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SCATTERING LAYERS, OXYGEN DISTRIBUTION, AND THE COPEPOD
PLANKTON IN THE UPPER 300 METRES OF THE BEAUFORT SEA

I. GENERAL INTRODUCTION: THE ENVIRONMENT

The Arctic Ocean 1s a three-layered system, with a
fourth water type, originating in the Pacific, apparent in
the Canadian Basin, especially in the Eeaufort Sea. The
three layers, established at the turn of the century by
Fridtjof Nansen are the Arctic layer, the Atlantic layer
and the Arctic Deep Water,

The Arctic Layer

The Arctic Layer comprising the upper 200-300 m of
the waters of the Canadian Basin, with which this study is
concerned, can be divided into four distinct water masses.
These have been studied by Coachman and Barnes (1961,
1963), and their description of them was confirmed by the
data taken on T-3 by Hansen (Hansen and Dunbar, 1970),

The Arctic Surface Layer occupies the upper 50 m,
and is isothermal and isohaline. This is the coldest
(-1.65°C) and the least saline (30,4 - 30,6 9/oo) water in
the depth range under consideration (0 - 300 m),

At 50 m there is a sharp increase in both salinity
and temperature which creates a strong density interface,
The 50 to 200 m layer is known as the Arctic Intermediate
Layer and in the Beaufort Sea area 1is sophisticated by
Pacific water flowing through Berineg Strait. A temperature
maximum at 75 m identifies the upper half of the layer
(50 - 100 m) as Arctic water modified by water which
entered the Arctic Ocean from the Bering Sea during the
summer, Below this (100 - 200 m) the temperature decreases
to a minimum at 150 m indicating that the denser winter
water from the Pacific is influencing the lower part of
the Arctic Intermediate Layer. The salinity increases
throughout the whole Intermediate Layer to 33.2 ©/oo0.

From about 150 m, the temperature and salinity begin
to increase more rapidly to maxima of 0°C and 34.6%oat 300 m
(the deepest extent of this study). This is the area of
mixing of the Arctic water above with the Atlantic water be-
low, Dunbar and Harding (1968) have discussed the difficulty



of defining an exact boundary between the Arctic and
Atlantic Water Layers. It should be noted that the
Northern Chukchi and Beaufort Sea area is the furthest
away in time and space from the point of entry of Atlan-
tic water into the Arctic Basin between Spitsgbergen and
east Greenland. It has lost many of its identifying
characteristics of temperature and salinity (Coachman
and Barnes, 1963), although a temperature maximum of
+0.5°C is observable at 500 m,

Beneath the Atlantic Layer, from 900 m to the
bottom, lies the Deep Water, with which this study is
not concerned,

Fig, 3 shows curves of temperature, salinity and
sigma-t for a typical station from T-3 in 1967 and indi-
cates the stratification of the upper 300 m of the waters
of the Canadian Basin, In this figure the water from
200 m dowr. has been labelled "Atlantic water",

In general, the water of the Arctic Layer (0 -
300 m) moves round the Canadian Basin in a clockwise,
slow moving gyre. Pacific water entering the Arctic
Intermediate Layer in the Chukchi Sea may flow west along
the Siberian Continental Shelf with offshoots in the form
of counterclockwise gyres, It may also flow from the
Chukchi Sea across the central part of the Arctic Ocean
via the North Pole. These two flows join and leave the
Arctic Ocean as part of the East Greenland Current. A
smaller outflow from the Canadian Basin gyre passes
through the Canadian Archipelago.

More detailed discussions of the circulation of
the surface waters of the Arctic Ocean may be found in
Gordienko (1961), Dunbar (1951), and Collin and Dunbar
(1964), The simplified account given above is illustrated
in Fig. A,
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II, SOUND SCATTERING LAYERS

Introduction

The mid-water scattering of sound, as observed on
recording fathometers, has been known for the past four
decades, In the early 1930's, traces observed on the echo-
sounder paper, termed "scattering groups", were correctly
interpreted by Captain Ronald Balls (1Y4c, 1951) ac repre-
senting fish schools., His setting of fish nets according
to sonar observations of the schools was a major advance in
fishery technology. During the Second ‘orld wWar acoustical
research connected with submarine warfare, and the develop-
ment of deep-penetrating echo sounders, led to the detection
of extensive mid-water reverberating layers in the ocean,
These early investigations are reported by Duvall and
Christensen (1946), Eyring et al. (1946), and Raitt (194&),
Investigations during the late 1940's and 1950's, using
increasingly refined echo-sounding equipment and recorders,
led to more detailed descriptions of the layers, and the
term Deep Scatterin;z Layer (D3L) became a generic term for
extensive mid-water scattering agents,

The biological nature of the phenomenon was early
recognized on account of the vertical migratory behaviour
of the layers, but the specific organisms concerned have
proved somewhat elusive, Theoretical estimates of the pop-
ulation density of scatterers required to cause an effective
layer in a given echo-sounder system were made by various
workers, In the field, Kanwisher and Veolkmann (1955) showed
concentrations of approximately one scatterer per 3,500
cubic metres off New England; Johnson et al, (1956) found
one scatterer per 650 cubic metres of water in a scattering
layer off Puerto Rico. From these observations it is ap-
parent that capture of the scatterers by mid-water trawling
devices is likely to be very difficult, as the number of
scatterers can be quite small and the volume of water very
large; nevertheless various attempts at capture have met
with some success, Interpretation of net haul results,
however, 1in correlation with echo-sounder observations, must
be handled cautiously. KNost net hauls contain a variety
of organisms, and to ascribe the scattering to any one
species 1s not always easy, even though one is guided by
the presence or absence of sound-scattering elements such
as air bladders and solid skeletal parts,

Boden (1950) showed that plankton volume was great-
est at the depth of maximum reverberation and that euphausids
were the most important part of the plankton in his studies,



Barham (1957) made an extensive study of scattering
layers ofl lonterey Bay and found that the major scat-
terers seemed to be two myctophid species, a euphausid
and a pruwn, Myctophids (lantern fishes) have long

been recosnized as important targets in the DSL (harshal,
1951; Tucker, 1951; Barham, 1957; Capen, 1967). Euphau-
sids are very frequently found associated with scatter-
in,; layers, but their role as sound scatterers may be
questionable (Hersey and Backus, 1962), especially at
lower frequencies., Kristjonsson (1968) has shown that
shrimp schools and even large individual shrimp may be
detected at frequencies down to 50 kHz. Observations

by Barham (1963, 1966) and Pickwell (1967) from submer-
sible vehicles have demonstrated the great importance

of physonect siphonophores as scatterers in the DSL,

It is probable that numerous creatures other than abyssal
fishes and physonects also contribute to the structure
and occurrence of the scattering layer, for instance
large crustaceans, cephalopods such as Spirula, Nautilus
and squid, and many pelagic fish species (Hersey and
Backus, 1962), The use of submersibles is perhaps the
most satisfactory method of acquiring direct observa-
tions of scattering layers, and in most situations

where submersibles or divers have been used in mid-
water scattering studies researchers have instantly
acquired excellent data on causal agents, distribution
and behaviour just by going down and taking a look,
Unfortunately, such techniques have not ye. been pos-
sible in the Arctic,

Apart from the vertically migrating scattering
layers, non-migratory layers occur frequently (Cushing
et al, 19563 Weston, 1958; Hersey and Backus{. These
layers are normally associated with some major discontin-
uity of the water column such as a pycnocline or therm-
cline, Hersey andBackus suggest that such occurrences
may represent the "trapping" of organisms at some optimal
level of physical or chemical parameters, The present
study deals with an example of this phenomenon in the
Arctic Ocean,

The results reported here are based on three
years of observations from Ice Island T-3, a large tabu-
lar berg from the Ellesmere Ice Shelf circulating in
the Beaufort Sea Gyral (Figure 1), The ice island
carries a permanent manned research gtation administered
by the U.S. Naval Arctic Research Laboratory, Point
Barrow, Alaska.

