether the
decreased turbidity inferred from lower G/B and
R 640 illustrated in Figures 21 and 22 results
from these holes.

September, 1983

By the time of the September airborne sur-
veys, which were carried out between the 6th and
the 9th, a large tongue of open pack ice covered
most of the Mackenzie Bay and extended eastward
along the delta front (Figures 24 and 25). The
areal extent of the turbid plume in Mackenzie
Bay was much reduced. Our September water col-
our obsevations indicated that a toPgue of
clear, blue waters(G/B<0.9, SPM<1 mg«L~", chlo-
rophy11<0.5 mgem~")} accompanied the pack ice,
extending almost completely across the study
area, When this tongue joined with the clear
blue water mass in the northeast sector, a blue
water corridor would be formed and a long band
of green (G/B>1.0) presumably somewhat fresher
surface waters would be isolated north of the
delta near 70°40'N. A train of internal waves,









feeding along the edge of the Mackenzie River
turbidity plume, in a region where temperature
and turbidity changed sharply (i.e., a density
front with small eddies clearly visible in the
band 3 CZCS image, Plate 5, bottom). Plate 5 is
a particularly good example of a typical shelf-
sea front as described by Simpson (1981). Asso-
ciated with the boundary between, in this case,
the low surface density highly stratified river
plume and the higher surface density, more homo-
geneous water offshore, there should be an
along-front quasigeostrophic flow (Figure 31).
Slight imbalances between the current shear and
the density field result in the small eddies
along the front. Upwelling just seaward of the
front is responsible for a temperature minimum
observed and a convergence at the region of
maximum gradient. It is easy to see how such a
mechanism might result in increased production
at primary and secondary levels and eventually
attract higher level consumers such as fish,
whales and birds.

Although their apparent movement late in
August took many whales further offshore and
into much c]ear?r, non-turbid water (less than
about 1-2 mgeL~" suspended material), the larg-
est groups were still located in or near tem-
perature gradients around the outer edge of two
warm tongues originating in Mackenzie and Kug-
mallit Bays. A similar situation was seen in
August, 1982. Even though the area south of
71°N was intensively overflown, bowheads were
only observed near the edge of the continental
shelf. The thermal imagery for 26 August 1982
{Plate 8) shows that this coincided with the
guter edge of waters warmed by the Mackenzie at
that time. From the small number of images
examined here, we have no idea how often there
is a thermal gradient in the region of the con-
tinental shelf.

Upwelling on a local scale may also be an
important mechanism in determining the patterns
of primary and secondary production in the Beau-
fort (and hence the distribution of marine fish,
birds and mammals). Temperature patterns in
several AVHRR images presented earlier give evi-
dence of turbulent circulation near Herschel
Island and Cape Bathurst, such as has been
described by Takahashi et al. (1981) in the lee
of an island in a coastal current. While some
whale surveys have been done near Cape Bathurst,
we did not obtain any imagery coincident with
surveys. Whales do seem to congregate there on
occasion, however, For instance, systematic
surveys during September, 1981, show that small
groups of bowheads were aligned all along the
coast of the peninsula about 15 km offshore
(Davis et al. 1982). Strong thermal and turbi-
dity fronts in the same area and in nearly the
same orientation are seen in the 26 August and
13 September 1982 and 22 August 1983 imagery.
Fraker and Bockstoce (1980) also concluded that
the Cape Bathurst area is important for bowheads
in late summer. We suggest the physical circu-
lation in the area may be the ultimate causative
factor.

Any flow along the Yukon-Alaska coast will
tend to cause turbulent motions in the lee of
Herschel Island. The 14 August 1983 thermal
image (Plate 2) shows an example after several
days of strong easterly winds. By the time of
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the 1983 airborne surveys, the winds were more
southerly and therefore upwelling was possibly
responsible for the cold water along the Yukon
coast also. Bowhead whales are often found in
the region of Herschel Island (Richardson 1983)
and while there are relatively few data, it is
reasonable to expect elevated phytoplankton pro-
duction in such areas of intermittent mixing and
stabilization. The oceanography of this region
should be examined in more detail since it
appears to be of some biological importance.

