AUTHENTICATED
U.S. GOVERNMENT
INFORMATION

GPO

20252

OCS St udy
MMS 87- 0037

AN

Ecol ogi cal Research  Associ ates

IMPORTANCE OF THE EASTERN ALASKAN BEAUFORT SEA
TO FEEDING BOWHEAD VWHALES, 1985-86

by
LG Ecol ogi cal Research Associates, Inc.
1410 Cavitt St., Bryan TX 77801
assi sted by
Arctic Sciences Ltd., Sidney, B.C
BioSonics, Inc., Seattle, WA

G.A. Borstad Associates Ltd., Sidney, B.C.

University of Al aska, Fairbanks, Ax

for

U S. Mnerals Management Service
12203 Sunrise Valley Dr., Reston VA 22091

August 1987

Contract mno. 14-12-0001-30233



0 Y1710

2. N « Recloléate Accvaston Ma.

REPORT DOCUMEHTATION |[1. REPORT HO.
PAGE s 87- 0037

4. Titleo I’]d Subtitle

[ nportance of the Eastern Al askan Beaufort Sea to “’

f eedi ng bowhead whal es, 1985-86

. Raport Dele

August 1987

|8

7. Awtharts) _
Edited by W. John Richardson

L Perlonming Drasnizetion Rept Ha,

9. Pedorming Orgsalzslion Name snd Address

LG Ecol ogi cal Research Associates, Inc.
1410 cavitc Street
Bryan, Texas 77801

10, Projsct/Tesk/Work _rnu Ho. .

P103/TA 79
13, Contmci{C)er Grant(C)MNo,

w© 14-12-0001-30233"°

(1]

1Z emonioring Orgoenization Heme snd Addrvse

U S. Minerals Managenent Service
12203 Sunrise Valley Drive, M5 63.S
Reston, VA 22091

13, Type of Reporl & Period Covernd

Final, June'85-Aug'87

14,

1S Supplementsry Hotes

i aana (LIME 200 worn

This 2-year project was designed to quantify what proportion of the
“energy requirenents of Western Arctic bow .cads is provided by food acquired in
the eastern part of the Al askan Beaufort Sea. This final report presents the
results fromfieldwork in September - ¢ rly October of 1985 and 1986.

Water masses were studied by boat-~based sampling and remote Sensing.
osition, biomass, distribution,patchinessand energy content
wer e documented. with nets and echo-sounders (a) over the continental shelf

r a and (b) near feeding bowheads. .
activities were determ ned byaerialsurveysandbehavioral observations. Size

segregation and residence tines were studied by photogrammetry; five bowheads
were radio tagged. Analyses of carbon isotope ratios hel ped in tracing energy

Zooplanktoa CO

general |y,

sources for howheads.

~Unusual Iy |'ow nunbers of bowheads fed in the study area in 1985. More
feeding whal es were present in 1986. Even in 1986, the Western Arctic bowhead
popul ati on acquired a low percentage of its annual energy needs in the study
many bowheads fed there briefly in 1986, and a few renai ned
there lomg enough to acquire a significant amount of food.

area. However,

Whal e distribution, nunmbers and

'« Document Analysics a. Descrigtors

' b. ldentifiers/Open-Ended ferms

Endangered whal es
Yukon
Al aska

Beaufort Sea
Bowhead whal es
Balaena mysticetus
Behavi or

€. COSATIFisld/Group

Feedi ng Physi cal Cceanogr aphy
Zooplankton - Satellite | magery
Hydroacoustics  Remote Sensing’
Energetic Photogrammetry

Radi o Tel emetry Carbon Isotopes

Avellabitity Sta tamen?

Rel ease unlimted

19, Securdty Clsts (Thie Report) 21, Ho.w Pagwe

Unclassified XXVi + 547

20, Security Clast (This Page) 2. Price

ANSE-T39.18)

See lnstructions o0 Reverne

Unclassified .
‘OPTIONAL FOAM 272 (7]
: (Formerly NTIS-351
Depariment of Commercs



0CS Study
MMS 87-0037

IMPORTANCE OF THE EASTERN ALASKAN BEAUFORT SEA
TO FEEDING BOMEAD WHALES, 1985- 86

Edited by

W. John R chardson
LGL Ecol ogi cal Research Associates, Inc.
1410 Cavitt St., Bryan TX 77801

for

U.S. Minerals Managenent Service
12203 Sunrise Valley Dr., Reston VA 22091

August 1987

This study was funded by the Alaska Quter Continental Shelf Regi on of the
Minerals Managenent Service, U.S. Dept. of the Interior, Anchorage AK, under
contract mno. 14-12-0001-30233.

The opinions, findings, conclusions, or recommendations expressed im this
report are those of the authors and do not necessarily reflect the views of
the U.8. Dept. of the Interior, nor does mention of trade names or conmmerci al

products constitute endorsenent or reconmmendation for use by the Federal
Gover nnent |






iii

ABSTRACT

The general purpose of this two-year project was to quantify what
proportion of the annual energy requirenents of the Western Arctic bowhead
whale stock i s provided by food resources |located in the Eastern Al askan
Beaufort Sea (Alaska/Canada border to 144°W). Specific objectives were to

1. Determ ne the concentration and distribution of the planktomnic food
of bowhead whales in the Eastern Al askan Beaufort Sea and correlate
with known oceanographic features.

2. Estinate the number Oof bowhead whales utilizing the Eastern Al askan
Beaufort Sea as a feeding area during the summer and £all; observe
and docunent their feeding activities, behavior and residence tines.

3. Estimate the degree of utilization of available food resources in the
Eastern Al askan Beaufort Sea by the Western Arctic bowhead whale
st ock*

This final report is an integrated account of fieldwork done in Septenber and
early Cctober of 1985-86, along With previously available data.

Water nasses in the study area were studied by boat-based sanpling and by
airborne and satellite renpte sensing. After periods of easterly winds, water
masses include (1) a nearshore band of relatively warm water, (2) an area of
cold, high-salinity water over the inner shelf, with strong evidence of
upwelling, and (3) an area of warnmer, fresher, nore turbid water (of Mackenzie
Bay origin) near and beyond the shelf break. After periods of west w nds, the
water | S NDre homogeneous, W th no coastal upwelling and |ess influence of the
warm Mackenzie Bay water. Fronts and eddies were detected at several
| ocations. In some years, including 1986, a subsurface mass of Bering Sea
water noves east into the study area near the shelf Dbreak.

Zooplankton conposition, biomass, distribution patchiness, and energy
content in Septenber of both 1985 and 1986 were docunented by boat- based
sanmpling from the nearshore zone out to the 200 m contour, In 1986, additional
sanpl es were obtained across the full width of the Al askan Beaufort Sea during
Cctober, and near feeding bowhead whales in September. Mbst net sanpling was
done with oblique bongo tows and by horizontal tows in pl ankton layers
identified by echosounding. Also, quantitative echosounding techniques,
calibrated by the bongo sanpling, were used. Mximum zooplankton bionmass
generally was in one or nore thin layers in the 8-40 m depth zone. Bi onass was
usually low in near-surface waters, and decreased with increasing distance
from shore. Copepods dom nated the biomass. The highest biomasses of
zooplankton, mainly t he small copepod Limnocalanus macrurus, were found near
bowhead whales feeding in nearshore waters in early Septenber 1986.

The distribution, nunbers and activities of bowhead whales were
determ ned by aerial surveys and behavioral observations from the aircraft.
Photogrammetric nethods were used to document whale sizes and the recurrence
of identifiable individuals in feeding areas. Five bowheads were radio-tagged
in 1986. Unusually few bowheads fed in the study area in | ate summer and
autumn of 1985; 1986 was a nore typical year. Prior to the onset of westward
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mgration, very few bowheads were in the study area in 1985, but about 50
subadult bowheads fed in nearshore waters at the SE corner of the study area
in 1986. In both years, numerous subadult bowheads fed al ong the Yukon shore
just east of the official study area in late August and Septenber; sone
recogni zable individuals were there for at least 16 days. After active
mgration began in md Septenber, adult and |arge subadult whales fed in the
m ddl e-shel f portion of the study area in both years.

Anal yses of carbon isotope ratios in zooplankton and bowhead tissues
suggested that a significant anount of feeding is done outside the eastern
Beaufort Sea, at |east by subadult bowheads., Annual oscillations in isotope
content along the bal een were docunented; these provide data on age and
feeding history. Bowheads apparently grow slower than previously believed.

The Western Arctic popul ati on of bowheads acquired a | ow percentage of
its total annual food and energy needs within the study area--probably <1% in
1985 and perhaps about 1.4% in 1986. In nmany parts of the study area,
zooplankton bi onass was too low for efficient feeding. However, zooplanktoa
bi omasses in the nearshore feeding area studied in 1986 were simlar to those
where bowheads feed in the Canadi an Beaufort Sea. Although nost individua
whal es acquired 1little of their annual energy intake in the study area in
1985-86.many (if not all) did feed there briefly while mgrating west. In
years |like 1986, a mnority of the individual bowheads remain in the Eastern
Al askan Beaufort Sea lomg enough to acquire a significant amount of food.
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Executive Summary Xxv

EXECUTI VE SUMVARY

Most nmenbers of the Western Arctic popul ati on of bowhead whal es mgrate
t hrough the Al askan Beaufort Sea during Septenber and October while en route
fromthe main summer feeding grounds im the Canadi an Beaufort Sea to the
wintering grounds in the Bering Sea. Sone feeding occurs within the Al askan
Beaufort Sea during |ate sumer and early autumm. It has been hypot hesized
that this |ate summer feeding nay be especially inportant to bowheads because
they may not feed again for several months after |eaving the Beaufort Sea, and
because the energy content of arctic zooplanktom i S high in late sunmer.

To eval uate the possi ble effects of offshore oil exploration in the
Eastern Al askan Beaufort Sea on bowhead whal es, regulatory agencies considered
it necessary to evaluate the inportance of the area to feeding bowheads. a
contract for a two-year field study of this question was awarded in 1985 by
the U.8. Mnerals Managenent Service to LG Ecol ogi cal Research Associ ates.
The general purpose of the project was to quantify what proportion of the
annual energy requirenments of the Western Arctic bowhead whale stock is
provi ded by food resources |ocated in the Eastern Al askan Beaufort Sea
(Alaska/Canada border to 144°W), Specific objectives were to

1. Determne the concentration and distribution of the planktonic food
of bowhead whales in the Eastern Al askan Beaufort Sea and correlate
with known oceanographic features.

2* Estimate the number of bowhead whales utilizing the Eastern Al askan
Beaufort Sea as a feeding area during the suimmer and fall; observe
and document their feeding activities, behavior and residence times,

3. Estimate the degree of utilization of available food resources in the
Eastern Al askan Beaufort Sea by the Western Arctic bowhead whale
stock.

The report describes results of fieldwork in Septenber and early October
of 1985 and 1986. A review of published and unpublished information was done
before the first field season; results of that review are also taken into
account.

Water Mass Distributions

Zooplankton availability was expected to be strongly related to physical
oceanographic factors. Consequently, it was necessary to study the water
masses within the study area at the times when zooplankton and feedi ng whales
were studied. Water nmasses were studied by boat-based CTD and surface
sanpling, and by airborne and satellite renmote sensing.

Water masses in the study area can vary considerably fromyear to year,
and within years. The variability results fromthe peripheral |ocation of the
study area relative to the sources of water nasses originating in the
Mackenzi e Bay area and in the Bering-Chukchi Sea region.
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The water colum consists of three reasonably distinct zones: an upper
layer, the pycnocline, and a lower layer. |In the upper layer, extending from
the surface to depths of 4-12 m there is little vertical change in
tenperature, salinity or density. However, tenperature and salinity vary
considerably with location and time. The nmain pycnocline extends from the
bott om of the upper layer down to 15-32 m Salinity and density increase and
tenperature decreases with increasing depth. The lower |ayer, extending from
the pyenocline to the sea bottom has conparatively weak vertical gradients in
salinity and density, although there can be large tenperature changes.

The characteristics of the |ower layer differed between years. In
Sept enber 1985, the |lower |ayer consisted exclusively of cold, saline Arctic
Surface Water (AsSW), which originates at depths of 0-200 min the Arctic.Ocean
proper. In Septenber 1986, ASWagain formed part or all of the lower layer in
many areas. However, in 1986 a very prom nent subsurface core of much warner
Bering Sea Water (BSW) was present over the outer continental shelf aad
continental slope. Maxi mum tenperatures of 3-4°C were observed. The occurrence
of BSWwithin the study area is apparently rare, based on the linited previous
data fromthis area.

Wthin the pyenocline, water mass types were either (a) a mixture of the
deeper ASWwith the overlying upper layer; or (b) Cold Halocline Water (CHW).
CHW originates as a mxture of ASWwith the cold, fresh upper layer present
during seasonal ice melt. CHW occurred nost frequently in the western offshore
portion of the study area.

The influence of the nassive freshwater outflow from the Mackenzie River
extends into the Eastern Al askan study area to varying degrees. Warm fresh,
turbid water of Mackenzie Bay origin was often present in the upper |ayer over
the offshore portion of the study area, fromthe edge of the continental shelf
to abyssal depths. The influence of this Mackenzie plume was especially
promnent in early Septenber 1985 as a result of an extended period of east
wi nds and heavy ice conditions east of the Mackenzie Delta.