A scattering layer at about 100 m depth was re-
ported first from the Arctic Ocean by Kenneth Hunkins
(1965) of the Lamont-Doherty Geological Observatory,
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This observatory has been operating a 12 kHz Precision
depth recorder almost continuously from T-3 for the past
six years. An earlier study by Dietz and Shumway (1961)
of echograms from nuclear submarine traverses of the
Arctic showed no mid-water sonar targets. Hunkins sug-
gested that perhaps the submarines were moving within or
below the scattering layers. However, there is strong
evidence that Arctic sound-scattering layers are both
seasonally and geographically restricted; thus when the
traverses took place they may have missed the season,
the location, or both (K. Hunkins, personal communication),

In 1966 the Marine Sciences Centre of McGill
University, in cooperation with the Lamont-Doherty Geolo-
gical Observatory, undertook a study of the presumed bio-
logical causes of the Arctic deep scattering layer (DSL).
During the first season of study, June to November 1966,
no DSL was detected; the Ice Island was drifting westward
about 400 miles north of the Alaskan coast at that time,
In March 1967 a 100 kHz Ross Model 200A Fineline depth
sounder was installed on T-3 by the Lamont-Doherty Geo-
logical Observatory. Immediately athin, shallow scat-
tering layer was observed at approximately 50 m (Fig.2).
This layer was not detected on the 12 kHz Precision depth
recorder, It was found to conform with a water mass
boundary separating the upper Arctic water from the Arctic
intermediate water, the latter being marked by a distinct
Pacific water layer in the Canadian Basin of the Arctic

Ocean (Figure 3,)

At the interface the temperature increases suddenly
with depth, from-.,65° to -1,31°C in 10 m., Salinity be-
haves similarly, increasing from 30,4 ©/00 to 31.3 ©/o0
over the same distance, This is an increase of 0,55 sigma-
t. The scattering layer that occurred on this boundary
was named the pycnocline scattering layer (PSL).

In late March 1968, a major DSL of the type and
at the depths described by Hunkins (1965) appeared. It
was detected between 20 and 180 m on both the Precision
depth recorder (Figure 4) and the Ross recorder,



METHODS AND EQUIPMENT

Sonar

Two fathometers operated by the Lamont-Doherty
Geological Observatory were used. These were: (1) a
12 kHz Precision depth recorder with a standard Edo
transducer, Gifft sonar transceiver, and spark-type
rotating drum recorder; the time base advanced 1 cm/hr,
and the pulse length was 80 msec; and (2) a Ross model
200A Fineline depth sounder and recorder with a 365 m
(200 fm) range and 100 kHz frequency. The beam angle
is 10% x 5°, The chart paper speed is variable from &
to 24 in/hr, and the pulse duration is 0.4 or 1,5 msec.
The instrument operates by switching through 90 m incre--
ments; thus the whole thickness of the layer could not
be viewed instantaneously. A reasonable facsimile of
the full range of scatterer distribution could be obtained
however, by switching every minute, thus obtaining a nzr-
row cross-sectional view in a 4-minute period,

Hydrography

Routine hydrocasts were made during the study.
Temperature was measured using a thermistor and Wheat-
stone bridge. Salinity samples were stored and then
sent to the Bedford Institute, Dartmouth, Nova Scotia,
for analysis,

Biological Sampling

Plankton: Mesh nets numbers 6 and 0 mounted on 0.5 and

1 m rings were used throughout the study. Both vertical
and horizontal tows were made, Horizontal tows were made
using the drift of the island during periods of high
wind, when drift speeds up to 0.5 knot relative to the
water beneath can occur, The actual relative drift rate
and filtration-coefficient of the nets can be estimated
only roughly, but the multiple-net horizontal tows gave
excellent simultaneous collections from various depths.
This method involves hanging the net rings on a heavily
weighted cable, one above the other, so that the net

will stream at the desired depth (Figure 5). Corrections
of depth for wire angle were made in the field, It was
found that with practice one could attach or remove the
nets from a moving cable, so that they were set or hauled
with a minimum of contamination from depths other than
those under scrutiny.
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Fishes: Attempts were made to capture fishes by hook and
line, g1ll nets, and baited minnow traps; all were unsuc-
cessful, Fishes were taken in the surface water of hydro-
holes in all years of the study by hand-held dip nets.

It was observed that polar gadoids often follow any hang-
ing object, such as cable, hose pipe, etc., that they en-
counter at depth up to the surface, Fishes almost invari-
ably were taken in holes through which cables were hanging;
one specimen was sucked into a pump hose at a depth of

12 m,

Pteropod Injector: To place potential sound scatterers in
the water in a controlled manner beneath the Ross recorder
transducer, a small device, the "pteropod injector", was
constructed in the field from a sawn-off plastic hypodermic
syrinse, The device was assembled using a second piston in
a reverse position so that a small toroidal space was left
between the two pistons. A wire bridle passed through the
plunger in such a way that a messenger would strike the
plunger and eject the second piston with the contents of
the toroidal space (Figure 6). Great care was necessary

to remove the possibility of air bubbles being carried

down into or on any part of the device, Normally the in-
jector was held just beneath the surface of the hydrohole
and agitated for a few minutes to shake free surface bub-
bles, though none actually were seen, Next, the outside
was rubbed, under-water, with a cloth, The assembly, on

a single strand of 12-gauge copper wire, was lowered by
hand through a bunched cloth underwater. The messenser
likewise was cleaned of air bubbles,.

THE PYCNOCLINE SCATTERING LAYER

Observations and Results

The appearance of this layer (Figure 2) on the
Ross recorder is a thin, usually continuous, line approxi-
mately 1 m thick (N.B.: one pulse lencth), The thickness
is often greater (Figure 7), however, especially during
periods of high wind when internal waves become visible
in the records, Occasionally, especially in midsummer
and early fall, the layer becomes very thin and patchy,
even disappearing completely for many days.

Initially it was thought that this scattering
layer perhaps could be interpreted physically as an acous-
tic reflection from the density discontinuity. At the



high frequencies (100 kHz) used, however, this is un-
likely. Detailed examination of the records shows that
diurnal splitting of the layer occurs; one fraction re-
mains at the discontinuity and the other migrates either
upward or downward from the discontinuity,

This is especially notable in the months bracket-
ing the equinoxes, when greatest diurnal light variations
occur, Figure 8 shows six sections of the chart record
for 26 and 27 October 1967. At midday, a thick PSL is
present with a few single targets visible., At 1500
hours, an ascending cloud of scatterers appears. At
2100 hours, two fractions of the layer are apparent, but
the upper fraction tends to descend slowly. By mid-
night, however, a dense scattering layer has formed with
fairly even distribution throughout the water column; a
PSL is still visible, Then at about 0900 hours on the
27th, fairly rapid descent of the main scattering cloud
occurs, leaving once more a PSL with a few single targets
visible, The cycle repeated itself on subsequent days.,

There is an interesting seasonal variation in
the chart records, In winter, when continuous darkness
prevails, the migrating fraction remains continuously
above the PSL (Figure 9a) as might be expected and as
was predicted by Bogorov (1946). Interestingly, however,
the same distribution seems to prevail during the summer
(Figure 9b) rather than occurring at greater depths,

Analysis of the plankton offers evidence of the
cause of this layer. The cosmopolitan thecosomatous
pteropod Spiratella helicina (Figure 10) occurs in en-
ormous numbers at the 1interface of the two water masses.
These are little calcareous shelled planktonic snails.