Our airborne surveys were conducted late
in the Arctic sumner and it is therefore under-
standable that we detected little surface chlo-
rophyll anywhere but near possible local sources
of nutrients, since most of the southern Beau-
fort is strongly stratified (Herlinveaux and de
Lange Boom 1976). On the August surveys the
only chlorophyll we detected was in the cold
water west of Herschel (the imagery is not coin-
cident with our flight) and along the offshore
(downstream) edge of the upwelled water off King
Point. A band of slightly elevated fluorescence
just north of the very turbid water near Rich-
ards Island may also be significant. I[f the
Mackenzie River is supplying nitrogen (Grainger
1975) then the plume edge should be a region of
increased phytoplankton growth -under some cir-
cumstances, Cells limited in the stratified,
very turbid river water by light might be expec-
ted-to grow in a transition zone near the edge
of the plume where the turbidity decreases due
to settling out of suspended particles. Grain-
ger's (1975) zooplankton data showed a mixture
of marine and freshwater zooplankton in this
part of the plume. The fact that the CZCS image
(Plate 5, bottom) shows a stepped rather than
gradual decline in brightness, may mean that
certain euryhaline phytoplankton species might
find elevated nutrient concentrations there with
at least temporary stratification and enough
light to grow. Recent data from the region of
Issungnak (Erickson et al. 1983) indicate that
the river is not a strong source of nitrate,
however. This probably means that phytoplankton
growth along the plume will only be significant
in Tate summer when the nutrient concentrations
offshore have been reduced to near zero. More
comprehensive in situ studies are needed, how-
ever, before this is anything more than specula-
tion.

It is interesting that the 1980-83 distri-
bution studies appear to show a progressive off-
shore shift in bowhead abundance {Richardson
1983).  There clearly has been a change from
feeding along the edge of the turbidity plume in
shallow waters (1980) to feeding near thermal
discontinuities further offshore (1982) or to
potentially zooplankton-rich areas away from the
main industrial zone (1983 upwelling near the
Yukon coast). Although there is a permanent
turbidity/temperature front over the shallow
waters just north of Richards Island and Kugmal-
1it Bay, bowhead whales have not always been
observed there consistently. Their abundance in
1976, 1977, 1978 and 1980 and absence in 1979,
1981, 1982 and 1983 could be related to zoo-
plankton abundance. Our data do not resolve the
existing questions concerning bowhead distribu-
tion, but they provide indirect support for the
suggestion that zooplankton abundance is proba-
bly a determining factor.



CONCLUSIONS

The 1983 airborne water colour data showed
that significant amounts of chlorophyll a can be
produced in the Beaufort as late as the end of
August, where local wind-induced upwelling
occurs. The small number of satellite thermal
images examined from 1980-1982 suggests that
such upwelling commonly occurs near Herschel
Island and Cape Bathurst in August and Septem-
ber, Bowhead whale distribution 1in August,
1983, further suggests that such local upwelling
can be important areas of whale concentrations
under some circumstances. The recurring polynya
off Cape Bathurst indicates upwelling there
during the winter. Since we have not examined
imagery from other times of the year we there-
fore have no information on upwelling earlier in
the summer., However, if small local upwellings
are frequent throughout the season the Beaufort
may be wmore productive than was previously
thought.

Congregations of bowheads were also found
to be associated with temperature and/or turbi-
dity discontinuities seen in satellite images
from all four years. Previous studies elsewhere
have demonstrated that such fronts are often the
site of production, with large numbers of zoo-
plankton accumulated near them,

Future work on the ecology of the Reaufort
should include an examination of the primary and
secondary production of the fronts and gradients
associated with the Mackenzie River plume,

The airborne instrumentation and techni-
ques as used in 1983 are capable of producing
useful data even under severe conditions. Modi-
fications to the instrumentation currently
underway will greatly improve its performance.
NDigital satellite data can provide very valuable
information describing the temporal and spatial
variability of temperature, turbidity and water
colour over the whole region. All three para-
meters appear to be important direct or indirect
determinants of animal distribution 1in this
area,

SUMMARY

1. DNata collected, summer/fall 1983
Water colour variation over a 4000 square
km area of the southern Beaufort Sea were
mapped coincident with the 1983 bowhead
whale survey conducted for the Environ-
mental Studies Revolving Fund (DIAND) by
LGL Ltd. during 19-24 August and 6-9 Sep-
tember 1983. Airborne measurements of
spectral reflectance and in vivo fluores-
cence of chlorophyll a were conducted
using the 1.0.S. colour spectrometer.
Coincident satellite data drescribing
thermal and sediment pattersn were also
analysed.