Over the continental shelf inshore of the Mackenzie plume, the surface
| ayer over the mddle and inner shelf differed fromthat closer to shore ia
t he nearshore zone. The nearshore water nmass showed strong estuarine
influence. It occurred as a thin, narrow discontinuous band of turbid water
along the coast in both 1985 and 1986. The areal extent of this water type was
larger in 1986 t han 1985. Beneath the thin surface layer, cold saline Arctic
Water was found within 5-15 m of the surface. Over nost of the continental
shel f between the nearshore zone and the Mackenzi e plume, the upper layer was
characterized by cold (<1.5-2.5°C) saline Arctic water. In 1986, this cold
surface water over the inner and middle shelf was generally confined to areas
west of 142°W; the upper layer over the eastern portions of the inner and
m ddl e shelf was much warner (2.5-5.0°C).

CTP and nutrient data provided strong evidence of coastal upwelling in
the inner shelf zone during the 5-10 September 1985 period, but ‘not in-the
10-19 Septenber 1986 period. This difference was to be expected, given the
nmore consistent easterly winds in 1985.
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The distribution of water nmasses and sea-ice changed markedly in md-late
Sept ember of both 1985 and 1986, as a result of strong northwest or west
wi nds. Following the strong w nds, water of Mackenzie Bay origin was no |onger
identifiable in the Eastern Al askan Beaufort Sea. High levels of vertical
m xi ng had resulted in cooler, nore saline, and nore honobgeneous surface
water. Northwest winds i n m d- Septenber 1985 brought nuch ice into the study
area; west winds in 1986 had nuch less effect on ice.

Large scale fronts occur in nost years within the study area. One fromt
occurs along the inshore side of the warm, |ess saline Mackenzie Bay water
near the shelf break. This front is strongest in the eastern part of the study
area. Another front separates turbid nearshore waters from cooler and clearer
i nner shelf waters. Ot her large scale fronts were nore ephemeral, differing
consi derably between 1985 and 1986. Airborne and satellite renote sensing
suggest ed that neanders and eddi es, 1likely of offshore origin, were present
wthin the cold, saline surface waters over the inner shelf. Typical
diameters, as resolved in satellite imagery, ranged up to 10-15 km Intense
fronts over spatial scales as small as a few hundred nmeters were detected by
hi gher resolution sanpling fromthe aircraft and boat.

Zooplankton and Hydroacoustics

Zoopl ankton conposition, bionmass, distribution, patchiness, and energy
content were docunented by boat-based sanpling along broad-scale transects
extending from shore to about the 200 m contour. We completed 2% of these
transects in 1985 and 4 in 1986. At 2-5 stations along each transect,
zooplankton was sanpled by oblique bonge tows amd by horizontal tows guided to
pl ankton | ayers by echosounder. At sone stations and depths in 1985, paired
bongo tows and Tucker trawls were performed to confirm the effectiveness of
bongo tows in capturing large, fast-noving zooplankters. In addition,
guantitative echosounding techniques were used to determ ne the vertical
di stribution of zooplankton aloang the full length of all transects. The raw
echosounder results were converted to estinmates of actual zooplankton bi omass
based on the relationship between echosounding and net sanpling at locations
where both were done. In Cctober 1986, additional icebreaker-based sanpling
was done across the entire Al askan Beaufort Sea (Barrow-Canadian border,

40- 2000 m contour) to conpare zooplankton in the main study area with that
farther west and north.

The intention in both years was to conduct broad-scal e zooplankton
sanpling early in September, and to conduct fine-scale sanpling near feeding
bowheads when and if the boat could reach feeding areas. In fact, bowheads did
not feed in the official study area during early-md Septenber 1985, and ice
prevented sanpling near bowheads in |ate Septenber 1985. In 1986 feeding
bowheads were present im the southeast part of the study area during early
September, and fine-scale sanpling was done near five groups of feeding
bowheads before broad-scal e sanmpling comenced.

The group and speci es conposition of the zooplankton in the Eastern
Al askan Beaufort Sea was simlar to that el sewhere along the Beaufort Sea
coast and in other arctic regions. However, relative abundances of sone
speci es and groups vary between |ocations and years. Copepods domi nated the
zooplankton along the broad-scale transects during Septenber 1985-86,
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representing 78 and 81% of the wet weight, respectively, and 87 and 98% of the
i ndi vi dual zooplankters. In October 1986, copepods accounted for 85% of the
i ndividuals but only 24% of the bionmass in the upper 50 m of the water column
over the md-shelf and continental slope in our main study area.”

In Septenber 1985, the large (>1.8 mmin |ength) copepods Calanus
hyperboreus and C. glacialis were the domi nant contributors to total
zooplankton bi omass, Wwhile in Septenber 1986 the small (<1.8 nmmin |ength)
copepod Limnocalanus macrurus Was the dom nant contributor. In both years,
Limnocalanus dominated in nearshore waters and Calanus dominated farther
of fshore; the zone w th abundant_Limnocalanus was nore extensive in 1986. In
both years, euphausiids and mysids were nost abundant near the bottom im
nearshore waters. Wether they also occurred in simlar abundances near the
bottom farther offshore is not certain, since few near-bottom sanples were
taken offshore. In COctober 1986, euphausiids were nuch nore abundant farther
west, between Pt. Barrow and Prudhoe Bay, than in the official study area.

In Septenber 1985-86, average zooplankton bi omass was highest in the
nearshore and inner shelf areas (south of the 50 m contour), and |[ower on the
outer shelf (north of the 50 mcontour). Biomass in the intrusion of Bering
Sea \Water over the outer shelf in 1986 was unremarkable. Biomass in the top 50
m over the continental slope (near 1800 m contour) was simlar to that over
the outer shelf, and nmuch higher than previously reported for the top 200 m of
the Arctic Ccean far offshore. Average zooplankton bi omass |n the top 50 m
within our study area was simlar in both years, about 200 mg/m3 (wet weight).
Our average biomasses were simlar to those over the continental shelf of the
Canadi an Beaufort Sea during late August and early ‘' Septenmber 1985-86 (cf.
Bradstreet et al. 1987).

Hydroacoustic surveys showed that zoopl ankton distribution was patchy in
both years. .Patches tended to be nore abundant ia nearshore and inner shelf
wat ers (<45 m deep) than over the outer shelf. Average zooplankton bi omass
Wit hin patches was al so higher in nearshore and inner shelf areas than farther
of fshore. Zoopl ankton patches often extended for several kiloneters ia the
hori zontal plane, but usually were only 5-10 mthick. Patches al ong broad-
scale transects were typically nore extensive in the horizontal plane in
Septenber 1985 than in Septenber 1986,

Feedi ng bowheads were present in nearshore waters in the SE corner of the
study “area (and to the east along the Yukon coast) in early Septenber 1986, In
1986, average zooplanktoa bi omass was higher at five whale feeding stations
than at corresponding control stations. Average biomass at our whale feeding
stations was simlar to that at whale feeding stations farther east along the
Yukon coast (cf. Bradstreet et al. 1987) Bowheads usually feed in areas where
zooplankton biomass i s about 1-3 g/m3 at the depth of maxi mum bi omass (mean 2
g/mw’) . In all cases the higher zooplankton bi onass at our whal e feeding
stations was due to unusually high copepod bi omass. The bi onass of all ot her
zooplankters conbined was simlar at whale feeding and control stations.
Al though major efforts were nade to mnimze the various biases normally
associ ated with zooplankton sampling, 2 g/mis probably an underestimate of
mean biomass in the water filtered by bowheads.
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Limnocalanus nmacrurus was the dom nant copepod at whale feeding | ocations
along both the Al askan and the Yukon coasts. These small copepods, <2 nmin
l ength, can be filtered fromthe water by bowhead whal es; L. macrurus was a
major food itemin the stomach of one bowhead taken near Raktovik in Septenber
1986.

Al though dense layers of concentrated zooplankton Were most Ccommon in
nearshore waters, especially near feeding bowheads, such layers did occur
farther offshore over the continental shelf. O her taxa, usually Calanus,
dom nated in these patches. Although these patches were not being used by
f eedi ng bowheads during our zooplankton sanpling periods, they presumably are
used at ot her times.

In Septenber 1985-86, zoopl ankton bionass was very low in surface and
near-surface waters. The najority of zooplankters were between the pycnocline
and a depth of 45 m except at sone nearshore ‘stations where the pycnocline
layer was continuous froma few nmeters depth to the bottom. MoSt zooplankters
were in one or nore layers a few neters thick at md-water or near-bottom
positions. This was true at whale feeding and control stations as well as
along broad-scale transects, Consistent with this, al nost all whal es observed
feeding in the official study area fed in the water colum, below the surface.

In Septenber 1985, zooplankton biomass was slightly higher within than
outside frontal areas. In Septenber 1986, .we found N0 such trend. However, the
subsurface concentrations of zocoplanktom .in nearshore feeding areas were in
cold saline Waters overlain by wmuch warner turbid water, and inshore of areas
where subsurface waters were slightly warmer and |ess saline.

Copepods had a higher energy content per unit weight than other mgjor
groups. Copepods contributed 90 and 89% of the total caloric content of the
zooplankton i n 1985 and 1986, respectively. Caloric content per gram of
zooplankton Was hi gher in 1985 than in 1986, and higher in our study area than
in the Canadi an Beaufort Sea about two weeks earlier. Along broad scale
transects, nean caloric content of the zooplankton in the top 50 m, on a 'per
cubic meter’ basis, was sinmilar in 1985 and 1986: 225 vs. 179 cal/m3,
respectively. At whale feeding stations, nean caloric content was much higher,
643 cal/m3 in the water column as a whole and 2132 cal/m3 in concentrated
| ayers of zoopl ankt on.

Bowhead Distribution, Nunbers and Activities

The distribution, nunbers and activities of bowheads were determ ned by
aerial surveys and behavi oral observations fromthe aircraft. Photogrammetric
nmet hods were used to docunment whale sizes and recurrence of identifiable
individuals in feeding areas. Qur observations were mainly in Septenber, but
suppl enentary data were obtained from other studies before and after our field
periods. In 1986 we radio tagged five bowheads in. a further attenpt to
docunent behavior and residence tines at feeding areas.

A few bowheads were seen in the Eastern Al askan study area by other
investigators during August 1985-86, npst over the outer continental shelf and
continental slope near the eastern edge of the study area. Bowheads fed along
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the Yukon coast just east of the study area in August of both years, but these
whales did not extend into Al askan waters in August.

The 1985 migration through the study area began around 11 Septenber, and
apparently peaked in | ate Septenber after much ice was blown into the study
area. At least some of the whales mgrating through md-shelf waters in late
Septenber fed briefly. Some bowheads continued to travel west through the
study area, in heavy ice conditions, during early to md Cctober 1985.

More whales were in the study area during early-md Septenber in 1986
than in 1985, including a concentration of feeding whales close to shore off
the Kongakut Delta in the southeast corner of the study area. The latter area
was the westernnost of several feeding |ocations along the Yukon and Alaskan
coast. Westward migration began in early Septenber 1986, and probably peaked
in late Septenber. Mgrating whales were closer to shore in md- and |late
Septenber than in early Septenber. Mgration continued into Cctober 1986,
after our fieldwork ended.

In 1985, raw density estimates from aerial surveys of the continental
shel f and slope zones were very low, only about 0.06 and 0.04 bowheads/100
kn? . respectively, during mid-late Septenber. These figures are very
appr oxi mat e because of the | ow nunber of sightings. In 1986, estimated
densities in the shelf zone during Septenber (excluding the feeding area off
t he Kongakut Delta) were considerably higher, ranging from 0.21 to 0.33
bowheads/100 km?; the estimated raw densi ty over the continental slope was
0.12 bowheads/100 km2 in early “September, but zero thereafter. Linited
coverage of the northern part of the study area (depths >2000 n), mainly by
the Naval Ccean Systems Center, revealed no bowheads in either year; a few
bowheads have been seen there in earlier years.

Behavioral data indicated that only about 12-14% of the bowheads present
‘on~transect ' were potentially detectable during standard aerial surveys;
whales were subnerged and invisible almost 90% of the tine. Available data
from 1981-84 suggest that detectability of bowheads in and near our study area
was simlarly low in those years. Detectability was apparently even lower for
whal es in areas of heavy ice-covers e.g. in late Septenber 1985,

Even after allowance for the many whal es present but undetectable during
aerial surveys, nunbers in the study area in 1985 were very low, estimted as
<loo, at all tines during late sumer and early autumn. H gher nunbers,
estimated as 220-370, were present at various times in Septenber 1986.
Utilization of the study area in August-Cctober was estinmated as about 4200
whal e-days in 1985 and 13,000 whal e-days in 1986. The 1985 val ue may be an
underestimate given that it is barely adequate to account for steady westward
migration Of a popul ation of 4417 whales across the study area, and inadequate
if the population size is about 7200 as is now suspected.

Mot her-calf pairs sighted within the study area during 1985-86 were
wi dely distributed geographically and tenporally, as in previous years.