In our samples, they were very small individuals, usually
less than 1 mm in diameter, in contrast to the large
specimens of 6 to 8 mm normally taken in subarctic waters.
This small size in itself is extremely interesting and
requires further study. They are not juveniles; strings
of eggs were observed within the body and exuding from
the gonopores of many of the living specimens,

McGowan (1963) examined the geographical vari-
ation in Spiratella in the North Pacific. He found two
varieties with differences in shell texture and height/
diameter ratios. Harding (1966 ) notes that his Arctic
Ocean specimens fall into McGowan's category var, B text-
urally and proportionally, but that they are of small size,
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Because of the thinness of the layer and the general
difficulty of hauling nets horizontally from the ice, 1it
was not possible to stream a net at the correct depth with
any accuracy. By placing a thermistor on the net, however,
the discontinuity could be detected and the net held as
close as possible to the layer depth., At Station 5,
79957,9'N, 174024'W, on 3 May 1967, a multiple net horiz-
ontal tow was made with 0,5 m nets at 40, 45, 50, and 55 m,
Internal waves of 6 m amplitude and approximately 10-min
period were visible in the chart record at 50 m, The layer
at this time appeared to be about 8 m thick, The windspeed
was a steady 20 to 25 knots, and the drift of the island
an estimated 0.5 knot., Figure 11 is a histogram of ptero-
pod distribution correlated with the depth-sounder record,
demonstrating the correlation of pteropod numbers with the
scattering layer., Otner stations with horizontal net tows
verify these distributions. A series of subtractive verti-
cal tows was made using a 2 m increment for each tow., The
net was triple washed and inspected visually to make sure
no pteropods were missing., Counts were made immediately,

Station V.T.4, 30 May 1967, showed a typical verti-
cal distribution found by this method. Figure 12 is a
histogram of pteropod distribution and numbers on a 2 m
subtractive tow series, showing maximum concentration be-
tween 50 and 48 m, It is correlated with the chart record
of the day.

The data presented here are excellent correlative
evidence that Spiratella is the cause of the PSL,

Field tests with the Ross echo sounder were made,
using small BB shot as test targets. Individual pellets,
approximately 1.4 mm in diameter, were detectable down to
3 m, An experiment was performed with the pteropod in-
jector containing 80 live specimens of Spiratella helicina,
Careful precautions were taken to eliminate alr bubbles,
and the injector was lowered to a depth of 60 m and allowed
to nang for 4 min. The injector was then fired by messenger
and, at the moment of impact, the injector was raised 10 m,
On the chart record (Figure 13), a residual line of echo
remained, slowly dispersing over a period of 1 min. The
experiment was repeated three times with live specimens
and once with a blank run (only water in the injector bar-
rel)., The results were identical on two out of three runsg
on the third run, air bubbles, showing as rising streaks,
occluded the record. The blank run showed no scattering,
Spiratella has a hard calcareous shell, which probably can
be classified acoustically as a solid bodys thus, if large
numbers of Spiratella were present in a thin layer at 50 m
depth, they would be expected to form a detectable scatter-
ing layer.




- 10 -

The behaviour of the organism as observed on the
echo sounder deserves analysis, The sinking rates of
the creatures in water from above and below the discon-
tinuity were measured in the laboratory., The average
sinking rate of 20 nonswimming specimens in water from
L5 m (sigma-t 24.65) was 1,782 cm/sec, In water from
55 m (sigma-t 25.10), it wac 1,521 cm/sec, One can pos-
tulate that less energy is required for Spiratella to
maintain a constant depth by remaining at or below the
PSL; the significance of this is doubtful, however,
especially in such an actively swimming organism,

Harder (1968), reviewing plankton behaviour at
water-mass boundaries, suggested that density interfaces
act as concentrating levels for organic detritus and
that many species feed at the interface., Other species
may respond to physiological stress induced by salinity
changes, which alter the osmotic pressure differential
across the cell membranes,

Hunkins, Thorndike, and Mathieu (1969) examined
the nepholometry of the Canadian Basin., They found no
light-scattering layer indicative of a detrital accumu-
laticn at the interface depth, Thus, a feeding response
seems unlikely to explain the behaviour; but see Kinney
et al., 1971, and Section III below),

There is a recurrent, though unresolved, sug-
gestion in vertical migration studies (Lance, 1962;
Loeb, 1893; Rose, 1952) that vertically migrating plank-
ton organisms within a light field tend to some physio-
logically limited level of salinity (or temperature) as
well as light intensity; once one constraint passes be-
yond a certain threshold, the sign of the migratory
drive is changed., Thus, a stenohaline individual orga-
nism moving upward at sunset and passing into more
brackish water will stop at the critical salinity level,
As the light intensity drops lower, the triggering
stimulus diminishes, 1In this condition, the physio-
logical stress of the brackish water causes a reversal
of sign in the migration, and the organism tends to
sink slowly toward the more saline water during the
night. At dawn the increasing light tends to reverse
the sign once more, and a second upward migration occurs
toward the optimal halophotic level, Once the light
intensity and the osmotic stress become too strong,
however, a downward migration occurs, taking the orga-
nism back to optimum daylight depths.
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In an ocean with a marked salinity boundary layer,
there tends to be a segregation of individuals, Those of low
tolerance to high salinity tend to remain on the boundary layer
during downward migration at dawn., Those of low tolerance
to brackish water tend to remain on the boundary layer during
upward migration at sunset. The hardier or more euryhaline
members of the population go through the layer, albeit with
some short delay to allow for the rapid change of osmotic
balance,

This hypothesis would explain the general behaviour
of the Arctic PSL as caused by pteropods whose salinity
limits lie between 33.59/0o0 and 30.5°/o0o, approximately, in
this population (Harding, 1966). It does not explain the
reason for the high position and nonmigratory behaviour of
the summer and winter layer, The reason for this might be
that during these long, continuous light or dark periods,
the primary trigger stimulus is absent; thus, the organism
tends to remain at depths favourable in factors other than
light, such as feeding.

THE DEEP SCATTERING LAYER

Observations and Results

Hunkins (1965) has described the Arctic DSL observed
at 12kHz as a "diffuse reverberation", similar in general
appearance to the DSL in other oceans. The Arctic layer tends
to be shallower (20 to 200 m) in distribution than elsewhere
in the world and also to have an annual rather than a diurnal
migration pattern, no doubt a result of the special Arctic
daylight pattern. The layer has been recorded only during
the summer months and only in the northern and northwestern
part of the Beaufort Sea Gyral. Soundings elsewhere and at
other times of the year were negative. Hunkins has shown
that diurnal vertical migrations are, in fact, observable in
this layer, especially about the time of the autumnal equinox.
The layer usually is not present at the time of the vernal
equinox,

Figure 14 is a continuous record of the development
of the DSL in 1968, transcribed from the original daily chart
records, The layer first appeared as isolated scattering
groups, which developed into a thin, slightly discontinuous
layer that was not particularly migratory. It later became
thicker, and through mid-April the layer showed definite
diurnal migrations, As the summer progressed, the layer
tended to split into two components and become a little patchy,



At the 100-kHz frequency, it was possible to
observe only a 90 m layer of the water at any one time,
but a good composite picture could be gained by
switching through the depth ranges in sequence and
placing the records in order one above the other,
Figure 15 is such a composite of four chart records
offering a complete section throuszh the DSL as seen on
the Ross recorder, The PSL is traversed freely by the
DSL scatterers (Figure 16), and it does not appear in
seneral to be a significant barrier,

Kanwisher and Volkmann (1955) found one scatterer
per 8,500 m3 off New England, ard Johnson, Backus, Hersey,
and Owen (1956) found one scatterer per 650 m3 off Puerto
Rico. 1In order to compare various features of the DSL
with the findings of these workers, an index of scat-
terers per unit volume was calculated, The first step
was to switch through the depth ranges of the 100-kHz
instrumernt over a short period of time. The scatterer
counts were then corrected by dividing the number of
scatterers in each 10 m of the insonified cone by the
volume of a 10 m deep segment and multiplyinz the result
by 10% to place the decimal point in a convenient position.
Figure 17 shows a histogram of the vertical distribution
of the scatterers per 10,000 m3, This gives the highest
concentration of scatterers as approximately 1/5,000 m3,
Much higher concentrations can occur in the scattering
groups, but because the echo traces tend to merge, no
reliable count is possible.