2. Comparison of thermal and turbidity fields

with bowhead distribution 1980-1982

Several examples of satellite imagery
acquired over the southern Beaufort during
August and September, 1980-1982, were also
analysed and the thermal and turbidity
fields were compared to the distribution
of bowhead whales observed over short per-

15

iods corresponding to the time of each
image.
3. Water colour and temperature variations in
the Beaufort Sea
Strong water colour and temperature varia-
tions exist in the southern Beaufort Sea
and distinctive signatures permit separa-
tion, identification and tracking of Mac-
kenzie River water, clear more saline off-
shore water, recently upwelled water and
zones of concentrated phytoplankton using
remote sensing techniques.
4. Bowhead whales, water
temperature: August, 1983
During 19-24 August 1983 the warm (>13°C),
Tow salinity (<1q ppt), very turbid river
water (>10 mgeL-")} was held close to the
deita by westerly and southerly winds,
Surface chloroph¥11 concentrations were
less than 1 mgem~~ everywhere in the study
zone except off the Yukon coast, where
evidence suggests a local upwelling was in
progress. Surface temperatures near the
coast were near 2°C and a band of greatly
elevated chlorophyll fluorescence was
Tocated along the offshore edge of this
cold water mass. Large numbers of
bowheads were concentrated in this
upwelled water. A more diffuse group was
observed 60-100 km off the Tuktoyaktuk
Peninsula near the outer edge of the ther-
mal plume originating from the Mackenzie
River,
5. Bowheads, water
September, 1983
Pack ice covered much of the southern
Beaufort during 6-9 September 1983. The
extent of the zone apparently influenced
by the river was decreased. Suspended
sediment concentrations near the coast
were much lower than in August and surface
chlorophyll concentrations were low every-
where. The 1largest group of bowhead
whales observed was widely dispersed
throughout cold clear waters in the north-
east part of the study zone.
6. Bowheads, water colour,
1980-1982
Five satellite images for August and Sep-
tember 1980-1982 demonstrated that import-
ant congregations of bowhead whales (and
many smaller groupings also) tend to occur
in the vicinity of oceanographic disconti-
nuities manifesting themselves as surface
temperature or turbidity fronts. Other
studies have shown that zooplankton abund-
ance in such areas is usually higher than
in more homogeneous areas nearby.

colour and

colour, temperature:

temperature:

RECOMMENDATIONS

1. Extend whale/imagery comparison
A large amount of historical satellite
data exists. These archives should be
thoroughly searched for cloud-free imagery
of the southern Beaufort Sea and North
Alaskan slope for all of the open-water
season and the useful digital data obtain-
ed. Satellite imagery should then be
merged with as much historical in situ
physical, chemical and biological data as
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Fig. 1. Spectral absorption by water (aw), phytoplankton chloro-

phy11 (aph for 10 mg-m‘3) and other suspended and dis-
solved materials. After Morel and Prieur (1977).
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tions (values for chlorophyll concentration are averaged for
0-5 m Tlayer). Arrows along the bottom of the figure
indicate the wavelengths used in the calculation of the
Green/Blue Ratio (G/B) and the Fluorescence Line Height
(FLH). From Borstad and Brown (1981).
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trum. Incident signals were continuously monitored using a
separate, single uplooking photodiode (not shown) and
periodically by the spectrometer.
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looking pathways (K(3))
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incident spectrum between
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J