Many feeding bowheads |ingered along the Yukon coast near Konmakuk, 10-50
km east of the official study area, during late August and nuch of Septenber
1985-86. Several recognizable whales photographed near RKomakuk were
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r ephot ogr aphed on later days and/or the next year. Wthin years, mninum
residence times averaged 7.6 d (n = 11), with a maxi mum docunmented period of
16 d. Mbst bowheads in this nearshore area were subadults 7-13 m|ong, but a
few adults were present. W radiotagged five bowheads im this area in 1986;
three Were detected on subsequent days after they had begun migrating west
t hrough Al askan waters.

The concentration of feeding whal es near the Kongakut Delta, in the
official study area, during early Septenber 1986 was apparently a westward
extension of the nearshore concentration farther east. Again, nDst whales
wer e subadults. Six i ndividual s were rephotographed 1-2 4 after first being
phot ographed, but the overall duration of feeding off the Kongakut Delta Was
briefer than that along the coast farther east.

Late Septenmber was the only tine in 1985 when a concentration of feeding
bowheads was found within the study area. They fed about 30-40 km N and NE of
Kaktovik. Similarly, many whales that were nigrating through middle shelf
waters in md-late Septenber 1986 fed intermttently. In both years, whales
that fed over the m ddle shelf during mgration included nany adults (sone
with calves) as well as large subadults, but few small (<10 n) subadults.
These whales did not seem to linger in any one area for long; there were no
bet ween-day reidentification at mddle-shelf feeding sites. However, several
of these whales had been photographed earlier in the season (Or in previous
sumrers) in Canadi an waters.

The behavi or of bowheads feeding within and near the study area was
simlar to that docunmented during previous studies in sumrer and early autum.
Most bowheads feeding within the official study area fed below the surface,
consistent with the low abundance of zooplankton in surface waters. In
contrast, bowheads often fed at the surface along the Yukon coast. Almost no
near-bottom feeding was detected. Many of the bowheads observed within and -
just east of the official study area during 1985, and to a | esser extent 1986,
were exposed to faint-noderate intensity noise pulses from distant seismc
vessel s, Activities seemed normal despite this noise exposure. When bowheads
engaged in presumed water columm feeding, net horizontal distances travelled
during single dives ranged fromabout Oto 700 m averaging about 300 m during
di ves of average duration 15 min. Actual distances travelled underwater were
undoubtedly greater, thereby increasing the potential volume of water
filtered. During some observation sessions when bowheads were feeding, the
headi ngs of the whales when they surfaced to breathe were predonm nantly
westward. This suggests that bowheads sonetimes were migrating gradually
westward as they fed.

(bserved feeding locations in and near the Eastern Al askan Beaufort Sea
have differed between years. No one part of the study area has been identified
as a consistent feeding location. The study area is apparently near the
western edge of the main summer feeding range. Prior to the start of active
westward migration, feeding whales extend into the study area in some years
(like 1986) but not in all years. During the subsequent period of active
westward mgration, considerable feeding takes place in the study area,
probably in all years. Uilization of the study area for feeding was |ess than
average in 1985. Utilization was considerably greater in 1986 than in 1985,
but apparently not as ‘nigh as in Some other years.
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Bowhead Whal e Feeding: Allocation of Regional Habitat |nportance
Based on Stable Isotope Abundances

The goal of the isotope work was to use the variations in natural
abundances of carbon isotopes in zooplankton and in bowhead whale tissue to
estimate the relative inportances of various feeding areas, with enphasis on
estimating the amount of feeding in winter. Ia addition, the discovery of
regular variations in carbon isotope ratios along bowhead baleen has provided
a potential nethod for ageing young whales, which may provide insights into
life history. W anal yzed bal een and/or tissue sanples from 16 whal es during
this project, ranging fromyearlings to large adult aninmals. Miscle, blubber
and bal een from several other bowheads had been anal yzed previously.

The ratio of stable carbon isotopes (C-13/C-12) in zoopl ankton varied
across the range of bowhead Whales. ¢€-=13 was nore conmon in zooplankton from
the western Beaufort Sea and (probably) northern Bering Sea than ia
zooplankton from the central and eastern Beaufort Sea. As expected, there was
proportionately less €C-13 in primary consuners (e.g. copepods) than in
omi vores or secondary consuners (e.g. euphausiids, chaetognaths, amphipods).

I n young bowheads, the nuscle and visceral fat contained relatively nore
C-13 in spring than im autum. |f our small sanples were representative, young
whales acquire a significant fraction of their annual food intake during the
late autum-winter-early spring period while they are not in the eastern or
central Beaufort Sea.

In large bowheads, carbon isotope ratios in nmuscle and visceral fat were
simlar in spring and autumm. The muscle was enriched in C 13 in both seasons,
suggesting that nost of this carbon may not have cone from the SE Beaufort
Sea. The significance of these data is unclear, other than to suggest that
large whales tended to feed in different areas and/or on different prey types
than small bowheads.

The c-13/c-12 ratio oscillated along the baleen, with a spacing of >25
cmoscillation early in life, and about 20 cnfoscillation ian adults, In large
whales, up to 20+ isotopic oscillations were present. The pattern of
oscillations was consistent along different baleen plates fromthe sane whale.
Several types of evidence suggested that the oscillations along the plates
were annual . By counting the stable i sotope oscillations along the baleen,
ages of young bowheads can be determned. After several years, wear at the tip
of the baleen prevents precise ageing, although a m ninmum age can still be
determ ned. The annual isotopic oscillations also correspond with structural
patterns visible along the baleen. Data acquired incidental to our objectives
showed that, after the age of about 1 year, total |engths of bowhead whales
increase at a slower rate than suggested previously. For example, bowheads
that are 9 m long appear to be several years old.

The carbon present at each point along a baleen plate i S a sample of the
carbon in the energy source in use by the whale when that part of the baleen
was formed. Thus, the baleen provides a multi-year tenporal record of feeding,
representing 20+ years in large whales. The C 13-depleted baleen laid down in
sumer was consistent with the isotopic composition Of =zooplankton in the
eastern Beaufort Sea, The C-13-enriched baleen laid down in w nter was
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qualitatively consistent with the elevated C 13 content of zooplankton in the
western Beaufort Sea and probably the northern Bering Sea. However, the degree
of C-13 enrichment in winter baleen was greater than expected based on the
geographic shift in isotopic content of any one prey type. Wnter bal een may
i ncorporate carbon from omivores or secondary consumers e.g. euphausiids or
amphipods, in Which C=13 is further enriched.

The limted data on isotopic conposition of zooplankton in the northern
Bering Sea d0 not allow a reliable distinction of carbon from the western
Beaufort Sea, Chukchi Sea and Bering Sea. Thus, it is not possible to say how
much of the carbon in 'winter baleen' conmes fromfeeding in the Bering Sea as
opposed to nobilization of energy stored during late autumm farther north.

The bal een of nobst young bowheads showed a decrease in overall C 13
content in the first 6-8 years of life, acconpanied by increased anplitudes of
the seasonal oscillation in isotopic content. The specific causes of these
changes are uncertain. The transition from dependence on mother’s milk to
i ndependent feeding may be partly responsible, Qher possibilities are year to
year changes in feeding areas and/or a postulated increase in the filtration
efficiency of the |lengthening baleen. Either factor could result in-a shift in
‘the diet toward snaller prey itens |ike copepods, which are depleted of C-13.

Overall, the results suggest that small bowheads acquire a significant
anount of energy from feeding in areas west of the Eastern Al askan Beaufort
Sea. How much of this energy is acquired in winter in the Bering Sea vs.
autumn Or spring in the western Beaufort Sea or Chukchi Sea is unknown. The
results from large whales are nore difficult to interpret, but they may obtain
much of their energy from sonewhere other than the south-central and
sout heastern Beaufort Sea. |Isotopic anal yses of selected additional -samples of
bowhead tiSsue and zooplankton could clarify these points.

Energeti c of Bowheads

There have been several attempts to cal cul ate the theoretical energy
requirenents and feeding rates of bowhead whal es. We have reviewed these
attempts and have prepared updated estinmates based on current know edge of

bowhead sizes, |ength-weight relationships, physiology, growth rates,
popul ati on conposition and other factors. Energy requirements of bowhead
whal es are- still sonmewhat uncertain. However, the apparent energy needs of

bowheads are generally consistent with what is known about other large whal es.
Also, nost of the different nethods for calculating energy needs give simlar
results. Food requirenents and food availability can be estimated with
sufficient accuracy to warrant conparison.

One uncertainty affecting the energetic analysis has been the unknown
amount of feeding in winter and during mgration around western Alaska. The
carbon isotope results suggest that there nmay be a significant amount of
feeding outside the Beaufort Sea, at least by subadults (see above). Thus,
most of our cal cul ations assume a high feeding rate for 130 d in summer and
early autum, and a lower feeding rate (30% of daily mai ntenance rate) for
the rest of the year. Qther feeding scenarios are also considered.
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The annual food requirenent for a population of 4417 bowheads is
estimated to be about 421,000 MT (netric tons), wth broad confidence limts.
This value is higher than sonme previous estimates, primarily because the
caloric content of zooplankton in the Beaufort Sea, on a wet weight basis, is
lower than assumed in sone previous analyses. Nunerous other refinements in
the estimation process are described in this report. If the population size is
about 7200 whal es rather than about 4417, their food requirenent would be
about 690, 000 MT/yr.

Bowheads nust feed in areas where the bionass of zoopl ankton exceeds the
average biomass in the Beaufort Sea, which is about 0.2 g/ m(wet weight).
Theoretical calculations indicate that an average bowhead nust feed at
locations where average zooplankton biomass is at least 2% g/niif it is to
acquire its annual food requirement in 130 d feeding for 16 h/d. The average
prey biomass at summer feeding |ocations would need to be 2 g/nB if 30% of
dai Iy mai ntenance requirenents were net by supplenentary feeding during the
rest of the year. These theoretical figures are generally consistent with the
observed nean zooplankton bi omass at bowhead feeding sites (2 g/nB at depth of
maxi mum bi omass), especially if allowance is nmade for the fact that the
observed val ues are probably underestinates of the food consumed by whal es.

Required prey biomasses, on a ‘per cubic meter' basis, appear to be
simlar for subadults and adult 'males but higher for adult females. This
assumes that subadults grow at the slow rate inplied by analyses of bal een.
Required prey biomasses for subadults would be about 21% higher if they grew
at the faster rate previously assumed. The apparent slow growth rate nay be an
adaptation to the relatively low zooplankton bi omasses avail able ian the
Beaufort Sea.

| ntegration

The ‘lIntegration’ section draws together the results from the various
disciplinary sections in order to evaluate the energetic inportance of the
Eastern Al askan Beaufort Sea to the Western Arctic stock of bowhead whal es.
This section also discusses” the feeding |locations that were identified within
the study area; feeding in other areas during vari ous seasons; and the
possible effects of industrial activities on feeding bowheads.

The total anpunt of zooplankton in the top 50 m of the water colum
within the Eastern Al askan study area was estimated as about 150,000 MI in
late sutmmer. O this, about 75,000 MI was over the continental shelf where
most bowhead feeding occurs. Thus, zooplankton in the study area represented .s
significance percentage of the annual popul ation requirenent of about 421,000
MT for 4417 bowheads. However, of the 75,000 MI over the continental shelf,
only about 8100 MI' (1985) or 1100 MI (1986) was, at any one tine, in
concentrations sufficiently dense to permit econom cal feeding by bowheads.
These anpbunts are very small percentages of the annual popul ation requirenent.

The estimted whal e-days of utilization figures for 1985 (4200 whal e-d)
and 1986 (13,000 whale-d) also indicate that the Wstern Arctic bowhead
popul ation acquired very little of its annual food requirenent in the study
area in those years. |f these bowheads fed in water with an average of 2 g/m3
of zooplankton for 12 h/d at a swinmng speed of 5 kmh, they would have
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consumed only about 2000 MI in 1985 and 6060 MT in 1986. This consunption
represents only 0.5% and 1.4% respectively, of the estimted annual food
requi rement of 4417 bowheads (421,000 MI). These estinmates are approxi nate,
but the percentages would remain low even if prey consunption were several
times hi gher due to errors in the assunptions or to nore intensive utilization
of the study area in certain years. The percentages would be even lower if

popul ation size is about 7200 with an annual prey requirement of about 690, 000
M.

In some years, |ike 1986, a small nunber of bowheads feed in the study
area for at |east several days--loager than the popul ati on average. If a
subadult bowhead spent 10 days feeding for 16 h/d in water with 2 g/ mof
zooplankton , it woul d consune about 6-8% of its estimated annual food
requi rement. Some whal es probably find prey concentrations exceeding 2 g/m,
and it i s possible (although unproven) that a few whales may feed in the study
area for more than 10 d in sone years. If so, those few individuals could
obtain an appreciable fraction of their annual food in the study area.

The rel ative anmounts of feeding in the Canadian vs. Eastern Al askan
Beaufort Sea are not known precisely, but Canadian waters clearly are much
more inportant, Mbst Western Arctic bowheads are in the Canadi an Beaufort Sea
for at least 3%-4 np. In contrast, an average bowhead apparently feeds for no
more than a few days in the Eastern Al askan Beaufort Sea (estimated as roughly
1-2 d in 1985 and 3-4 d in 1986).