Attempts to capture the organisms responsible for
this layer were unsuccessful, In two different years
only two larval polar gadoids were taken from horizontal
plankton tows below the surface, at depths of 15 and 40 m
respectively, One of them was taken when no scattering
layer was present. rishes (Arctogadus glacialis) fre-
quently are captured, however, 1n the hydroholes cut
through the sea ice,

The lack of positive evidence in the form of
specimens taken at the layer depth is not surprising con-
sidering the impossibility of trawling from the surface
of pack ice, It is obvious from the echograms that the
scatterers are relatively large, scattering both 12- and
100-kHz sound. When the scatterers are viewed at 100-kHz
as individual targets, they frequently are seen as fast-
swimming hyperbolic traces, which are indicative of rapid
relative motion between transducer and target. Further-
more, the organisms frequently move in dense shoals and
are seen as scattering groups; they are therefore most
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probably nektonic fish, and the most likely species is
Arctogadus glacialis, the polar cod (Figure 18),.

The biology of Arctogadus is not well known, It
is certainly the most frequently found species in the
central Polar Sea, Walters (1961) identified and described
35 specimens of this species taken from Station Charlie in
the winter of 1959-60, During this period up to 500 speci-
mens sometimes were taken from the hydroholes following
seismic explosions at shallow depths below the ice,
Andriashev (1957) took 11 specimens from the same general
area as the Station Charlie material, i,e., over the
Chukchi Rise. 1In 1966 we took two specimens in this area;
in April and May 1967, three were taken much farther northi
and in May 1968, four were taken farther west.

Walters (1961) suggests that this species undertakes
winter feeding migrations over the Chukchi Rise, moving in
the winter in a generally southwest direction, The DSL
has been detected only in summer and well north of the
Chukchi Rise in the present work, and it is therefore pos-
sible that these fishes migrate back into the central Polar
Sea from the Chukchi Rise by a northeasterly route during
the summer,

Two specimens of the Arctic cod Boreogadus saida
also have been taken in the course of this work, This
species also must be a sound scatterer in the Polar Sea,
but its significance cannot be estimated at present,

SUMMARY

Two types of sonar-scattering layers are reported
from the Beaufort Sea, In the present study, one is
visible only at 100-kHz, the other at 12- and 100-kHz,
The 100-kHz layer migrates vertically but only in part;
part of it remains trapped on the interface between the
Arctic surface water mass and the Arctic intermediate water
mass, formed of Pacific water, It is concentrated at 50 m
depth and is shown to correlate with an accumulation of
the thecosomatous pteropod mollusc Spiratella helicina,
The layer that was detected at both 12- and 100-kHz frequencies
appears and behaves much like a classic deep scattering layer,
except that the vertical migrations are modified to harmo-
nize with the Arctic summer daylight pattern. It is found
between 20 and 180 m and probably is caused by shoals of the
polar cod Arctogadus glacialis,
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III. THE OXYGEN DISTRIBUTION

Introduction

The Arctic Ocean is generally well oxygenated
at all depths., Biological productivity is greatly
restricted (English, 1961) and circulation and flushing
of the upper and intermediate water masses are rela-
tively rapid (Coachman and Barnes, 1961, 1962, 1963).
Under these conditions marked extremes of oxyty would
not be expected, The term "oxyty" means "concentration
of dissolved oxygen". It was formally proposed by
Montgomery (1969) although it had been used intra-
murally by Scripps Institute oceanographers before
that date, As it has now been introduced to the
literature (White, 1971), we have used the term in
this report as analogous to salinity, etc.

The term "low oxyty layer" means "oxygen mini-
mum layer"., The objection to the new term on the
grounds of priority is invalid in that "oxygen minimum
layer" is not a proper name - or should not be allowed
to become one. "Low Oxyty layer" is semantically neutral,
The attitude implicit in the term "The Oxygen Minimum
Layer Problem" is partially responsible for the conflict
in theories and the convolutions of ideas about a
basically simple phenomenon, i,e. water containing less
dissolved oxygen than that above or below, It is
becoming clear that numerous coincident processes such
as dynamic circulation, minimal vertical exchange, bio-
chemical cycling and possibly complex food webs based on
ascsimilation and metabolism of some fraction of the dis-
solved organic carbon of deep water (see Fournier, 1966);
Holm-Hansen, 1970, and Craig, 1971) occur more or less
together in the water column at the depth of low oxyty
extremes, It is probable that the divergence of
scientific opinion is the result of differences between
locally dominant causes. Thus the basic cause is always
respiration (cf, Wyrtki, 1962) - or oxygen demand - but
the immediate causes determining position and shape in
the water column will vary in space and time in the
continuum of the whole ocean circulation; sometimes the
minimum oxyty will be in the water containing the maxi-
mum oxygen demand; at other points it will be older water
which contains the extremum; and at others it will be
a mixing process which conditions the vertical profile,
The term low oxyty layer thus describes a condition in
the water column - not a single type of water in the world
ocean which "the oxygen minimum layer" has tended to imply.
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The data of the Soviet drift station NP-2 of 1950-
1951 revealed a distinct low oxyty layer in the northwes-
tern region of the Beaufort Sea (Somov, 1955). Gudkovich
(1955) tentatively interpreted its cause as the oxidation
and decomposition of organic matter derived from the death
of plankton entering the Beaufort Sea gyral from Bering
Strait.

Harding (1966 ) observed a low oxyty layer at about
200 m in the Beaufort Sea, and considered that it was
probably caused by the decomposition of organic detritus on
a density interface (personal communication). Previous
analyses of vertical oxyty distribution in the Arctic Ocean
failed to show any very marked minimum layer, and in fact
there is some indication that it is most strongly developed
only in the northwestern region of the Beaufort Sea gyral
and is not so obvious elsewhere, although all oxygen pro-
files do show some lower concentration extremum,

Kinney et al (1970) presenting extremely detailed
hydrographic, oxygen and nutrient data from the Beaufort Sea,
consider that the low oxyty water is partly due to advection
of shelf water into the basin rather than to in situ oxi-
dation alone. This view is supported and developed ir this
report,