REFLECTANCE SPECTRUM

Summary of data flow and manipulations required for calcula-
ting a single reflectance spectrum. For multiparameter
stripcharts along the track of the aircraft, spectral
upwelling data are not initially averaged. In this case
only data from the diodes used in the various indices are
handled.
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Examples of reflectance spectra obtained 21 August 1983 in
the vicinity of a fog bank. High humidity results in strong
absorption lines at 760 nm (oxygen) and 725 nm (water
vapour). Current FLH calculations which utilize the wave-
lengths indicated by arrows are grossly affected.
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Examples of reflectance spectra obtained during the 23
August 1983 calibration exercise on a line north of Tuk-
toyaktuk. B, G and R640 indicate wavelengths of G/B and
R640 indices. Numbers on spectra represent stations
numbered from north to south (see Figure 32).
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Fig. 7. Examples of reflectance spectra obtained during the 9
October 1983 calibration exercise in the Eskimo Lakes and
Liverpool Bay. B, G and R640 indicate wavelengths of G/B
and R640 indices. Numbers on spectra represent stations
numbered from west to east (see Figure 32).
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Fig. 17. Representative reflectance spectra obtained 19 August 1983
in the vicinity of Herschel Island. Extremely low light
levels resulted in very noisy data, but a large FLH peak is
clearly evident near 685 nm.
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Fig. 19. Representative reflectance spectra illustrating water colour
variations in the King Point area 22 August 1983. Isopleths
on inset figure are for red reflectance (R640).

.,
SCcl{li:-?,
Polnt ™ Beaufort Sea

Shingte 7"
Point

Fig. 20. Distribution of bowhead whales observed by McLaren and Davis
(1984) along the Yukon coast in the vicinity of King Point.
Dotted lines indicate survey transects; symbols represent
locations of individual animals sighted.
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Stol 34 R Beaufort Sea

Fig. 21. Variations of red reflectance in the vicinity of King Point
22 August 1983. Values plotted are R640 x 1000 (i.e. 25 =
0.025). Waters having R640 greater than about 0.015 are
visibly turbid to the eye.

Beaufort Sea

Fig. 22. Variations of water colour as measured by the green/blue
reflectance ratio (G/B) in the vicinity of King Point
22 August 1983. G/B index increases from blue to brown.
A1l of this area would have appeared green to the eye.
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Fig. 23. Comparison of water colour indices with the number of bow-
head whales observed by McLaren and Davis (1984) on 22
August 1983 along the eastern portion of the outer transect
(closely spaced dotted iine in Figures 19, 20). Most whales
were seen in water having lowest green/blue ratio and red
reflectance, that is the lowest turbidity.
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Fig. 31. Schematic diagram of frontal structure proposed by Simpson
(1981), based on ship and satellite observations. The ver-
tical circulation suggested is based on indirect evidence
from temperature structure and observation of a surface con-

verdence zone near the line of maximum surface temperature
gradient.
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Plates



Plate 1

Top Left:

Sea surface thermal patterns in Mac-
kenzie Bay 14 August 1983 (NOAA-7
AVHRR BAND 4). Approximate tempera-
ture range 2°C (blue) to 13°C (red).

Land is black, cloud and ice are
white. Patterns indicate strong
surface flow past Herschel Island
towards the northwest, probably

resulting from easterly winds in

preceding week. Upwelling west of
the island is suggested by very Tlow

temperatures there.

Bottom Left:
Sea surfdce thermal patterns in the

southern Beaufort Sea 12 September
1983 (NOAA-7 AVHRR Band 4), Coldest
temperatures blue, Tand is
black,

white.

are

clouds and pack ice are

White tongue through middle
of image is ice.
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Top Right:

in the
southern Beaufort Sea 14 August 1983
(NOAA-7 AVHRR Band 1). Turbidity
(suspended Toad)
creases from blue to red.
hlack,
Small

right is not turbidity.

Surface turbidity patterns

particulate in-
Land is
and ice white,

cloud are

amount of red near cloud at

Bottom Right:

in the
southern Beaufort Sea, 12 September

Surface turbidity patterns

1983 (NOAA-7 AVHRR Band 1). Turbid-
ity (suspended particulate 1load)
increases from blue to red. Lland is

black, cloud and ice are white.
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Plate 2

Top:

Bottom:

46

Sea surface thermal patterns in the southern Beaufort Sea 22
August 1983 (NOAA-7 AVHRR Band 4). Approximate temperature
range 2°C (blue) to 14°C (red). Land is black, cloud and ice
are white. Black north-south lines are flight tracks of 1983
bowhead whale survey. Red squares are single whale sightings
reported by McLaren and Davis (1984). Large square represents
25 whales.