Sone feeding by bowheads occurs in late autumm, winter and spring west of
our study area. Carbon isotope ratios in zooplankton and bowhead tissues
suggest that this feeding may be nore extensive than fornerly thought, at
least i n subadult bowheads. Present uncertainly about the anpunt of feeding in
these seasons is an inportant limtation in understanding food requirenents in
t he Beaufort Sea as a whole. However, it has little effect on concl usions
about the inportance of the Eastern Al askan Beaufort Sea.

For the popul ation as a whole, the results indicate that the null
hypot hesi s can be accepted:

Food resources consuned in the Eastern Al askan Beaufort Sea
do not contribute significantly to the annual energy needs of
the Western Arctic bowhead stock.

An anal ogous concl usi on can be drawn for nost individual bowheads ia nost
years. However, in some years a few animals that feed ia the study area for
longer than others may acquire a significant fraction of their annual energy
needs in the study area.

It is unlikely that accidental oil spills would have a significant or
lasting effect ONn zooplankton in the study area, or on the availability of
zooplankton t 0 bowheads., If any effects of these types did occur, they would
be most likely to occur in a nearshore feeding area.

Di sturbance caused by occasional wvessel traffic or seisnic exploration
may di splace bowheads tenporarily, but is unlikely to exclude them from
important feeding areas. Continuous or repeated disturbance in a feeding area
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would be nore likely to displace whales. Feeding sites in offshore waters are
likely quite transient, so ongoing disturbance at a single offshore site is

unlikely to have a nmjor effect on feeding. Nearshore feeding sites are more
consistent, and ongoing disturbance in nearshore waters is nore likely to
prevent use of a feeding location.
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| NTRODUCTI ON AND OBJECTI VES*

Most individuals of the Western Arctic (= Bering Sea) population of
bowhead whal es, Balaena mysticetus,- spend the period from May or June to
Septenber or COctober in the Beaufort Sea. During this period they are believed
to consune nost of the food needed for the entire year. Bowheads, |ike other
baleen Whal es, are believed to consune little food in w nter_although this
point. is not proven ia the case of bowheads.

O fshore exploration for oil and gas has been underway in the eastern
(Canadi an) part of the Beaufort Sea for nore than a decade, The main area of

offshore drilling is near the center of the summer range of Western Arctic
bowheads. | n Al askan waters, there has been much geophysical exploration for
potential oil-bearing structures, and some offshore drilling. Possible effects

of these industrial activities on bowheads are of nuch interest.

Backgr ound

Most bowheads spend the summer in Canadian parts of the Beaufort Sea
(Ri chardson et al, 1985a, 1987). However, 1in sone years some bowheads are
present in the eastern part of the Al askan Beaufort Sea for “much of the
sumrer. It is possible that some bowheads do not travel east into the Canadian
Beaufort in certain years (Ljungblad et al. 1983). Parts of the Al askan
. Beaufort Sea may be inportant as feeding areas for these individuals.

In addition, the weéstern edge of the nmain sumrer feeding range is in or
near the Eastern Al askan Beaufort Sea (Fig. 1, inset). In sonme years,
consi derabl e nunbers of feedi ng bowheads occur in that area. This is
particularly true in Septenber, when nmany bowheads have begun a gradual
westward novenent but are still feeding nmuch of the tine. There is
zooplankton~--mainly copepods and euphausiids--in the stomachs of almost all
bowheads harvested in autumm at Kaktovik, a community bordering the Eastern
Alaskan Beaufort Sea (Lowy and Frost 1984; Lowy et al. 1987). Sone feeding
occurs farther west, but feeding frequency seens to decrease as bowheads nove
west through the Al askan Beaufort Sea during autumm (Ljungblad et al. 1986a).

Feeding in late summer and autumn may be especially inportant to
bowheads. This, may be the last nmajor feeding period for several nonths if
bowheads, 1like ot her bal een whales, do little feeding in winter. Also, the
bi omass and energy content of arctic zooplankton are higher in late sunmer and
autumm than at other tines of year (Lee 1974; Percy and Fife 1981).

Covernnent agencies that regulate offshore exploration for and
devel opment of oil and gas are required to assess whether those activities are
likely to harm endangered mari ne mammal s such as the bowhead whale. The U.S,
National Marine Fisheries Service and the v.S. Mnerals Mnagenent Service
(MMS) have concluded that additional information is desirable to allow a
detail ed assessnent of the possible effects of offshore industrial activities
on bowheads that feed in the Al askan Beaufort Sea.

* By W John Richardson, LGL Ltd.
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Ceneral i zed pattern of seasonal novenent of the Western Arctic popul ation of
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Consequent |y, MMS planned a two-year field study of the inportance of the
Eastern Al askan Beaufort Sea (Fig. 1) to feeding bowhead whal es. That area was
chosen because feeding seems to be nore frequent and prolonged there than
farther west. A contract for the study was awarded to LGL Ecol ogi cal Research
Associ ates Inc. in md-July of 1985. Field work was conducted in Septenber and
early Cctober of 1985 and 1986.

(bj ectives of Overall Project

The general purpose of the two-year project was to quantify what
proportion of the energy requirenent of the Western Arctic bowhead whale Stock
is provided by food obtained fromthe Eastern Al askan Beaufort Sea. To do
this, the main factors considered were

- nunbers, activities and residence times of bowhead whales in the area;

- prey identity, availability, distribution, patchiness, and energy
content, along with the oceanographic factors controlling these
attributes of the prey;
anount of prey (and of energy) consuned by the various categories of
bowheads that fed in the study area (immatures, adult wmales and
fenal es, ete.); and

- total energy needs of individual bowheads and of the popul ation

MMS item zed the specific objectives of the study as follows:

1. Deternine the concentration and distribution of the planktomic food of
bowhead whales in the Eastern Al askan Beaufort Sea and correlate with
known oceanographic features

2. Estimate the nunber of bowhead whales utilizing the Eastern Al askan
Beaufort Sea as a feeding area during the sunmer and fall; observe and
docunment their feeding activities, behavior and residence times.

3. Estimate the degree of utilization of available food resources in the
Eastern Al askan Beaufort Sea by the Western Arctic bowhead whale
st ock.

4. Test the follow ng null hypothesis:

Food resources consunmed in the Eastern Al askan Beaufort Sea
do not contribute significantly to the annual energy
requirements of the Western Arctic bowhead whale stock.

Table 1 summarizes the various objectives, data needs, and possible data
sources. Virtually all study conponents listed ‘in Table 1 were included in the
research. Data available in the literature and from unpublished sources were
also used where possible and necessary (LGL and Arctic Sciences 1985). Results
from previous studies and fromrelated concurrent studies (e.g. Bradstreet and
Fissel 1986; Ljungblad et al. 1986c; Bradstreet et al. 1987) were important in
addressing. questions that required a broader tenporal or spatial perspective
than could be attained from two seasons of fieldwork within our relatively
small study area.
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Objective 1 requiredo wetermne the availability of zooplankton
within the study area during |late summer and early autumm. The primary
requirenents were to docunent the bionmass of zooplankton present at different
locations and depths, and to determ ne how zooplankton availability was
related to water mass characteristics. Previous studies in and near the study
area had provided data on the species and nunbers of zooplankters present, but
not on their bionass, caloric content, or patchiness. Data on average
zooplankton bi omass were needed to cal cul ate the total amount of food present
in the study area. Data on the zooplankton biomass W thin patches of
concentrated plankton were needed to estimte the anount of food that a
bowhead might consune by filtering a given amount of water within areas of
peak zooplankton abundance. Bowheads were expected to concentrate their
feedi ng within such areas. Data on the cal oric content Of the zooplankton were
needed to translate biomass figures into estinmtes of energy content.

bjective 2 required us to determne the nunbers and activities of
bowheads Within the study area. Previous aerial survey projects had docunented
the seasonal occurrence of bowheads in the study area, and the relative
nunbers of whales present at different locations and times, However, there had
been no previous attempts to determ ne absol ute nunbers present in the area.
To determ ne absol ute nunbers, correction factors were devel oped to account
for the many whal es below the surface, or m ssed for other reasons, duriag
aerial surveys. To develop these correction factors, data on the
surfacing/diving cycles of whales within the study area were collected. To
neet the overall objectives, We also needed to determi ne how long certain
specific whales fed within the study area, i.e. their residence i nes.
Furthernmore , we needed to estimate how nuch feeding was done by an average
whale within the study area, and where in the water column the whales fed.

(bj ective 3 involved estimting bowhead utilization of available food
resources within the study area. This was approached using the results from
‘the zooplankton and whale studies conducted to neet objectives 1 and 2. The
amount Of water that bowheads filter Wi thin the study area can be esti mated
(roughly) based on the observed nunbers of whales and their feedi ng behavior.
The results of the zooplankton studies were used to estimate the biomass and
energy content of the zooplanktoa that bowheads consuned. These results were
then conpared wWith the estimted amount of zooplankton present.

The overall null hypothesis tested during the project was that food
consumed by bowheads in the Eastern Al askan Beaufort Sea does not contribute
significantly to the annual energy needs of the Western Arctic bowhead stock.
The results acquired under objective 3 provided the estimate of food consuned
wWthin the study area. The aanual energy needs of the population were
estimated by theoretical and indirect methods. No direct neasurenents of the
energy requirements of bowheads (or other baleea whal es] have been made, and
there is no practical way to obtain such neasurenents at present. However,
indirect and theoretical estimtes of annual energy needs of bowheads can be
made by several nethods. The 'Energetics Of Bowheads' section of this report
descri bes our application of those nethods to bowheads. The results are
conpared with one another and with simlar analyses for other species of
baleen Whales to evaluate their likely reliability. Based on the estimates 0%
(a) food acquired within the study area, and (b) the annual energy needs of
the popul ation, we eval uate the correctness of the aull hypothesis.
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Appr oach

To neet these objectives, the 1985 and 1986 field progranms included two
mai n tasks: (1) studies of zooplankton and the physical and bi ol ogical
processes that affect zooplankton; and (2) studies of the use of the Eastern
Al askan Beaufort Sea by bowheads. Each task included several subtasks.

St udi es of zooplankton and their supporting processes included the
fol l owi ng conponents:

- hydroacoustic surveys to determ ne zooplankton distribution and
relative biomass in various areas and positions in the water colum,;

- net sanpling at selected stations and depths to determ ne actual
nunbers, biomass and speci es composition, and .to provi de zooplankton
sanples for size-frequency, calorimetry, and other analyses;

- boat-based neasurenments of water tenperature, salinity, and
chl orophyl I ;

- aerial renote sensing of water temperature, chlorophyll and sedi nent
content om a near-synoptic basis; and

- digital processing of satellite imagery to acquire synoptic data on sea
surface tenperature and water color on cloud-free days.

Each of these types of work was conducted on a broad-scale basis during both
years of study, and on a fine-scale basis around feeding bowheads in 1986,
(Feedi ng bowheads were very scarce within the official study area in 1985.)

Studi es of bowhead whal es al so included several. conponents:

- aerial and boat surveys of distributiom, nunbers, and movements;

- observations of feeding behavior and other activities;

- photogrammetric studies of population conposition and residence tinmes
of identifiable individuals in feeding areas;

- radio tagging of whales to study residence times, novenents and other
aspects of behavior.

The first three of these techniques were applied successfully in both years:
radio taggi ng was successful in 1986,

Study Area

The official study area was the eastern part of the Al askan Beaufort Sea,
from | ongitude 144°W east to the approximate eastern edge of the zone whose
jurisdiction is in dispute between the U S. A and Canada (Fig. 1). The study
area extended fromthe cease of northeastern Alaska north to latitude 71°30'N.
More specifically, the eastern edge of the official study area was defined as
a straight line from (a) the intersection of 141°00'W and the coast to (b)
71°30'N, 139°05'W. This area enconpasses about 25,470 km2, OF this, 33%is
over the continental shelf, 0-200 m deep; 30%is over the continental slope,
200-2000 m deep; and 37%is far offshore, >2000 m deep. During late summer and
early autumm of previous years, bowhead whal es have been seen in all three of
these depth strata.
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We pl anned to conduct nost of our work in the southern 2/3 of the study
area, i.e. in the continental shelf and slope zones (depths 0-200 m and
200-2000 m, with enphasis on the forner. There were several reasons:

1. Previous sightings of feeding bowheads within the study area have all
been in the shelf zone (LGL and Arctic Sciences 1985; Ljungblad et al.
1986a).

2. Ice cover and other |ogistical problens for boat operations were
expected to increase with increasing distance from shore.

3. O fshore oil exploration in the study area will begin in shallow
waters on the continental shelf.

The Naval Ocean Systems Center (NOSC), which also studied bowheads for
MVS in 1985-86, conducted occasional aerial surveys north of the 2000 m
contour, and provided the data for our use. If NOScC had detected bowheads far
offshore, we were prepared to initiate aerial work there. 1Ian actuality, NOSC
did not detect bowheads far offshore, and we did not work north of the 2000 m
contour in either year.

In both years, we conducted some work just to the east of the offiecial
study area, between it and Herschel Island (Fig. 1). In 1985, few whales were
found in any part of the official study area until late Septenber. However,
bowheads were present and feeding along the Yukonm coast 20-40 km east, of the

official study area during nuch of Septenber 1985. Consequently our aeri al
work was extended east to that area. During laté Septenber 1985, some bowheads
did feed within the official study area, and they were studied during the
latter part of the 1985 field season. Ian 1986, bowheads fed nore commonly
within the official study area, as well as just to the east. Mst of our 1986
work was within the official study area, but we conducted sone aerial and
boat - based work east as far as Herschel 1sland.