Sverdrup (1938) examined the theories concerning the
formation of low oxyty layers, describing the two different
approaches to the subject which have evolved. The first
originally proposed by Jacobsen (1916) and extended by Wust
(1935) and Dietrich (1936) is based on a physical concept of
dynamic circulation; the oxygen minima occur in almost
stationary boundary layers between different water masses of
the deep sea circulation. The second approach developed by
Wattenberg (1938) considers that vertical oxygen distribution
depends on sinking of organic matter, its concentration,
isolation of water masses by discontinuity layers, and
temperatures conducive to decomposition, Seiwell and Seiwell
(1938) proposed that the oxygen minimum, conditioned mainly
biochemically, occurs at depths at which the specific gravity
of sea water and sinking detritus are equal, so that the
detritus accumulates and oxidizes, thus lowering the oxygen
concentration., This view has been revived by Miyake and
Saruhoshi (1956) on the basis of density of detritus and the
fact that low oxyty water is superficially associated with
isopycnal surfaces around sigma-t 27.0,



Redfield (1942) and Redfield et al. (1963) in-
troduced a useful new concept into the discussion., They
consider that the oxygen minimum occurs in the layer of
water which contaired the largsest amounts of organic
material when 1t sank at high latitudes, They explored
the chemical balance of nutrients and oxygen, and sepa-
rated the nutrients into various fractions according to
their origins, ie,, preformed, organic particulate, etc.
Richards (1957) reviewing the field, produced an integrated
model of circulatory and biochemical processes though he
left certain aspects of the question rather open, such as
the relationship between oxygen minima and nutrient maxima,
This aspect has since been studied by Redfield and Rich-
ards tocether (Redfield et al., 1963)., Wyrtki (1962) re-
examined the circulation models, and in a paper sonmewhat
critical of Richards' review, resolved many of the early
discrepancies in both the physical and biochemical theo-
ries, He found that the difficulties of earlier theories
were probably due to certain misunderstandings and un-
fortunate choices of examples of oxygen minima., His con-
clusions were "that the oxygen minimum layer is caused
by the biochemical process of oxy&en consumption, that
1ts position and distribution are determined by circu-
lation, and that the shape of the oxygen profile, especi-
ally the hirh position of its minimum is due to the
exponential decrease of oxygen consumption," This view
is not seriously contested at the present time, except
in a "mixing model" proposed by Menzel and Ryther (1968)
to explain the low oxyty layer in the Antarctic Inter-
mediate wWater of the South Atlantic, Menzel and Ryther
do not subscribe to the theory of "deep respiration” or
in situ oxysen consumption once a watermass sinks below
a shallow depth, Craig (1971) reviewing the problem
quotes them as statin:s: "The entire biochemical cycle of
organic matter .,...... appears to occur at depths pro-
bably not in excess of 200-300 metres." (Menzel and Ry-
ther 1971), 1In view of the work of Fournier (1966) who
presents evidence for microbial populations in the deep
Atlantic with up to 2 x 102 cells per litre; and Holm-
Hansen (1970) who estimates from ATP assays that oxidation
proceeds at between 5 to 50 ml 0p/litre/year in deep
waters in :seneral, it seems unreasonable to suppose that
the biochemical cycle is restricted to the surface layers

only.

The problem is refractory, for the time scales
required to brin: about deep water low oxyty layers by
purely circulatory and mixin; processes or by in situ
respiratory processes, are of the same marnitude. Bubnov
(1966) proposed that the oxy..en minimum in the Atlantic
is formed in the re.ions of upwelling off the West African
coast and that ton-ues of low oxyty extended west, south
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and north from these zones; the depths of the extremes
varying with the dynamic topography of the isotrophic
lines., It is implied that no further in situ oxygen demand
exists once the water has sunk from the region of eastern
tropical upwelling,

In the Arctic context, Coachman and Barnes (1961)
consider that the maximum and minimum temperature layers in
the Upper Arctic Water of the Canadian Basin can be ascribed
to the seasonal influx of Bering Sea water through Bering
Strait, the temperature maximum representing summer inflow
and the minimum representing winter inflow, The inflowing
waters mix with large quantities of shelf water and are
advected into the general circulation. An examination of
the distribution of nutrients appears to confirm this view,
The decrease in oxygen concentration with depth throughout
the Pacific-conditioned layer corresponds to an increase
in nutrients (POy, P, and silica) which can, like tempera-
ture, be interpreted in terms of seasonal inflow (see Fig-
ure 19), This overlooks the possible importance of in situ
processes in the Chukchi Sea,

Kinney et al. (1971) find comparable values of dis-
solved organic carbon (DOC) in samples from the northern
Chukchi Sea and the "Bering Strait - Chukchl Sea" water at
depth in the Beaufort Sea. These values are slightly lower
than those found in Bering Strait,

The work described here confirms the existence of
low oxyty layer associated with the division between
"Atlantic" and "Pacific" waters in the northwestern Beau-
fort Sea. Data are presented whichare in good agreement
with those of other workers, although absolute values of
POy, 0, silica, ete, are often extremely difficult to
obtain under the conditions of high Arctic field labora-
tories — this section 1s concerned not with the bio-
chemical determinants of nutrient regeneration, but with
oceanographic conditions which would give rise to the
vertical profiles described,

METHODS AND EQUIPMENT

It has been the usual practice in hydrographic
studies in the Arctic Ocean, as elsewhere, to sample at the
"standard depths" as proposed by the International Associ-
ation of Physical Oceanography in 1936. This practice is
sound enough in any routine survey and, as it is univer-
sally practiced, it enables comparisons to be made through-
out the world ocean; but in the process of standardization
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of technique much fine detail of the structure may be
missed., To coincide with the multiple net horizontal
tow techniques used in the scattering layer studies, it
was desirable that hydrographic samples should be taken
at least at 10 m intervals, down to 300 m, in order to
relate plankton observations to water mass structure,
This close spacing of the samples shows the finer detezil
of the water masses,

A four-speed oceanographic winch equipped with
a four-conductor electromechanical cable was used to
make the hydrocasts. Nine A-litre van Dorn bottles
spaced at 10 metre intervals were placed on the cable,
and a station to 300 m consisted of three consecutive
casts of these nine bottles plus one cast of three bot-
tles., Normally these stations took four hours to com-
plete; there were two such stations in 1967 (Stations
6 and 7). Stations 2,3,4, and 5 were made on different
days, each sampling deeper than the preceding one by 80
metres, producing a composite series of profiles. (See
Fig, 20 for station positions.)

Samples for oxygen analysis were drawn first,
followed by salinity and nutrient samples. As the cast
was lowered, the cable was stopped every ten metres and
the temperature measured using a thermistor and Wheat-
stone bridge circuit, See Appendix III for raw data.

Oxyven was measured by the standard Winkler pro-
cedure, the iodine titration being done within ten hours
of the completion of the station, Salinity samples were
shipped to the Bedford Institute of Oceanography. Inor-
7anlic phosphate was measured in the field by the method
of NMurphy and Riley as described by Strickland and
Parsons (1965), Reactive silicate was determined by
the method of Mullin and Riley as modified by Strickland
and Parsons., A Becxman D,U, spectrophotometer was used
to measure the extinctions,

RESULTS

Curves of the properties analyzed are shown in
Fig, 19 drawn from the data of Station 6-02. The upper
50 m are supersaturated with oxygen and are homogenous
for that property; between 50 and 200 metres the oxyty
diminishes, Below 200 m it increases rapidly over about
20 m, and thereafter rather more gradually down to the
core of the Atlantic layer. The nutrients on the other
hand increase rapidly between 50 and 150 m and then de-
crease throuzh the 200 m level; they then remain fairly
steady down into the Atlantic water,
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The distinct temperature maximum is visible at 75 m
and the minimum at 150 m; below that depth the temperature
rises steadily into the Atlantic core, As the actual range
of temperature throughkout is very small (-1,76° to 0,1°C) it
is clear that it is the salinity which controls the density:
there are marked pycnoclines at the 50 and 200 m levels.