Surface turbidity patterns in the southern Beaufort Sea 22
August 1983 (NOAA-7 AVHRR Band 1). Turbidity (suspended parti-
culate load) increases from blue to orange. Land is black,
cloud over land and through centre of image and pack ice in

north are white.
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Plate 3

Top:

Middle:

Bottom:

48

Sea surface thermal patterns north of Richards Island 22 August
1983. Same data as Plate 2 but with partial atmospheric cor-
rection, to show cold (blue) patch in upper left part of image.
Obvious separation of warm (red-orange) plumes origninating in
Kugmallit Bay and Mackenzie Bay may continue offshore with cold
water between them.

Sea surface thermal patterns north of Capes Dalhousie and
Bathurst 22 August 1983. Same data as Plate 2 to show details
of bowhead whale distribution observed August 23 (two Tines at
Teft) and August 24. Very cold (blue) water northwest of Cape
Bathurst is a result of turbulence caused by southeasterly
winds.

Sea surface thermal patterns in Mackenzie Bay 22 August 1983,
Same data as Plate 2 to show details of whale distribution.
First 3 lines at left were flown August 19, next 4 on same day
as image. Small squares represent single animals, large square
represents 25 whales observed along the transect shown, Other
observations indicate nearly 200 bowheads were distributed
through the cold (blue) waters near the Yukon coast (McLaren
and Davis 1984). High chlorophyll fluorescence and cold sur-
face temperatures (near 2-3°C) suggest this water was the
result of local upwelling.






Fig. 18a.
and Plate 4
Top:

Fig. 18b.
and Plate 4
Bottom:
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Sketch map to show main features visible in the LANDSAT MSS
Band 2 image, 20 August 1983 (Plate 4 top). Turbidity trail
extending from Herschel Island indicates net surface flow
towards the east. Internal oscillations resuiting from a
switch from easterly to southwesterly winds on 18 August may
be responsible for the zig-zag pattern.
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Sketch map to show main features of LANDSAT MSS Band 2, 22
August 1983 (Plate 4 bottom). Turbidity patterns near Her-
schel Island and ice drift indicate net northward surface
drift. Position of east-west linear feature at centre left
of image coincides with the position of the thermal discon-
tinuity separating cold turbid waters near Herschel Island
from warmer waters further north.
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Distribution of bowhead whale sightings 11-21 August 1980 in
the area covered by satellite imagery in Plate 5. Redrafted
from Richardson (1983). Flight lines are not shown in the
area surveyed extensively 11-15 August.

Sea surface thermal patterns north of Kugmallit Bay 20
August 1980 (NIMBUS-7 CZCS Band 6). Large numbers of bow-
head whales are concentrated along a band of cool (blue)
water just at the edge of the sediment plume (see below).
Survey coverage and symbols are for 16-21 August only.

Surface turbidity patterns north of Kugmallit Bay 20 August
1980 (NIMBUS-7 CZCS Band 3). Large numbers of bowheads are
concentrated within a few km of the outer edge of the turhid
water. The eddies and turbelence evident along the plume
edge at left continued throughout the area in which whales
were observed. Survey coverage and symbols explained above.
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Fig. 27.

Middle:

Bottom:

Distribution of bowhead whale sightings 21-24 August 1980 in
the area covered by the satellite images in Plate 4. Flight
lines are not shown for small area north of Richards Island
which was surveyed intensively., Redrafted from Richardson
(1983).

Sea surface thermal patterns in the southern Beaufort Sea 24
August 1980 (NNAA-6 AVHRR Band 4), Large numbers of bowhead
whales were observed near the eastern edge of the thermal
plume originating in the Mackenzie River. Very cold water
just north of Cape Bathurst indicates local upwelling as a
result of southeasterly winds at this time.