Field Season

Choice of the field period for this project involved a nunber of
unpredi ctable factors and trade-offs. The duration of each year’'s field
program had to be limted to about 25 d of boat-based work and 27 d of
aircraft work for budgetary reasons. It was recognized that, during some
years, bowhead whal es occur in the study area from early August to mid
Cctober. However, even in years when sone whales are present in August, peak
utilization does not occur until md Septenber (Ljungblad et al. 1986b,c). A
further factor that affected scheduling was the expected occurrence of pack
and new ice. Pack ice could limt or prevent boat-based work at any tine
during summer or autumm. Despite the fact that bowheads usually dO not enter
the study area in large nunbers until mid September, it was considered
i1l-advised to conmence a 25-d boat program later than 1 Septenber,given that
freeze-up often begins in late Septenber.

Consequently, the field seasons for this project were scheduled to be
about 1-25 Septenber for boat work and about 1-27 Septenber for aircraft. work.
In fact, the 1985 boat work ended on 20 Septenber after pack ice moved into
nost of the study area and new ice began to formrapidly. Because bowheads
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were present in the study area in late Septenber 1985 and because the early
termnation of boat work had eased funding constraints, the 1985 aircraft work
was extended until 3 Cctober. In 1986, weather and ice conditions were
unusual |y favorable. The aircraft and the primary boat both operated
t hroughout their scheduled field periods during September 1986

Addi tional data on zooplankton in the Al askan Beaufort Sea were obtained
during the ‘Polar Star’ icebreaker cruise in October 1986. The primary purpose
of this cruise was to conduct a NOAA physical oceanography study. However,
personnel fromthe present project were able to obtain zooplankton sanpl es
from the 'Polar Star®on 4-17 Cctober.

Addi tional data on utilization of the study area by bowhead whales in
1985-86 came from other aircraft conducting ‘whale surveys. NOSC conducted
surveys in the Al askan Beaufort Sea, including our study area, from early
August to md October 1985 (Ljungblad et al. 1986¢c), and from m d August to
early Cctober 1986 (NOSC in prep.). Oher LG projects also provided survey
coverage in or near our study area fromlate August to md Cctober 1985 (Davis
et al. 1986b; Evans and Hol dsworth 1986; McLaren et al. 1986), and early
Septenber to early October 1986 (Evans et al. in prep.). Results from these
other projects are taken into account here.

Boat Logistics

‘The 'Annika Marie', a 13-mresearch vessel based at Prudhoe Bay, was
chartered -in both 1985 and 1986. This boat conducted broad-scale surveys of
zooplankton within, the shelf zone, using hydroacoustic (echosounding)
techniques as well as conventional net sanpling. Wen concentrations of
feedi ng whal es occurred within the study area, the boat was also used -to
determne the fine-scale. distribution of plankton near the feeding whales.
Water tenperature, salinity, and chlorophyl|l were neasured during both broad-
and fine-scale. sanpling. During 1985, the same boat was used a's a base for
attenpts to radio tag whales within feeding concentrations; during 1986 a
separate smaller boat was available for the radio tagging.

In 1985, broad-scale sanmpling was conducted from4 to 18 Septenber al ong
three onshore-offshore transects between Kaktovik and Demarcation Bay. Wrk
was interrupted by bad weather on 9 and 15-17 Septenber, and by engi ne failure
on 11-13 September. Very few bowhead whales were in the study area during this
ice free period. Hence, alnmost all of the 1985 boat time was devoted to broad
scal e zoopl ankton and hydroacoustic surveys, along with associated physica
measurenents. In the absence of concentrations of feeding whales, it was wnot
possi bl e to conduct fine-scale zooplankton sanpling around feeding bowheads,
or to radio tag bowheads. A stormon 15-17 Septenber 1985 brought heavy ice
into most of the study area. Thereafter ,new ice began to formin the narrow
nearshore | ead through which the vessel had to return west to Prudhoe Bay. On
19-20 Septenber, the vessel returned to Prudhoe Bay; ice conditions in the
study area deteriorated further after 20 Septenber.

In 1986, whales were already feeding in and just east of the officia
study area when the boat arrived on 3 Septenber. From 4 to 7 September, we
conducted fine-scale sanpling around feeding whales. From then until the end
of the charter period, the boat crew sanpled along all four of the planned
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broad-scal e transects extending from nearshore waters out to the 200 m
contour. \Wather conditions were remarkably favorable until 20 Septenber 1in
1986, there was very little ice, and there were no nechanical problens.

In 1986, a second smaller boat, an 8-m Minson, was made avail able by NOAA
and MMS for use by our radio tagging crew, It was to be used from ! to 25
Septenber. Although this vessel was delayed in reaching the study area, it was
used there on 9-25 Septenber 1986, and five bowheads were radio tagged.

As noted above, additional zooplankton sanpling was conducted fromthe
U.S. Coast CGuard icebreaker 'Polar Star’ on 4-17 Cctober 1986. This work was
designed to obtain zooplankton sanples (a) from far-offshore parts of the
official study area that could not be reached with the ‘Annika Marie', and (b)
from areas west of the official study area.

Aircraft Logistics

The aircraft program was designed to determine the distribution, nunbers
and activities of bowheads within the study area. The aircraft crew also
obtained calibrated vertical photographs of bowheads, from which whale sizes
and residence tines of identifiable animals were determ ned. During transect
surveys within the first half of each field period, the aircraft carried
aerial renote sensing equipnent that neasured water tenperature and color. The
aircraft crew also nonitored for radio tagged whal es.

A Twin Oter aircraft (DHC-6=300) on full-time charter for the project
was based at Kaktovik from & Septenber to 3 October 1985 and from 2 to 28
Sept enber 1986. The aircraft was equi pped with bubble windows to facilitate
observations, a GNS 500A Very Low Frequency navigation system a ventral
camera port for vertical photography of whales, and antennae and receivers for
nmonitoring sonobuoys and radi o tags. One or nore flights were nade oun every
day when weat her allowed. W nade totals of 26 and 36 offshore flights ian 1985
and 1986, respectively, plus several additional flights to calibrate equi pment
and , in 1986, to transport fuel for the radio telemetry boat. Total offshore
flight hours were 99.4 h in 1985 and 129.9 h in 1986. W were grounded by bad
weather, i.e. sone conbination of fog, low ceiling, and hi gh sea state, on 12
of 29 days in 1985, but on only 3 of 25 days in 1986. The latter is a
remarkably low ratio for this area and season.

Report Organi zation

This report is an integrated and self contained account of the results
fromthe 1985 and 1986 field prograns, aloung with a review of earlier
literature and data. Some additional details concerning pre-1985 and 1985 data
appear in an earlier literature review (LGL and Arctic Sciences 1985) and in
our report on the 1985 field program (Richardson [cd.] 1986). However, all
results inportant to the objectives of this study are presented here.

The first major section of this report describes the water nass
characteristics in and near the study area during the 1985 and 1986 study
periods. It also includes the nost relevant pre-1985 historical data. These
physical data are inportant ia understanding the distribution of the
zooplankton prey of bowheads. The ‘Water Masses’ section IS based on
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traditional boat-based measurenents plus airborne and satellite renote sensing
techniques. This section was witten by subcontractors D.B. Fissel, J.R. Marko
and J.R. Birch of Arctic Sciences Ltd., and G.A. Borstad, D.N. Truax and R
Kerr of G.A. Borstad Associates Ltd.

The second section docunments the zooplankton during the 1985-86 study
periods. Both net sanples and quantitative hydroacoustic data are considered.
This section provides the first systematic data on the biomass, patchiness and
caloric content of zooplankton within the study area. The zoopl ankton near
feeding whales is conpared with that elsewhere in the study area. Conparisons
are made with the results of a closely related study conducted in the Canadi an
Beaufort Sea in 1985-86 (Bradstreet and Fissel 1986; Bradstreet et al. 1987).
Zooplankton data collected over a broader area of the Al askan Beaufort Sea in
Oct ober 1986 are also described for conparative purposes. This section was
witten by W.B, Giffiths and D.H. Thonson of LA, and G.E. Johnson of
subcontract or BioSonies Inc.

The third section describes the seasonal distribution of bowheads in and
near the study area in the 1985-86 study periods, the nunber of whales
present, the behavioral activities of these whales, and the sizes, residence
times and movenents of sone individuals. Selected historical data from surveys
during 1979-84 are also sunmarized to place the 1985-86 data into a broader
perspective. This section was witten by W.J. Richardson and G.W. M| |er of
L&, and B. Wirsig of Myss Landing Marine Labs.

The fourth section describes an attenpt to determ ne the. amount” of
bowhead feeding in the Beaufort Sea vs. elsewhere in the bowhead s range. This
work, Dby D.M. Schell, S.M. Saupe and N. Haubenstock Of the University of
Al aska, 1is based on analyses of the isotopic conposition of the tissues of
bowheads and their zooplankton prey. The isotopic conposition of zooplankton
appears to vary geographically, and this variation may serve as a tracer of
regi onal feeding dependencies. An inportant by-product of this work was the
devel opment of a nethod for determ ning the approximte ages of many bowheads
based on the isotopic content of their bal een

The fifth section, by D.H. Thonson of LGL, outlines our current
under st andi ng of the annual energy needs-of bowheads, and the extent to which
these requirements were net within our study area in 1985-86

The sixth section, by D.H. Thomson and W.J. Richardson of LG, is
entitled ‘Integration’. It draws together the various types of data acquired
in the study. A 'Conclusions' section conpletes the main text

Bi bl i ographic details for references cited in all sections are givenin a
single ‘Literature Cted section. Appendices 1-3 of this report, along Wth
Appendi x 3 of Richardson (ed., 1986), contain the raw data from the 1985-86
zooplankton sanpling. Detailed results of the radio telemetry work appear in
Appendi x 4.
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WATER MASS DI STRI BUTI ONS*

I ntroduction and Objectives

As part of the study of the inportance of the Eastern Al askan Beaufort
Sea to feedi ng bowhead whal es, sponsored by the U S. Mnerals Managenent
Service, the rel evant physical oceanographic features of the area were
I nvesti gat ed. Initially, previous oceanographic and available satellite data
were reviewed and anal yzed (Fissel et al. 1985). Imn Septenber of 1985 and
1986, a field program was conducted to map and analyze the spati al
di stributions of physical oceanographic properties. The physi cal
oceanogr aphi ¢ observations were obtained concurrently with the biol ogical
components of the study, described later in this report.

I nformati on about physical oceanographi c conditions was needed because
zooplankton, the primary food source for bowhead whales, are affected by
physical as well as biol ogical processes. Based on previous studies
el sewhere, zooplankton abundance in the study area was expected ‘co be highly
variable, both horizontally and vertically, and bowhead whales were expected
to concentrate their feeding in the denser patches of zooplankton.
Consequent |y, it was necessary to determne the factors that affect the local
abundance of zooplankton. Mechani sns that concentrate zooplanktom, and their
relationships to physical processes, are not well understood. However,
physi cal processes are known to affect zooplankton in twe general ways:

1. Through enhancenent of primary productivity, which increases the food
supply foOr zooplankton. ThiS could occur, for exanple, by means of
upwelling of nutrient-rich water into the active surface layer from
dept h;

2. Through generation of convergence nechanisns (fronts and eddies),
whi ch serve to concentrate zooplankton directly.

Physical Mechani sns for Zooplankton Concentration

Primary production can be enhanced by upwelling processes, which
replenish the nutrients in the mxed layer of the ocean. If the upwelling and
enhanced primary production are sufficiently prolonged, growh of zooplankton
stocks can also be enhanced as a result of the upwelling. Upwelling due to
wi nd-driven transport away from coastlines has been observed over the Al askan
shelf (Hufford 1974; Aagaard 1981). Upwelling at fast- and pack-ice edges
(Buckley et al. 1979; Niebauer 1982; Johannessen et al. 1983) could also be
inportant in the Eastern Al askan Beaufort Sea.

Gven the relatively long lifetime of nobst zooplankters, zooplankton
concentrations often devel op when existing zooplanktom become concentrated
rather than through enhanced zooplankton grow h. Several physical processes
are capable of concentrating zooplanktom. CceaniC fronts between adj 0i ni ng

* By David B. Fissel, John R Marko and J. Rick Birch of Arctic Sciences Ltd.
and Gary A. Borstad, Dawson N. Truax and Randy Kerr of G.A. Borstad
Associ ates Ltd.
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wat er masses of dissimlar properties are often associated with convergent
flow patterns. Fronts and eddies occur over spatial scales as small as tens
of ‘meters, wusually associated with areas where differing water nasses abut.
Such fronts are recognizable at the surface by lines of flotsam or change in
sea state, and are often the sites of intense biological activity (Bowran and
Esaias 1978; Parsons et al. 1977). Factors conducive to the formation of
oceanic fronts include the presence of water nmasses of differing
characteristics, conplicated coastal norphology (lagoons, barrier islands,
points), steeply sloping bottom topography along the shelf break, and periodic
coastal upwelling. All of these factors are known or suspected to occur in
the study area. Tidal fronts and associated tide-forced internal waves may
also generate surface slicks and concentrate zooplankton (Shanks 1983). This
phenonenon requires a shelf, pycnocline and tides; all are present in the
Beaufort Sea. Tides and tidal currents are, in fact, weak in nost parts of
the Beaufort Sea and zoopl ankton concentration is more likely to be affected
through the internal waves generated by other non-tidal currents. Anot her
process of potential inportance in producing convergence zones is w nd-induced
Langnuir circul ation cells, occurring as vertically-oriented vortices within
the surface layer.