DISCUSSION

From a study of the curves it 1s apparent that the
low oxyty layer lies within a very steep gradient in sigma-t
values, from 26,9 to 27.4 (0.5 sigma-t) in an interval of
20 m, Three empirical models will be considered in an
attempt to explain this pat*+- ~n:-

1, Oxygen consumption has occurred on a sigma-t surface.

This possibility, for the oceans in general, was ex-
plored by Seiwell and Seiwell (1938), who postulated that
organic detritus sinking through water of increasing density
will apprcach asymptotically some level of neutral buoyancy
causing a stratum of maximum oxygen demand, If such a
mechanism were operating in this case, there would have to
be a distinct phosphate maximum coinciding preciscly with
the oxygen minimum, cor at least some indication of nutrient
regeneration over and above that of Chukchi or East Siberian
Sea origin (see below), This is not the case here; the
phosphate maximum is considerably higher, Also in situ
nephthelometric measurements by Hunkins et al. (I963) show
no exceptional particle aczumulation in the pycnocline,
althoush the data of Neshyba et al, (1969) studying forward
scatterine of laser light in water samples in the labora-
tory do imply some particulate accumulation at pycnocline
depth. Kinney et al,(1971) find a high value (55 m-/1) for
particulate matter at the 55 m pycnocline, There is no
high value at the depth of oxyren minimum, They find that
diavnostically hi¢her concentrations ot particulate matterin
specific layers is not clear from the available data.

Purr (1939) has sucgested that there may be a seri-
ous error in the logic of the Seiwell hypothesis since the
density of a particle is rnot constant but is subject to
chanzes in relative density caused by phys:cal contruction
and expansion. i.enzel and Goerin: (1466) find “ha: the
distribution of particulate carbon in water helow 200 m is
remarkably constant in time, space and depth. They also
postulate that all of this material is refractory to de-
compositior, Thus the oxidation process proceeds rapidly
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in the upper layers of the sea, but diminishes exponenti-
ally with depth. This seems likely and is assumed to be

correct by Wyrtki (1962), who used the data of Riley (1951),

2. The layer is the product of dynamic forces operating
at the bcundary layer between two distinct water
masses circulating in different directions.

Sverdrup et al. (1942) offer a mechanism for the
formation of low oxyty layers in which a nearly horizon-
tal internal boundary exis*s which separates currents
flowing in opposite directions. To quote from him:
“When dynamic equilibrium exists

A . d%s
f' d22

where 2 is the vertical coefficient of eddy diffusion
and -R is oxygen consumption (respiration); since the
censumption equals -R and is always positive, the curva-
ture of s is positive when plotted against z. The cur-
vature cannot remain positive at all depths, and there-
fore it is probable that s, the oxygen content, must be
at a minimum near the boundary surface, Thus, a minimum
in the vertical distritution of oxygen may indicate the
presence of 2 boundary surface at which there are no
currents ...eec000000"

= -R

Examination of the circulation patterns of the
upper water mass in the Beaufort Sea and the Atlantic
water mass underlying it (Fig. 21) indicates that in
the northwestern Beaufort Sen the circulations are ap-
proximately in opposition — answering the requirements
for Sverdrup's model, This is in fact a special case
of the type of mechanism propcsed by Wist (1935) and
Dietrich (1936) and now sophisticated by Wyrtki (1961),
who summarized their view in the sentence, “the layers
of relatively small replenishment by advective movement
must be characterized by oxygen minima."” In our 1ins-
tance it may be more useful to state that between two
opposing circulations, the one over the other, there
will be a layer of no mction in which advective move-
ment is minimized., As there is aliso a very steep pycno-
cline at this depth, it is likely that vertical exchange
is minimized, On this view the Beaufort Sea low oxyty
layer represents a layer of no motion containing older
water held in the shear between the upper water moss
circulation and the circulation of the Atlantic core,
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There are, unfortunately, very few available in situ cur-
rent data on which to base such a model, but some of the
NP-2 current data (Somov, 1955) do indicate vertical oppo-
sition of current in the region under consideration, al-
though intertial oscillations and the difficulty of measur-
ing absolute current from drifting ice make a proof dif-
ficult, There are no current data of sufficient quality
that Richardson numbers and eddy diffusivity at layer depth
might be determined in order to define a layer of no motion
in the pycnocline,

The NP-2 data are the most synoptic available, There
is definite evidence of a downward slope to the north in the
isolines of nutrient concentration, oxyty, temperature and
salinity. This agrees with the dynamic topography as cal-
culated by Coachman and Barnes, with anticyclonic circulation
in the Beaufort Sea gyral.

Thus, it is implied that the low oxyty water is
drawn out from a zone of minimum horizontal and vertical
movement along the isolines, This is considered to be a
likely mechanism in this situation. Hunkins (personal com=-
munication) considers that such a layer of no motion is most
likely in the region of opposition of circulation and finds
evidence from C-14 data, deep current studies, and the dis-
tribution of oxygen, to support such a view,

One complication, however, and an alternate process,
must be considered.

3. Oxygen utilization has occurred at shelf depth and the
O» minimum represents a "shelf bottom water" advected
into the Arctic Basin,

Sverdrup (1929) found extensive areas of the East
Siberian Shelf to be covered with a thin layer of water
which was extremely low in oxygen; at his station 49(74°955'N
165°35'E) he found a layer with a minimum oxyty of 1,75 ml/1
at 40 metres, He concluded that the layer is formed from
relatively dense water lying for a more or less prolonged
period in contact with the bottom, the oxygen being removed
by respiration of benthic life. At some stations in slightly
deeper water this layer shows as a distinct minimum in the
oxygen curve when denser water with a higher oxyty intrudes
beneath, raising it off the bottom,

This very low oxyty water, however, is of too low a
density to be advected integrally into the main Arctic cir-
culation and be detected in the Beaufort Sea, being about
sigma-t 2.62, Kinney et al.(1970) find that Chukchi Sea
bottom water and East Siberian and Laptev bottom waters
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correspond fairly well with the high values of nitrate,
phosphate, and silicate found in the nutrient maximum
in the Beaufort Sea at 150 m,

Codispodi and Richards (1971) have described
oxyzen supersaturations caused by intensive production
in the waters north of Bering Strait in summer. They
find that up to 4,0 ml/1 0, is added to the surface waters
in the Chukchil Sea over that present in the water in
Bering Strait. On the basis of the oxidative ratio of
Redfield (1963) of O : C ¢+ N : P =109 : 41 : 7,2 : 1
(by weicht) then 4,0 ml (0,35 mg.at/1) of oxygen released
in photosynthesis will represent 0.14 mg.at/l of carbon
fixed, This is indeed a high productivity and is con-
firmed in Dawson's (1965) data which show high carbonl
fixation in the same waters, Zenkevitch (1963) using
Uschakov's (1940) data, describes the spring bloom as
developing a considerable biomass (18.8 to 115,1 mg/m3
of chlorophyll). This is considered to use up all avail-
able nutrients and to sink out of the euphotic zone to
decay in lower layers., "A considerable development in
zooplankton and a great scarcity of phytoplankton are
characteristic of the summer period of plankton life in
the Chukotsk Sea." It is this high local productivity
which enables the Chukchi Sea to maintain a considerable
summer whale population and historically a productive
whale fishery, It thus appears that it is the biological
cycle within the Chukchl Sea that causes the lowering of
oxyty within the "Pacific water". Once the high pro-
ductivity water leaves the surface, the oxidation process
occurs rapidly and a characteristic profile of nutrients
reflecting the water mass distribution, results, The
NP-2 data show that the minimum of alkalinity lies at
the nutrient maximum, This reflects the production of
CO2 in the regeneration process. It appears then that
the maximum O, demand occurs in the "Pacific winter water"
— about 150 metres in this case in the Beaufort Sea,
and that the consumption probably took place rapidly
over the Chukchi shelf,