Sea surface thermal patterns north of Kugmallit Bay, 24
August 1980, Same data as above, to show details of whale
distribution relative to temperature structure. Animals
north of Richards Island (at left) appear to be oriented
along a linear cool feature probably remaining from cold
band seen in Plate 5 (top) along the edge of the turbidity
plume. Large groups were also seen on either side of a warm
tongue issuing from Kugmallit Bay.

Sea surface thermal patterns north of Cape Dalhousie, 24
August 1980. Same data as above to show details of bowhead
distribution around the edge of the thermal plume originat-
ing in the Mackenzie River.
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Fig. 28. Distribution of bowhead whale sightings 1-5 August 1981

Middle:

Bottom:

during non-systematic observations summarized by Richardson
(1983).

Sea surface thermal patterns in the southern Beaufort Sea 5
August 1981 (NOAA-7 AVHRR Band 4). Small numbers of bow-
heads were observed near pack ice in the west and north.

Surface turbidity patterns in the southern Beaufort Sea 5
August 1981 (NOAA-7 AVHRR Band 1).

Sea surface thermal patterns north of Richards Island 5
August 1981. Same data as above to show details of whale
distribution and temperature. The largest groups were ob-
served in a cold region of relatively weak thermal contrast.
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Fig. 29.

Plate 8

Top Left:

Top Right:

Bottom Left:

Bottom Right:

Distribution of bowhead whale sightings 22-26 August 1982
during non-systematic observations summarized by Richardson
(1983).

Sea surface thermal patterns in the southern Beaufort Sea 26
August 1982 (NOAA-7 AVHRR Band 4). Linear white feature in
upper left and circular feature at centre are jet aircraft
contrails.

Surface turbidity patterns in the southern Beaufort Sea 26
August 1982 (NOAA-7 AVHRR Band 1). Note differences between

thermal and turbidity plumes.

Sea surface thermal patterns northwest of Richards Island to
show details of bowhead distribution relative to confused
thermal structure visible north of 70°N.

Sea surface thermal patterns north of Capes Palhousie and
Bathurst. Small numbers of animals were located along the
outer edge of the thermal plume originating in the Mackenzie
River. Note the sharp thermal structure near Cape Bathurst,
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Fig. 30.

Distribution of bowhead whale sightings 13 September 1982 on
systematic surveys 1in the area covered by the satellite
imagery in Plate 9, Redrafted from Richardson (1983).

Sea surface thermal patterns in Mackenzie Bay 13 September
1982 (NOAA-7 AVHRR Band 4). A few bowheads were seen near a
strong thermal front just off Kay Point, but nearly all
animals observed in this area on the day of the image were
congregated near thermal discontinuities further north
(70°N, 138°W).

Surface turbidity patterns in Mackenzie Bay 13 September
1982 (NOAA-7 AVHRR Band 1). Patterns away from the river
delta are only poorly defined in the visible spectrum.
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APPENDIX 1.
August
15
19

20

21
22
23

24
September

5
6

o0~

10
11
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LOGISTICAL SUMMARY (1983 SURVEYS)

Arrived Inuvik. Instrumentation tested. Test data sent south for
processing.

Arrived Tuktoyaktuk. Line A, B, C, D, E, F (09:44 - 14:10 h).
Heavy overcast over this area, incident signals were very low,
Some rain and snow, haze. Data were very noisy. Interference
(ground loops) between instruments confirmed so PRT-5 and strip-
chart recorder disconnected.

Lines 0, P, Q (08:30 - 11:50 h). Heavy overcast near shore, clear
offshore or high stratus over Line 0. Fog and mist on south half
of lines P and Q.

Calibration exercise with helicopter in area of Pullen Island (10
stations with surface samples)(14:40 - 17:30 h)

Two lines parallel the Yukon coast and G, H, I, J, K, L (09:30 -
17:00 h). Skies clear or thin stratus. Data were good.

Lines M, N, R, S (08:50 - 14:00 h). Heavy overcast, intermittent
rain in south; broken 1light status offshore and on line N, R. Some
clear skies on line S. Signals very low and noisy on southern half
line M. Strong absorption lines.

Calibration exercise with helicopter. Line of 13 samples north of
Tuktoyaktuk to 70°40'N (16:00 - 18:20 h).

Lines T, U, V, W (08:20 - 18:20 h). haze, mist on most of these
lines.