In the southeastern Beaufort Sea, the wind is the principal force
affecting the hydrographic regine. It governs the |location of the Mackenzie
River plume and its associated front, current directions, and the |ocation and
intensity of |ocalized upwelling (Thonson et al. 1986). It is suspected that
wind , through its effects on the advection of differing water masses in the
southeastern Beaufort Sea, nay affect patterns of zooplankton abundance and,
indirectly, the distribution of bowhead whales in the Canadi an Beaufort Sea.

These effects may extend west into the Al askan Beaufort Sea. W nd
direction and speed appear to have a large effect on circulation patterns in
the nearshore and inner shelf portion of the Al askan Beaufort Sea (Aagaard
1978)., Wnd could affect the locations of fronts, eddies and upwellings, and
t hus alter zooplankton distribution in the study area.

Literature Review and Analysis of Previous Data

Prior to the 1985 and 1986’ field studies, physical processes that could
i nfl uence the abundance of zooplankton in the study area during the late
sunmer -early autumm period were exam ned through a literature review and
analyses of avail abl e oceanographic data (Fissel et al. 1985). Some of these
pre-1985 data are sunmarized in the ‘Physical Setting’ and ‘Results’ sections
of this report. The data utilized in that review consisted of (a) existing
oceanogr aphi ¢ data collected during ship-based cruises to the study area from
1950- 1978, and (b) digital satellite imagery from late summer over the years
1980- 1984,

The literature review denonstrated that |arge-scale upwelling occurs
frequently within the study area. This was denonstrated by (a) upward tilting
of salinity contours along nearshore-offshore oceanographic transects, and (b)
the presence of cold surface waters along the eastern Al askan and Yukon
coastlines as detected from satellite i nagery. Bot h observations are
consistent with the occurrence of classical coastal upwelling driven by
easterly winds, the domnant wind direction within the region. Upwelling
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along ice edges nay al so be inportant, but no direct evidence was available to
docunent the existence of this process

During the literature review, we used satellite data to identify
| arge-scale fronts, i.e. sharp gradients in Tenperature or turbidity over
horizontal scales 21 km In the Eastern Al askan Beaufort Sea, |arge-scale
fronts were nost conmon when there was westward advection of warm waters from
Mackenzi e Bay along the outer edge of the continental shelf and over the

continental sl ope. Fronts were also observed in the nearshore zone, wthin
5 km of the coastline, due to freshwater discharge from local rivers or
| agoons. Fronts may also occur near nelting sea-ice, although these fronts

were difficult to exam ne due to lack of suitable shipboard data or satellite
i mgery (Fissel et al. 1985).

Field Measurement Programs: 1985 and 1986

The physical data collected during the 1985 and 1986 field prograns were
intended to provide further information on the oceanographic processes
described above, and to assist in interpreting simultaneous observations of

zooplankton and bowhead whal es. Using satellite inages and airborne renote
sensing techni ques, the synoptic distributions of surface oceanographic
features throughout the study area were napped. Horizontal and vertica

profiles of temperature and salinity were acquired by boat-based sanpling
along oceanographic transects. Coordinated boat- and aircraft-based sanpling
provided infornation on smaller spatial scales than had been avail abl e
previously. The concurrent neasurenments of zooplankton abundance and physical
oceanographic data were designed to permt testing of the hypotheses that
gzooplankton aggregations tend to occur in specific water masses, and in or
near fronts, eddies and areas of upwelling.

This ‘Water Masses’ section of the report presents a thorough description
of the water nmass distributions in the Eastern A askan Beaufort Sea for the
period when that area is used nmost intensively by bowhead whal es (late summer
and early fall). The description is derived from the 1985 and 1986 data, as
well as the historical review of Fissel et al. (1985).

Physical’ Setting

Thi s subsection describes the main physical” characteristics of the

Eastern Al askan Beaufort Sea. It is based mainly on our review of pre-1985
data (Fissel et al. 1985), but it includes a summary of ice and wind patterns
in 1985- 86. This subsection is intended to provide background materia

hel pful in understanding the later presentation of our detailed results from
1985- 86

Bathymetry and Qceanographi ¢ Regi mes

The study area (Fig. 2) includes the easternmost portion of the Al askan
Beaufort Sea, from east of Denarcation Bay (141°W) to west of Kaktovik
(144°W), It extends fromthe coast north to 71°30'N, an area approaching
abyssal depths. The bathymetry iS inportant in characterizing the water
properties and circulation of this region (Aagaard 1978).
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The nearshore zone (depths 0-10 n) consists of extensive shallows,
partially contained by chains of barrier islands but interspersed with nore
exposed shal |l ow water embayments. This nearshore zone is 4 to 12 km wi de.

The continental shelf zone extends seaward from the 10 m isobath to the
shelf break, where the offshore slope increases abruptly. The shelf zone
ranges in wdth from25 to 55 km In the study area, the outer boundary of
the continental shelf roughly coincides with the 50 m isobath. From the shelf
break to the 2000 m isobath is the continental slope zone, which is
characterized by a nuch larger bottom slope than occurs in the adjoining
Zones. The continental slope zone has a width of 60 km in the study area.
Prom nent canyon-like indentations likely influence the circulation patterns.
It is in this zone that important lateral exchanges occur between the waters
of the of fshore and shall ower regions (Aagaard et al. 1978).

Beyond the 2000 = isobath, the waters deepen less rapidly. At depths of
3500 mor nore, the bottom becomes conparatively featureless over the abyssal
depths of the Canada Basia Of the ArcticC GCcean.

Regi onal Sea-lce Patterns

Sea-ice is also a major determ nant of oceanographic conditions in this
ar ea. Landfast ice occurs aleng the coast; it forns in |ate Septenber or
early Cctober and deteriorates in June near major river estuaries. Br eakup
and di spersal of the coastal band of landfast ice is usually complete by mid-
July. In contrast, the offshore portion of the ice cover, the Arctic pack-
ice, i s conposed .of both nulti-year and first-year ice floes and sonetines
i ncludes ice islands. The pack-ice generally retreats during the sunmmer
months, its southern edge formng the northern boundary of open water after
the break-up of the landfast ice (Fig. 3). Year-to-year variations in wnd
and current patterns cause variations in the location of the pack-ice edge.
This, im turn, results in major annual differences in the expanses of
open-water and in the duration of the open-water season.

1985 Sea-Ice Patterns,--The offshore retreat of the pack ice followed the
normal pattern in the Eastern Al askan study area, but was unusually late in
the easternmost portion of the Canadi an Beaufort Sea. As a result, unusually
severe ice conditions were experienced in the Canadi an Beaufort Sea,
particularly off the Tuktoyaktuk Peninsula and near the nouth of Amundsen Qulf
(longitudes 125°W=134°W). Ice conditions in that eastern area were worse
during July to Septenber 1985 than during any other summer (aside from 1974}

from1971 to 1985. oOamly in 1974 did ice conditions limit the open water area
to smaller val ues.

In contrast to the unusually severe ice conditions farther east, the
of fshore retreat of the pack-ice edge fromthe eastern A askan and Yukon
coastlines fol | owed the typical climatic pattern, beginning in early August
(see Fig. 2-5 1in Fissel et al, 1986, p. 13=16). From m d- August to
m d- Septenber, the area of open water exceeded nedi an values expected for this
time of year. Under the influence of strong west wi nds from 14-23 Sept ember
1985, the pack ice noved shoreward. This greatly reduced the anount of
water off eastern Alaska in |late Septenber 1985. Aside from the possible

open
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effects of this ice on biological processes, it also curtailed our boat-based
and satellite observations of the water characteristics.

1986 Sea lce Patterns.--Of eastern Al aska, sea-ice conditions during the
summer of 1986 were again fairly typical of those over the last 15 years.
Local clearing of coastal sea-ice was well underway by early July (Fig. 4A) in
regions adjoining the Mackenzie River delta and at the entrance to Amundsen
@l f (the so-called Cape Bathurst Polynya; Smith and Rigby 1981). Open water
also appeared off the Al askan coast near the Sagavanirktok, Kuparuk, and
Colville River estuaries. Di spersal and nelting of sea-ice floes continued
t hr oughout August (Fig. 4C, 4D)., By md-August, nost of the broad continental
shelf of the Canadi an Beaufort Sea was cl ear of sea-ice. The open water area
extended west to 146°W, with the exception of a band of scattered floes 10 to
50 km of f eastern Al aska.

In Septenber, the location of the pack ice edge renmained |argely

unchanged from August, between 71*N and 72°N (Fig, 5A 5B). Duri ng
m d- Sept ember, hi gher concentrations of sea-ice floes nmoved southeast into the
extensive area of open water in the Eastern Al askan Beaufort Sea. These

intruding ice floes generally remained west of 143°W, and to the east open
wat er extended over 200 km from shore. By the end of Septenber (Fig. SO,
scattered ice (2 to 8 tenths) occupied nuch of the Eastern Al askan region,
W th extensive open water west of 145°W and east of Herschel Island. By
m d- Cctober (Fig. 5D), nmuch new sea-ice had formed, particularly in the
Eastern Al askan and Mackenzie Bay regions.

Weat her Patterns

H storical Wnd Patterns.--Wnd is the dom nant nechani sm driving the
circulation of the nearshore and inner shelf zones. Cont i nuous wi nd
measurenents, spanning a 35-year period, are available within the study area
at Barter |Island (Raktovik). These data reveal that coastal w nds blow
predomnantly in two directions: from ENE-E (55~100°T) 35% of the time, and
from wsw~w (235-280°T) 23% of the time (Fig. 6). The nean wind speed is
approximately equal (6-7 m's) for both wind directions.

The coastal winds in the Beaufort Sea beconme progressively |ess dom nated
by easterly winds with increasing distance east from Point Barrow. At Poi nt
Barrow, the nost frequent wind direction is easterly for all seasons. During
summer, when west winds are nost common, they occur only half as frequently at
Barrow as at Barter Island (Fig. 6). In the Canadi an Beaufort Sea, by
conmparison, east and WNWw nds are simlar in frequency during sumrer.

Coastal winds are nodified by mesoscale atnmospheric effects (Kozo 1979;
Kozo and Robe 1986), nountain barrier baroclinicity (orographic effects), and
sea breezes. The Brooks Range, which is within 100 km of the coast, enhances
local westerly w nds (Schwerdtfeger 1974). This effect is nost pronounced
during winter when the atnosphere is very stable. However, in an unusually
prol onged period of west w nds in August and Septenber 1983, orographic
effects of the Brooks Range extended at least 50 km of fshore through the study
area (Kozo and Robe 1986).
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Sea breezes, driven by differential solar heating of the |and and ocean
during sumrer, occur daily over reduced spatial scales. Kozo (1984) estinates
that sea breezes can significantly alter the synoptic wnds up to 20 km
of f shore. The effects of the sea-breeze forcing are (1) to maintain a
westward alongshore surface current as nuch as 20 km of fshore, which pronotes
lagoon flushing even during periods of weak opposing (westerly) wind; (2) to
produce wind-driven current shears about 20 km offshore where the transition
to synoptic wind conditions occurs; and (3) to mask synoptic w nd directions
within 20 km of the coast (Kozo 1984).

1985 Wnd Patterns.--Wather data from Barter Island reveal ed that the
prevailing wind was easterly in August and Septenber 1985 (Fig. 7), in
agreement with the climatic normals for the Eastern Al askan Beaufort Sea
(Fig. 6).

The easterly winds were occasionally interrupted by periods of west to
nort hwest wi nds associated with the passage of | ow pressure weather systens
fromwest to east through the Beaufort Sea. Five well-defined westerly w nd
events occurred in August-Septenber 1985: 8-9 Aug, 15-17 Aug, 4-6 Sept, 14-17
Sept and 19-22 Sept. O these, the two events during md-Septenber were of
unusual |y large intensity and duration. For two days (16-17 Sept) strong
nort hwest winds blew consistently at 15-20 nis. Following a1 d interval of
weak wi nds, noderate west to northwest w nds again developed for 3 d (19-22
Sept) at 6 to 15 nis.

1986 Wnd Patterns.--In general , winds during the first half of Septenber
1986 were weaker and less consistently from the east than during the
corresponding period of 1985. Wnds from‘late August through the first half
of Septenber 1986 were generally light and variable, punctuated by the
occasional significant wind event (Fig. 8). On August 22-24, strong northwest
wi nds reached speeds of 15 m's. A shorter period of east w nds occurred on
28-29 August , with speeds up to 14 ms. From 30 August to 16 Septenber, w nds
at Barter Island were weak to noderate, never exceeding 10 m's. The w nds
bl ew predom nantly fromthe east, although occasionally WNW and NW wi nds
occurred, nost noticeably on 12-13 Septenmber. On 16 Septenber 1986 there was
a short period of relatively intense northwest wi nds, followed by weak wi nds
over the next few days. Beginning on 20 Septenber, wnds intensified greatly;
there were strong west winds on 20-21 Septenber (up to 17 m's) and 23-25
Septenber (up to 15 m/s).