The waters entering through Bering Strait and
mixing and forming Chukchi Sea water are fairly well
oxygenated, Frequently they are supersaturated, Codis-
podi and Richards (1971) find subsurtace interlayers of
high oxyty. Thus, the regenerative oxidation takes place,
at least in part, with oxygen of recent photosynthetic
origin which sinks from the surface waters before full
equllibration with the atmosphere could take place,

The Atlantic water, on the other hand, having
sunk over a broader and deeper front north of Spitsbergen
is about 86% saturated, or 6.6 ml/1 Op. The addition of



- 29 -

oxidisable material on the Chukchi shelf further reduces
this amount, leading to the characteristic "bump" in the
oxyty curve at 200 m, right at the top of the Atlantic
water (Fig. 19), It is interesting that the estimated
primary productivity of 0,14 mg.at/l of carbon requiring
0,35 mg.at/l of oxygen (4,0 ml/1) to decay, for the Chukchi
Sea, would reduce the oxyty of surface water to 5.0 ml/1

and reduce the Atlantic water, initially at 6.6 ml/1, to

2,6 ml/1, The KRASSIN expedition of 1935 studying the
oceanography and zoogeography of the Chukchi Sea found a low
oxygen bottom water at 150 m in the northwestern part of
that sea with an oxyty of 2.43 ml/1 ((Zenkevitch 1963) citing
from Uschakov (1945)), The data given by Zenkevitch are
plotted together with our data and those of Somov (1955) in
Fig, 22, This offers a clue to the origin of the low oxyty
water, The comparison of vertical oxyty distribution with
sigma-t distribution indicates that Chukchi minimum oxyty
bottom water and Beaufort Sea minimum oxyty water are of the
sal.e density., Zenkevitch (1963) identifies the northwestern
Chukchi Bottom water as Atlantic in origin, Thus the very
top of the Atlantic water, with its higher temperature and
salinity, intrudes up the continental shelf of the Chukchi
Sea under the Chukchi/Pacific surface layer. The contact
with the bottom lowers the oxyty because of benthic repir-
ation, The Atlantic water contains only about 0,93 pg.at
P/1, as phosphate when it sinks off Spitsbergen along the
continental shelf, and it maintains this amount except where
it intrudes upon the Chukchi shelf, The overlying Chukchi
Sea water, with its high nutrient level maintained by con-
tinuous Pacific input plus local in situ regeneration of
intense summer productivity, maintains a sink of material
into the upper layer of the Atlantic water where it rests

on the bottom. This increases the nutrient concentration

in that layer reciprocally with the oxygen decrease,

The association of low oxyty layers with bottom
waters is not uncommon: Richards (1961) cites several in-
stances other than the usual bottom effect of lower oxyty
in the lowest few metres; Soule (1940) showed that the low
oxyty layer in the Labrador Sea is associated with the shelf;
also, Thompson and Barkey (1938) found that waters deoxygen-
ated by contact with the bottom occur at intermediate depths
in some west Canadian fjords.

Trask (1953) demonstrated a relationship between the
organic content of the sediment and the oxyty of the bottom
water in the Gulf of Mexico. He found maximum organic con-
tent and minimum oxygen in the "area where the oxygen minimum
layer impinges on the bottom (sides) of the basin of the Gulf
of Mexico and (it) is consequently the zone of the lowest
oxidation diffusion gradient," This situation seems to com-
pare very well with that in the Chukchi Sea,



- 2l S

It 1s reasonable to consider models 2 and 3 as
actin:s to-ether; there are in fact opposed circulations,
one above the other, in this part of the Arctic system,
and it 1s therefore quite probable that the very low
oxy<en water on the shelf has arrived there from regions
in which model 2 has already taken effect, to be further
deoxy-enated by contact with the bottom, The model 2
conditions are maintained over the deep water of the
Canadian Basin to a diminishing desgree in the western
and northwestern extremes of the Beaufort Sea gyral.
we can thus expect a tonfFue of low oxyty water to extend
from the Chukchi Sea toward the Pole, tending to stream
partially with the Transpolar Drift, but being partially
deflected to the east by entrainment in the Beaufort
Sea ~yral.

sSummary

Various proposed causes of low oxyty waters in
the ocean are reviewed, The special circumstances sur-
founding the Beaufort Sea minimum oxyty layer are des-
cribed and the observed profiles presented.

Three models are offered:-

11 A sinking detritus model 1in which particulate
matter oxidizes in the pycnocline, The model
fails because no special accumulations of detri-
tus have been detected. The productivity of the
overlying Beaufort Sea water is very low and
thus a poor source of detritus, This type of
process has never been really recognized as
occurring 1in nature.

2, A circulatory model with opposing currents, one
above the other, and a layer of no motion in
between, The conditions for such a system are
present, The oxycline in the upper (Pacific)
water originates in the Chukchi Sea from highly
productive water sinking under the surface layer,
The sharp tonzue of low oxyty in the very top
of the Atlanmtic water is caused by this water being
"older" due to the absence of horizontal motion
where the pycnocline and the countercurrents co-
incide to minimize vertical and horizontal ad-
vection. 7This model is consistent with the ob-
served distributions, But an ancillary process
is also occurring,
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3. A model involving shelf bottom water formed on the
Chukchi shelf and advected into the Beaufort Sea.
Soviet data from the KRASSIN expedition (1935) show
a layer of very low oxyty formed on the bottom of
the northern Chukchi Sea. This is shown to be
Atlantic water intruding up the shelf to a depth
of less than 150 m., The density of this water
matches that of the Beaufort Sea low oxyty layer.

It is concluded that there is a tongue of low oxyty
water extending out poleward from the northemChukchi drawn
along the Transpolar Drift, perhaps entrained somewhat into
the Beaufort Sea gyral; it decays as it mixes away from the
region of lowest oxyty which occurs where the surface layer
of the Atlantic water mass, a rather stagnant layer in the
circulation in this area of the Arctic Basin, impinges on
the Chukchi shelf. This model is compared with a similar
occurrence in the Gulf of lMexico described by Trask (1953).

These conclusions are reachec from comparison with
previously devised models from other oceans and not from
synoptic data. They represent a prediction of conditions
occurring about the "convergence" and sinking of Chukchi Sea
water, and imply that the Chukchi Sea is surprisingly pro-
ductive,

A final observation: it is the water of "Pacific"
origin which contains the DSL of the Arctic. The DSL is
thus associated with the water containing the highest organic
content — 1t is not implied that the sound scatterers are
responsible for significant oxysgen demand but that the pres-
ence of nekton in such relatively hisgh concentrations is
indicative of the hish productivity of the Chukchi Sea,

Postscript

In order to test the models proposed here, much more
field work is required, although a more extensive survey of
data avallable in other institutions would be very useful,

[t is interestins to speculate on the universality
of the phenomenon described, for this particular zone of
low oxXyty ~ives an opportunity of studying in miniature
processes occurring elsewhere in the world ocean on a much
lar er scale. The Arctic Ocean is very stratified in its
upper 300 metres; therefore biologsical regeneration and
cyclin: occur at very shallowdepths., Circulation is rapid
for the most part, so that any minimum of advection shows
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up in the oxygen distribution. The surface water is
sigma-t 24 to 25; at 300 m, the density is about sigma-

t 27.9., Such a gradient is extraordinary in waters of
oceanic dimensions, The stable platforming of ice sta-
tions and the protracted periods of study which they
allow make the Chukchil-Beaufort Sea low oxyty water an
excellent subject for future study, in that the immediate
causes of the observed profiles can be studied more in-
tensively than is usual in oxycen distribution analysis
from shipboard.