Instrument tested at Inuvik. Flew to Tuktoyaktuk.

Lines A, B, C, D, E, F, G, H, T (09:38 h - 17:25 h). Overcast along
A, B, C sky; clear near south half of D, E, F and on lines G, H,
I. A, B, C, D and south half of E, F, G, H covered by 0.4 - 0.8
open pack, Very few data obtained because of ice.

Too windy for whale survey.

Lines I, J, K, L, M, N, 0, P (08:50 h - 18:30 h). Heavy overcast
except near offshore ends of lines. Fog and mist was over southern
half of all these lines J, K, M, N and 0.

Lines Q, R, S, T, U, V (08:30 h - 15:30 h). Sunny and clear for Q
and R but Tow sun angle caused very low incident signals (=noisy
data). Less noise later in morning as sun rose. Some high stratus
and haze occurred along lines S, T.

Fog - no flight.

Lines W, X (13:20 h - 15:50 h). Cloudy, low ceiling, fog, most,
snow. Winds of 25-30 knots, whitecaps and spray everywhere.
Reflectance data were not processed.



APPENDIX 2.
August
15-17

18

19
20

21-22
23-25

26
27

September
5

OOONO

10
11
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METEOROLOGICAL SUMMARY (1983 SURVEYS)

High pressure cell near Banks Island, near low on Yukon Coast. High
moved west, then south., Winds at drillships easterly 20 knots,
decreasing to west 5 knots by the 17 August.

High pressure centre over drillships, moved east very quickly.
Strong low north of Alaska and warm front along Alaska coast.
Winds at drillships southerly 15 knots, 12Z-2400Z on 18 August.
Trough moved through on 19 August near 1800Z, winds westerly but
swinging.

Low off Alaska; trough along Yukon Coast; winds at drillships con-
fused.

Winds southwesterly 15-25 knots.

Winds easterly and southwesterly until 24 August. Front moved
through on 23 August; winds switched to northwesterly 10-20 knots.
High pressure cell moved across delta region - 06007,

Winds south and southwesterly at drillships.

Southerly 20 knots then northwesterly 25 kn after passage of cold
front.

High pressure cell moved over delta, winds westerly 10-15 knots.
Neep lTow moved along Alaska Coast, winds southerly 10-35 knots,

Low passed late on 7 September, winds westerly 5-10 knots.

Weak high pressure ridge over southern Beaufort, winds southwester-
1y 5-15 knots.

Warm front passed late on 9 September, winds westerly 10-20 knots,
cold front passed late on 10 September.

Winds easterly 5-15 knots.



APPENDIX

3. CALIBRATION DATA

21 August 1983

Station

N 00 NN W W N -

-
o

Position

70° 05' N,
70° 06' N,
70° 0% N,
70 06' N,
70° 04' N,
70° 05' N,
70 04 N,
69° 56' N,
69° 47'N,
69° 36'N,

23 August 1983

Station

D00 NN N T W N e

— e = pee
£ W N - O

134 31'W
134° 31' W
134° 25' W
134° 27' W
134° 21'W
134° 10' W
134° 05' W
134 17" W
134° 07' W
133° 37 W

Position

70° 33' N,
70° 30'N,
70 25'N,
70° 20' N,
70° 13' N,
70° 08'N,
70° 0 N,
69* 56'N,
69* 54' N,
69° 46'N,
69° 39" N,
69° 34'N,
69 27' N,
69¢ 27' N,

133° 19 W
133° 13 W
133° {13 W
133 12 W
133 11'wW
133° 09 W
133° 05' W
133° 02 W
133° 03 W
13309 W
133° 10° W
133° 08 W
133° 0 W
13302 W

Temperature

8.1
7.9
8.9
8.5
9.6
9.3
2.0
9.2
9.3

11.5

66

Salinity

14.99
14.34
23.82
15.14
25.06
21.64
24.33
22.77
22.23

9.01

Temper- Salinity  Secchi

ature

3.3

8.5

9.6
10.0
10.0

9.9
10.0
12,4
12.9
13.6
14.4
13.2
13.8
11.5

20.88
22,1t
23.20
23.87
24.69
26.08
25.05
26.19
10.69

6.58

5.24

8.38
13.11
21.10

N = = O == e NE WY 00
' .
W O \n

Secchi

NN N W W

~

4.5
3.5
1.5
< 0.5

Munsell Chi + Ph

Colour

10 QY

o000

0.04
0.11
0.10
0.10
0.13
0.11
0.15
0.55
0.74
0.56
0.76
1.0

0.66
1.2

Munsell
Colour

(% Chi)