Ri ver D scharges

Fresh water entering the study area fromrivers can exert an inportant
influence on water properties and circulation patterns in estuaries and
adjoining regions, O the seven largest rivers draining into the Beaufort Sea
along the mainland coast (Table 2), the Mackenzie River contributes well over

80% of the total river discharge. The Mackenzie River has a nean annual
di scharge of 3.04 x 1010 ni, approximately 30 tinmes greater than the Colville
River, the largest Al askan river. These rivers are |ocated approximately

200-300 km on either side of the study area.
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Table 2. Summary of available hydrol ogical information available for major
rivers flowing into the Beaufort Sea. Not e that no infornation
could be located for the Canning and Kongakut Rivers.

Mean Estimated Discharge
Longitude  Drainage Annual (n3/s)
of Coast al Area Di schar ge
River Discharge  (10°knf) (100 m3) “Maximum Tate August
ColvilleD 150.5 ? 1,000 ? ?
KuparukPs¢ 149 8.1 ? 2,000 80 -
Sagavanirktok® ,d 148 5.7 ? 550 150
Canning 145 ? ? ? ?
Kongakut 141.8 ? ? ? ?
Firthd 139*5 5.8 124 773 60
Mackenzi e® 133- 137 1,800 30, 400 34,000 13,500

I nformation Sources:

a Environment Canada (1980) - Histor. Streamflow Summary to 1979, Yukon and
N.W.T.

"Walker (1975).

‘Carlson et al., (1977).
d Britch et al, (1983).

The only maj or river that drains directly into the study area is the
Kongakut River. It is one of the smaller Al askan rivers. Unfortunately,
di scharge neasurements on the Al askan rivers are sparse, naking conparisons of
mean and maxi mum di scharge |evels uncertain.

The Mackenzie River differs greatly fromother rivers in the region in
terms of the seasonal discharge cycle and the total vol ume di scharged. The
Mackenzie River drains a very.large area including some climatically tenperate
portions of western Canada, while the drainage basins of the other rivers are
| ocated entirely in permafrost zones. As a result, a large proportion of the
total annual di scharge of the Al askan rivers results from snow and ice nelt
during freshet. Wal ker (1975) estimated that 60% of the Colville Riverts
annual discharge occurs during a 3-week period fromlate My te mid-June. By
conparison, only 20 to 25% of the total discharge from the Mackenzie River
occurs during the 3 weeks of naxinum discharge from md-My to late June.
Because Oof this disparity in the seasonal discharge patterns, the proportion
of freshwater input due to the Mackenzie River is even larger during the
sumrer nonths than during the freshet period of |ate spring.

Water Mass Characteristics

The water colum of the Arctic Ccean can be divided into three |ayers,
each defined according to a range of tenperatures and salinities: the Arctic
Water Mass (extending to depths of about 200 nm); the Atlantic Water Mass (200
to 900 m); and the Arctic Bottom Water (900 mto bottom). These water nasses
are illustrated on a typical deep ocean profile (Fig. 9). As all three water
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masses are cold, their densities are al nost solely determined by salinity.
For a vertically stable distribution, salinity nust increase with depth
al though tenperature can either increase or decrease. In this report,
salinity is given in practical salinity units or psu. One psu iS very nearly
one part per thousand, as defined by Lew s (1981).

The most variable tenperatures and salinities occur within the upper
portion of the Arctic Water Mass, especially in areas close to shore. Far
of fshore where the ice retreats only briefly, if at all, the surface salinity
is typically near 30 psu and tenperatures are near the freezing point of
seawat er (-1.6°C at 30 psu). Over the continental shelf and in the nearshore
zone, much larger ranges of surface salinities and Tenperatures occur. Here,
the i ce can retreat for several weeks in summer allow ng solar insol ation and
river runoff to affect surface water properties.

The greatest changes, relative to water in the offshore region, occur in
the shall ow | agoons inshore of the barrier islands. In July and August,
surface Tenperatures of 10"C or nore have been. reported wthin coastal
| agoons, with salinities 10-30 psu (Envirosphere 1984). Even lower salinities
occur near river mouths during runoff.

In portions of the nearshore zone outside lagoons, the warm fresher
wat er occurs as a thin surface layer (typically 3-5 m deep). Beneath this
layer, a sharp density interface known as a pycnocline separates the upper
| ayer from colder nore saline water with offshore tenperature and salinity
characteristics. As summer progresses, the upper layer cools and beconmes nore
saline due to mixing, reduced solar insolation, and the reduced river and air
t enper at ur es. By the end of summer, the upper layer tenperatures are
generally 2°C or less, and salinities 15 toc 25 psu. As ice begins to form

along the coast, the salinity and tenperature of the nearshore waters return
to those of the offshore waters.

‘The ranges of salinities and tenperatures in the Arctic Water Mass narrow
with increasing depth in the water colum. On the basis of the WEBSEC crui ses
(Western Beaufort Sea Ecol ogical Cruise) of 1971-72 (Hufford et al. 1974),

salinities at 5-30 m depths have a summer range of 25-31 psu. In Wnter,
salinities generally increase to 30-33 psu due to the absence of ice melt and
land runoff. Summer tenperatures extend fromthe freezing point to 6°C and

2.5°C at 10 mand 50 mdepths, respectively.

The decreasing variability of water properties with increasing depth
makes it possible to detect sublayers of the Arctic Water Mass on the basis of
their tenperatures and salinities. These sublayers originate in adjacent seas
and are advected into the western Beaufort Sea. In sone cases, these
sublayers may extend to the surface but cannot be detected due to the high
spatial and tenporal variability of the surface layer.

Mountain (1974) identified two Arctic Water Mass sublayers near the shelf
break in the western Beaufort Sea. These sublayers, designated the Al askan
Coastal Waters and Bering Sea Waters, are warm-up to 5-10°C. Salinities are
31.5 psu or less in the A askan Coastal sublayer and near 32 psu in the Bering
Sea Water. These water nmasses have been used as tracers of the coastal
current that noves northeast past Point Barrow (Hufford 1973, 1974; Mountain
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1974; Paquette -and Bourke 1974). Esti mates of the m ninum eastward and
inshore extent of this current may be made from Figure 10. Due to mxing with
col der waters, Al askan Coastal Waters and Bering Sea Waters lose their
di stinctive heat content as they are advected eastward. Wthin the Eastern
Al askan study- area, they are often difficult to recognize (see ‘Results:
Subsurface Distributions). The sublayers are summer phenonena. By late
wi nter the elevated tenperatures are generally conpletely eroded by heat
diffusion and cooling of the water colum, associated with ice growh.

Upwelling of subsurface water on the inner continental shelf alsc
markedly alters the properties of shelf water. |In particular, Hufford (1974)
observed that strong east winds result in cooling and in raised salinity and
nutrient levels in continental shelf waters. These changes reflect adm xture
of the continental shelf waters with the deeper waters of the continental
slope (Fig. 11). Upwelling and other processes that nodify water masses are

di scussed in nore detail in the ‘Results - Subsurface Distributions’
subsection.
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Circul ation Patterns

The circul ation of the nearshore zone is dom nated by local wi nd forcing.
Current studies have been conducted within the nearshore zone in coastal
embayments and |agoons along the length of the Al askan coastline (e.g.
Matt hews 1979, 1981; Mungall et al. 1979; Britch et al. 1983), including one
study in the Eastern Al askan Beaufort Sea (Hachmeister and Vinelli 1984). The
results consistently dermonstrate that nearshore surface waters nove at 2 to 4%
of the surface wind speed during summer. This motion and its corresponding
high variability are greatly reduced by the solid winter ice cover (Aagaard
1981). However, even in sumer when the relationship between local w nds and
near-surface currents is clear, conplicated current responses have been noted,
particularly in areas of conplex bathymetry and/or strong vertical
stratification.

Farther fromthe coast, within the inner and middle shelf zone (depths
10-50 m), nuch less information on circulation is available due to
inaccessibility from land bases and nore variable ice conditions. The limted
avai |l abl e data indicate that currents result primarily fromlocal w nd
forcing. There have been no observations of any major circulation patterns
that persist over time scales significantly in excess of w nd durations.
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The nmajor residual, non-locally w nd-driven surface circulation features
of the western Beaufort Sea are a current that flows east past Point Barrow,
roughly following the shelf-break, and westward currents farther offshore
associated with the Beaufort Gyre (Fig. 12). The eastward current, dubbed the
Beaufort Undercurrent by Aagaard (1984), begins as a strong flow northward
fromBering Strait and along the eastern edge of the Chukchi Sea (Fig. 12).
The Beaufort Undercurrent appears to be associated with the eastward advection
of Bering Sea Water along the shelf edge, described above, but the
Undercurrent extends much farther east, having been neasured regularly in the
Canadi an Beaufort Sea east to 129°W. Near the nouth of Barrow Canyon the flow
turns east followi ng the inner edge of the continental slope. This east
current contains plankton characteristic of the Pacific Ocean (Johnson 1956)
and it also has salinities characteristic of the Pacific. Huf f ord (1973)
found evidence that these eastward flows extended beyond 156°W in 12 out of 17
years, and in some years may have reached Barter Island (143°W), Cal cul ations
based on water mass data (Muntain 1974) indicated that speeds of this flow
ranged up to 50 cm's just north of the shelf break.

More recently, subsurface current neasurements have been nade over the
outer shelf and continental slope (depths 60-225 n) between 146°W and 152°W
(Aagaard and Haugen 1977; Aagaard 1981). Results from current neters at
depths of 34 mor nore indicated the usual alignment of the currents with the
local bathynetric contours and the occurrence of relatively strong flows in
both directions. Net flows were increasingly eastward at increasing depth
Typi cal nean speeds were 10 cm's for depths in excess of 100 m, but were nuch
reduced near the surface due to the effects of the prevailing easterly w nds.
Large depth-independent £lows having speeds over 40 cm's sonetimes occur over
periods of several days.

Farther offshore, the flow is dom nated by the clockw se circul ation of
the Beaufort Gyre in the Canadian Basin of the Arctic Ccean (Fig. 12). This
gyre is centered near 75°N, 145°W, near the nean high of atnospheric pressure,
and the driving force is believed to be the mean wind field (Canpbell 1965;
Gait 1973). The mean drift speed of the gyre is 2 to 3 cm's westward over the
abyssal plain of the Canadi an Basin, based on the calcul ations of Xusunoki
(1962) and Newton (1973) and the ice drift observations of Sater (1969), The
speed of the gyral novenments can be larger, particularly at the periphery
where the gyre extends over the outer porEion of the continental sl|ope
Newt on (1973) estinmated that flow speeds can reach 5 to 10 cnmls at the
southern rim.of the gyre over the western Beaufort Sea.

Tidal Heights and Currents

The astronom cal diurnal and sem -diurnal tidal heights and tida
currents are small in the Beaufort Sea. The tides are m xed, mainly
sem -diurnal in conposition, with nean ranges of 10 to 30 cm (Aagaard et al.
1978). Tidal currents are correspondingly weak: Aagaard (1978) reports tidal
currents over the inner continental slope of 2to 4 cnls for the M,,s,K;
and 0p constituents. On the inner shelf, Aagaard and Haugen (1977) reported
weaker tidal flows with no constituents having anplitudes in excess of 2 cm/s.
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Tidal currents can be considerably stronger under special circunstances
within the study area. For exanple, at the constricted entrances to |agoons,
tidal flows of 50 cnmls have been neasured (Hachmeister and Vinelli 1984).
Internal waves can al so result in stronger flows at sem -diurnal tidal periods
(or shorter periods). These can occur in areas where ice melt or river runoff
produces thin, fresh layers overlying denser seawater.

Met hods, 1985-86

Airborne Renpte Sensing

Survey Procedures,--The airborne renote sensing instrunentation was
mounted in the Twn Oter aircraft chartered by the project in both 1985 and
1986, The equi pment was used during bowhead surveys only during the first
hal f of Septenber, when the study area was alnost entirely ice free.  The
increase in ice concentrations during the mddle of Septenber, particularly in
1985, would have limted the effectiveness of airborne remote sensing of water
characteristics in the latter half of Septenber.

The instrunments neasured water tenperature and water color at the surface
below the aircraft. The water color data provided informati on about both
turbidity and chl orophyll content (details given later). Data on water
tenperature and color were acquired in three situations:

1. Most systematic data were acquired during four stratified random
surveys to determne the distribution and nunber of bowhead whales in
the study area during early-nid Septenber of 1985-86. The standard
route consisted of 13 transects oriented NNE-SSW from the shore to
the 200 m depth contour (average spacing 10.6 km, plus eight NS
transects between the 200 and 2000 m “depth contours (average spacing
18.5 km. Figure 25 on p. 60, shows the transect locations. In
1985, the first survey was on 5-6 Septenber (nearshore |ines only,
due to persistent fog offshore); the second was on 12-13 Sept enber.
In 1986 the two surveys were on 4-5 and 11-15 Septenber.