The following continuation of this study 1is
proposed, assuming a drift station in the northwestern
Chukehl Sea driftins northward.

1. Chukchi Sea productivity studies,

2, Profiles of nutrients through the "convergence" of
Chuxchi and Arctic surface water,

3. Current velocity and eddy diffusivity studies in the
upper layers of the Atlantic water in the Arctic Basin,

4, Analysis of the rereneration process over the Chukchi
shelf,

5. Study of the orcanic constituents of the sediments
of the Chukchi shelf in order to ascertain whether
this material 1s more concentrated where the minimum
oxyty water intrudes upon the shelf,

6. Finally, from the data compiled, it would be possible
to desicn an analocue model of the processes involved
in the formation of the low oxyty water, from which
the relative importance of the several causes could
be rLssessed,
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IV, STUDIES ON THE PLANKTONIC
COPEPODS OF THE BEAUFORT SEA

Introduction

The first work on the plankton of the Arctic Ocean
was the result of the voyage of the "Fram", under Nansen,
in 1893-1896, (Sars, 1900), In 1931, the "Nautilus" became
the first submarine to be used for research in the north;
zooplankton collections were made north of Spitsbergen
and were reported on by Farran (1936). The first major
zooplankton collections in the Eurasian Basin were made
by the Russian "Sedov" expedition in 1937-1939 (Bogorov,
1946)., The U.S.S. "Burton Island" male surface collections
in the coastal and continental shelf areas of the Beaufort
and Chukchi Seas in 1950 and 1951 (see Johnson, 1953, 1956;
Hand and Kan, 1961), but it was not until the Russiam ice
station NP-2 was occupied in 1950 and 1951, that the first
year-long study of the vertical distribution of zooplankton
in the Arctic Ocean was made. This was also the first time
that plankton had been collected from depths greater than
300 m in the Arctic; until Brodskii and Nikitin (1955) re-
ported this work, only the plankton of the upper layer of
the Arctic Ocean had been known,

The submarines "Seadragon" and "Skate" made cruises
in the Canadian Basin during which an automatic, multiple
net sampler was used to collect the plankton of the upper
200 m, The results of these cruises were reported by Grice
(1962), lMohr and Geiger (1962), and Geiger (1966).

In 1957 the American Drift Station Alpha repeated
the type of survey made by the Russians en NP-2 (Johnson,
1963). Fletcher's Ice Island (T-3) was first occupied in
1952, and since then has provided a platform for oceano-
graphic research, Marine biology in general, the epipelagic
amphipods, and the pelagic polychaetes were studied on T-3
by Mohr, Barnard, and Knox respectively (1959). The results
of comprehensive studies of the vertical distribution of
plankton made from T-3 in the Canadian Basin have been
published by Johnson (1963), Grainger (1965), and, most
recently, by Harding (1966), and Harding and Dunbar (1968),
In these latter studies, the distribution of the plankton
has, for the first time, been related to the hydrography
of the area, O0f the zooplankton collections made in the
Arctic, only three have been used to study the vertical
distribution of these organisms to great depths in the
Canadian Basin (Brodskii and Nikitin, 1955; Johnson, 1963;
Harding, 1966; Harding and Dunbar, 1968).
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The collection dealt with here was made on T-3
during the summer of 1966, It is unusual in that it is
one of the very few collections by horizontal towing
made belovw. Arctic ice (Grice, 1962), and for the first
time in the Arctic, "multiple hori:z.atal tows" which
provide simultaneous samples of plankton from a variety
of depths, were used.

Materials and Methods

Zooplankton collections were made from thirteen
stations occupied at T-3 during the summer of 1566,
between June 25 and August 27. During that pericd, the
ice island drifted along an erratic westerly track from
a position at 75946,3'N, 152917'W to 75938'N, 155037'W;
the overall distance covered being very small, about 400
miles north of tte Alaskan coast (Fig., 1).

Most of the zooplankton collections made at these
thirteen stations were horizontal tcws using the drift
speed of the ice island attained during periods of high
wind, At these times, the ice island may drift at speeds
of up to 0.5 knots relative to the water berneath it.
Since wind speed and directions are rever constant, and
as no flow meter was used with the plankton nets, it is
impossible to estimate the amount of wawer filtered by
the nets,

Simltaneous collections were rade from various
depths using a multiple horizontal tow method. 3ix nets
were hauled at the same time, the rings being suspended
at the desired intervals from a heavily weighted cable
(Fig., 5). Nets of mesh numbers 6 and O were used mount-
ed on 6.5 and 1 m rings., (For detailed station list and
sampling information, see Appendix 1,)

The samples were preserved in formalin and were
sorted at the Marine Science:s Centre of McCi!l University
during 1970 and 1971, The larger samples were split using
a Fulsom Flankton Splitter, and one-half or one-quarter
of the sample was counted while the remainder was search-
ed for the rarer species only,

The plankton collections were made in 1966 and
1967 in conjunction with a study of sound scattering
layers in the Apctic Ocean in cooperation with the Lamont-
Doherty Geolcgical Cbservatory. They were taken by Mr,
William Hansen of the Marine Sciences Centre, M2Gill
University.



CEOERVATIONS AMD RESULTS

Systematics

Thirty-eisht species of copepods have been identi-
fied during the course of this study. Of these, five need
further clarification. In addition, there are nine uniden-
tified specimens; of these,eight are sub-adult copepodites
and therefore difficult to identify, and one is a mature
female, referred to below as "Unidentified Species A".
Copepodite stages were identified for all species except
the smallest (Microcalanus pygmaeus, Oithona similis,
Oncaea borealis, and Spinocalanus sp.). Naupllil, when

caught, were not identified to specles as the nets used in

the sampling were of too large mesh sizes to collect nau-

plii adequately. Whenever possible, the copepodites as

well as the adults were sexed. Sources used as aides to
identification included Sars (1900, 1903, 1918, 1925),

?rogs§ii (1950), Park (1970), Johnson (1963) and Grainger
1663).

The following is a systematic list of the species
found:

Order Calanoida
Family Calanidae
Genus Calanus

1 C. hyperboreus (Krgyer)
2 C. glaclialis (Jaschnov)
3 C. cristatus (Krgyer)
Family Eucalanidae
Genus Eucalanus
4 E. bungii bungii (Giesbrecht)

Family Pseudocalanidae
Genus Pseudocalanus

5 P. minutus (Krgyer)

Genus Microcalanus

1=

pygmaeus (G,0, Sars)

Genus Spinocalanus

7 S. abyssalis var pygmaeus (Farran)
8 S. magnus (Wolfenden)
9 S. sp.
Family Aetideidae
Genus Aetideopsis
10 A. multiserrata (Wolfenden)
11 A, rostrata (G.0. Sars)
Jenus Chiridius
12 C. obtusifrons (G.O., Sars)




Geruco uaidius
13
14
Genus Pseudochirella

15
Genus Chiridiella .
1

Family Euchaetidae
Genus Euchaeta

17

18
Family Phaennidae
Genus Undinella

19

brevispinus (G.0., Sars)
tenuispinus (G.0., Sars)

{2l [}

"o

spectabilis (G.0. Sars)

]

abyssalis (Brodskii)

. glacialis (H.J. Hansen)
. polaris (Brodskii)
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