(43)
(46)
(56)
(47)
(55)
(60)
(57)
(51)
(61)
77)
(72)
(54)

(56)
(55)

Chl + Ph (% Chl)
0.12 (83)
0.15 (79
0.17 (59
0.16 (75)
0.14 (71
0.10 (66)
0.21 (67)
0.38  (47)
0.13  (65)
0.78 (7%)
SPM G/B G/R
- 0.86 4.2
< 0.1 0.84 4.5
0.8 0.85 4.6
- 0.85 4.8
0.8 0.88 4.8
6.0 0.86 4.9
- 0.89 5.1
3.1 0.93 3.1
- 1.07 2.0
9.45  0.97 1.8
13.35 1.1 1.3
- 1.06 2.1
- 1.04 3.2
- 1.07 3.7

SPM

< 0.1
0.8
< 0,1
0.5
3.3
2.4
4.4
2.7
4.1
17.9

R640

0.010
g.011
0.005
0.007
0.008
0.021
0.010
0.060
0.085
0.165
0.185
0.090
0.060
0.074



9 October 1983

Station

N 00 NN W E W N e

-t b = e
WM & W - O

68* 58'N,
§9° 00' N,
69° 06' N,
69° 09'N,
69° 16'N,
69° 24' N,
69% 27' N,
€9% 30'N,
69° 33 N,
69° 32'N,
69° 45'N,
69° 48' N,
69° 51' N,
69° 54' N,
69° 55'N,

Position

133* 100 W
133* 04’ W
132° 46' W
132* 33'N
132° le' W
131° 57 W
131 48 W
131* 33 w
131* 23 w
130° 55' W
130° 1 W
130° 10' W
129¢ 53* W
129° 42 W
129 27 W

Salinity

3.32

3.31

8.00

7.99
12.53
14.17
15.01
15.26
16.42
17.72
22.60
22.21
21.58
21.00
20.87

67

Chl + Ph (% Chi)

0.64
0.56
0.52
0.37
0.24
0.13
0.3t
0.33
0.40
0.48
0.90
0.75
0.93
0.60
0.48

(81)
(32)
(73)
(76)
71)
(67)
(65}
(67
(63)
(60}
(54)
(52)
(57)
(67)
(73)

SPM

1.95
2.74
4.31
3.53
3.10
2.21
L4
1.97
2.04
3.07
13.70
11.30
8.44
4.57
2.57

G/B

0.95
0.95
0.98
0.92
0.92
0.91
0.39
0.92
0.91
1.04
1.03
1.0

0.98
Q.93

G/R

3.1
2.7
2.8
3.2
3.5
3.4
3.4
3.1
2.8
1.5
1.6
1.8
2.6
3.0

R&40

0.088
0.086
0.101
0.100
0.042
0.044
0.035
0.035
0.039
0.125
0.148
0.169
0.084
0.046
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APPENDIX 4. FILTER SONIFICATION EXPERIMENT

Filter Wt of Sediment Wt Loss After
Number on Filter (mg) Sonification (mg) % Removal
1 0.5 0.55 110
2 0.59 0.72 122
3 0.17 0.37 217
4 0.35 0.32 91
5 1.05 1.15 110
6 2.40 . 2.65 110
7 3.34 3.25 98
8 4,03 3.92 97
9 4,42 4.50 102
10 4,51 4.46 99
11 8.52 6.63 78
12 8.62 7.78 90
13 9.43 8.60 91
14 10.94 10.63 97
15 10.32 10.19 99
16 12.54 11.50 92
Control 1 0 0.14
Control 2 0 0.04
Control 3 0 0.51 (gain)

Weighing error for blank filters (n=12) 15.58 * 0.12 mg % SD=0.8