2. On several dates each year, the aircraft flew along the broad-scale
transects being occupied by the boat on those days (see Fig. 16 on p.
40). The primary purpose was to calibrate the airborne instrunents
agai nst tenperature, chlorophyll and secchi neasurements obtained
fromthe boat. On 6 Septenber 1986 the aircraft flew along three
NNE-SSW transects in the Canadi an Beaufort east of Herschel 1sland,
where the M.V, 'Ivik' was making oceanographic transects (Bradstreet
et al. 1987). These lines provided calibration data in warnmer and
more turbid waters than were present in the Eastern A askan Beaufort
Sea.

3. On sone other occasions while the aircraft searched for whales for
pur poses of behavioral observation and photogramretry, the renote
sensing instruments were used. Qccasionally a small grid of
transects was flown over and near a concentration of feeding whales.
These ‘non-systematic’ data were used to exam ne inshore
oceanographic features on 4-6 and 10 Septenber 1986.
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Airspeed was 200 knmih while the aircraft flew along’ transects. Aircraft

altitude was 153 m during the 5-6 September 1985 survey, 305 mduring all -

other systematic surveys, and 153-457 mon other occasions. Cbservers aboard
the aircraft noted sea state, ice conditions, and visible water nmass
discontinuities. Aircraft position was recorded frequently using a GNS 500A
VLF navigation system  Airborne renpte sensing data were sometimnmes acquired
under overcast conditions (e.g. 5-6 Sept 1985; 4, 7, 9, 11 Sept 1986) when
satellite remote sensing was inpossible. This technique also provided water
color neasurenents of much greater sensitivity than did the satellite,

Water Color Sensing. --The water color nmeasurenents derived fromthe
aircraft were made wth a custom built research spectroneter using techniques
devel oped by and for the Canadian Department of Fisheries and Oceans at ‘the
Institute of Ccean Sciences, Sidney, B.C., Canada (Neville and Gower 1977;
Borstad et al. 1981; Borstad and Cower 1984; Borstad 1985; Fissel et al.
1986) . For a complete description of the theory of the neasurenments and of
the instrument, the reader is referred to these publications and the
references therein.

Ref| ectance spectra calculated every 1to 8 seconds (longer under heavy
overcast skies) were corrected for a mean atnospheric scattering contribution
appropriate to the ‘aircraft altitude, and for an additive signal from surface
reflection, mst and whitecaps. The latter additive signal was assuned to be
white, Its magnitude was cal culated on the assunption that the corrected
reflectance at 780 nm was zero. The continuous conputations of the various
chl orophyll and turbidity indices, corrected as just described, were plotted
against tinme on strip charts. The data were later transferred to maps.

The acceptance angle of the spectrometer is small (0.17° X 0.7°) and from
150 maltitude its instantaneous footprint on the sea surface is about 0.44 x
1.8 m However, this is snmeared by the forward velocity of the aircraft
(about 55 m/s). Hence, ‘the survey data are for narrow strips 50 to '400 m
long, depending on the integration time and aircraft ground speed.

On the maps of water color and tenperature as derived from airborne
remote sensing data (e.g. Fig. 23), isopleths were drawn between adjacent
transects to connect areas with sinmilar values. W attenpted to present the
data with simlar spatial resolution in the along-shore and of fshore
directions. Hence, sonme small-scale features (<1=2 km evident along single
or adjacent transects were not mapped, since features of this size occurring
between transects could have been m ssed.

The renote col or neasurenents need to be calibrated using in situ
measur ement s. Surface chlorophyll data from the 1985 boat-based sampling
i ndi cated that chlorophyl| a levels were below 1 mg/m3 al nost everywhere, and
below 0.5 at nDst locations. The only val ues above 1 mg/m3 were within a few
kil ometers of shore off Kaktovik. Similarly, the Fluorescence Line Height
(FLH) index fromthe airborne renote sensing indicated that chlorophyll

concentrations were |ow everywhere. Hence, the color variations that we
observed were caused largely. by variatioms in amount of suspended inorganic
materials rather than chlorophyll. Surface reflectance at a wavel ength of 640

nm (R640 index) has been used in previous studies (Borstad 1985; Fissel et al.
1986) as a measure of suspended organic materials. A relationship between
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R640 and secchi transparency was evident fromthe 1985 and 1986 data (Fig.
13). Because the nunber of sinultaneous neasurenents was snall, all
compari sons for which good aircraft data were available are shown, including
some for which the time interval between the two measurenents is as |ong as 48
hours. We assume that for nost of the study area, horizontal advection and
real spatial variability are responsible for disagreenents between the two
measurements.  The vertical bars indicate the variability in the airborne data
wthin 20 s (approximately 1 km on either side of the location of the
boat - based neasurenent.

The factors nost limting the anmbunt of good quality data were the low
sun angle in September, the rapidly changing illum nation late in the day, and
the very low reflectance over nost of the study area. It was not possible to
do all flying at md-day, when conditions for airborne renpte sensing were
most favorabl e. Al though visibility sometimes was still adequate for whale
observations until sunset, the noise on the spectronmeter increased rapidly
after about 17:00 | ocal solar tine. At sun elevations below about 10-15°, the
fraction of the incident |light entering the water prior to reflection
decreases, and for any given particle content the signal returned to the
spectrometer is greatly decreased. The conbi nation of an increase in the
surface-refl ected conponent and the decrease in signal strength usually
prevented col |l ecting useful data after about 17:30 | ocal solar tine on clear
days. On heavily overcast days, conditions usually becane unacceptable after
about 16:00 h.

When flights extended to sunset, the last portion of the data was
unusabl e. In most cases the survey flights were made from east to west and
the area north of Barter Island was surveyed latest in the day. Measurement
problenms in that area were conpounded because the water there was clear with
low signal levels.

Ai rborne’ Radiation Thermpneter. --Sea surface tenperature was measured
using a Barnes ‘Precision Radiation Thernmoneter PRT-5, a commercial radiometer
that measures the 10-12 micron thermal infrared radiation from the ocean using
a chopped, tenperature stabilized thermstor. The instrunment has a 2° field
of view, and therefore an instantaneous footprint of about 5 m dianeter from
150 maltitude and 10 mfrom 300 maltitude. Its practical accuracy is about
t 0.5 Co.

Conparisons of the radioneter data with sea surface tenperatures (SST)
measured fromthe boat are presented in Figure 14. In 1985, a line with the
same slope as the lab calibration fits the 6 Septenber data to within about
0.25 Co. Most boat - based data collected at other tines (5, 7 and 8 Sept),
when plotted against radi oneter data fromthe same places on 6 September, also
fall near the line; this suggests that there was relatively little change in
t he geographic pattern of tenperatures during this period. No boat=-based
tenperature data were available at the tine of the 12 and 13 Septenber 1985
aerial survey. W used the calibration line shown in Figure 14 for those days
also, although we expect larger errors because of different atnospheric

condi tions. In 1986, neasured SST was well correlated with the radi ometer
val ues from correspondi ng places and tinmes (Fig. 14) but the radioneter signa
resolution was reduced due to instrunment problens. In 1986, usefu

tenperature data were obtained on 4, 5, 6, 10, 11, 14 and 15 Septenber.
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Satellite Data

CGeneral Description of Satellite Data Types and Sources.--Mre extensive
synoptic views of the overall distribution of surface water tenperature and
turbidity were obtained from i mages produced by the Advance-d Very High
Resol ution Radi ometers (AVHRR) on the polar-orbiting NOAA series of satellites
[Nnoma-6, 7, 8 or 9). These images are obtained in digital conputer-conpatible
tape formin each of five separate bands within t he wavel ength range 580-
12,500 nm As transmtted by the satellite, images consist of arrays of
10=-bit nunbers representing the instrunment’®response to radiation. Each
value represents the radiation froma pixel or picture element. A pixel is
the m ni mumresol vabl e portion of the earth's surface, and for a NOAA
satellite is about 1.2 knfin area. Each image consists of successive
scanning lines or strips aligned perpendicular to the projection of the
satellite orbit onto the earth's surface. Each strip contains 2048 pixels.
One image is forned for each band of wavel engths sensed by the satellite.

Ideally, the two NOAA satellites normally in operation allow the
observation of events on tine scales as short as a few hours. Each satellite
passes over the study area at least 2-3 tines per day during daylight hours,
and each pass covers a wide swath (2500 km). 1In cloudy areas such as the
Beaufort Sea, usable imagery is not obtained nearly this often, and only one
i mge per day is routinely archived. However ;the availability of numerous
daily overpasses greatly increases the l|ikelihood of obtaining data from any
particular area during occasional periods of clear view ng.

In this study, we used inages obtained imn bands 1 and &, which correspond
to visible wavel engths (580-680 nn) and ‘thermal’ infrared wavel engths
(10,500-11,300 rim, respectively. Band 1 radi ance levels (energy per unit
time per unit area) are primarily associated with scattering of solar
radiation from the uppermost portion of the ocean. Because band 1 reflectance
is approximately proportional to the concentration of |ight-scattering
particulate in the upper portion of the water column, band 1 AVHRR imagescan
be used to estinmate surface turbidity levels,

Radi ances in band 4 and in the other ‘thermal’ infrared wavel ength bands
(3 and 5), on the other hand, are mainly attributable to energy radiated by
the sea surface, as opposed to scattering of solar energy. Hence, the

radiance in these bands is closely related to sea surface tenperature.

Digital imges either used or considered for use in this study were
obtained from five sources:

1. Environnental Data Information Services (EDS), U.S. Dept. of
Commer ce, Capitol Heights, Maryland,

2. The Arctic Weather Centre, Atnospheric Environnent Service, Ednonton,
Al berta,

3. National Environnental Satellite Data Information Service (NESDIS),
Field Station, Gilmore Creek, Al aska;
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4. The Prince Albert, Saskatchewan (PASS), receiving station of the
Canada Centre for Renote Sensing;

5. The Renote Sensing Centre of the University British Colunbia (usc),
Vancouver, British Col unbia.

As part of the initial literature review phase of this study, eight
satellite image pairs from late August and Septenber of 1980-84 were selected
and anal yzed (Fissel et al. 1985). Two of these inmages (26 Aug 1983 and 13
Sept 1984) have been reprocessed and are presented bel ow.

For 1985, four pairs of inmages are considered here (Table 3). Although
addi ti onal images would -have i nproved our ability to follow events, the
availability of three inmages fromthe particularly cloudy nonth of Septenber
1985 was fortuitous. The images were obtained during two easterly wind events
(28 Aug; 13 Sept) and after two westerly wind events (18 and 22 Sept).

For 1986, six pairs of NOAA-9 satellite inagery (Table 3) were anal yzed,
al t hough only four are presented conpletely in the report. The earliest
i mage, for 26 August 1986, was obtained inmediately follow ng the passage of a
maj or northwesterly storm nost of the study area was obscured by cloud.
Clouds persisted until 6 Septenber when data were obtained throughout
virtually all of the study area.  Good view ng conditions persisted on 8 and
10 Septenber. Throughout the first ten days of Septenber 1986, wi nds were
weak and variable, and blew predominantly fromthe east. Following a brief
period of noderate west- and northwest wi nds on 12-13 Septenber, another good
satellite image was obtained on 14 Septenber. Follow ng periods of west w nds

Table 3. Satellite imagery used in this report. The imagery was obtained from
the Gilmore Creek field station of the National Environnental
Satellite Data Information Service (NESDIS), the Renbte Sensing
Centre of the University of British Colunbia (UBC), and the Prince
Al bert, Saskatchewan, receiving station (PASS).

Satellite Obit Dat e Time Sour ce
NOAA- 7 11206 26 Aug 1983 21:21z PASS
NOAA- 8 16640 "13 Sept 1984 23:092 UBC
NOAA- 9 3660 28 Aug 1985 21:352 UBC
NOAA- 9 3886 13 Sept 1985 22:20Z UBC
NOAA- 9 3956 18 Sept 1985 ? UBC
NOAA- 9 4013 22 Sept 1985 22:102 NESDIS
NOAA- 9 8781 26 Aug 1986 22:072 UBC
NOAA- 9 8936 6 Sept 1986 22:03Z UBC
NOAA-9 8964 8 Sept 1986 21:142Z UBC
NOAA- 9 8992 10 Sept 1986 21:192 UBC
NOAA- 9 8992 14 Sept 1986 22:172 UBC
NOAA- 9 0218 26 Sept 1986 21:502 UBC
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during the passage of major storns from 20 to 25 Septenber, the final 1986
satellite data were obtained on 26 Septenber.

Met hods of Satellite Data Analysis. --The digital tape images were
processed using the facilities of the Inmaging Processing Laboratory at the
Institute of Ccean Sciences, Sidney, B.C., in a manner simlar to that
described in previous studies of bowhead whale habitats (Borstad 1985; Fissel
et al. 1986; Thonson et al. 1986). These facilities allow the production of
comput er graphic representations of the matrix of radiance val ues associ ated
with individual surface pizels in each distinct wavel ength band. The correct
position of each pizel was established on an equirectangular projection using
inge rectification prograns and recogni zabl e coastal |andmarks. The absolute
geonetric accuracy is estimated as approximately 2 km In addition to the
Eastern Al askan study region, the rectified area included Mackenzie Bay (east
to 136°W) because of the influence of water fromthe Mackenzie River on
surface waters within the Eastern Al askan Beaufort Sea.

Qur inmage processing procedure involved the conbined use of the Band 1
and Band 4 images to identify pixels whose high radiance values in both bands
i ndi cated obstruction by cloud and/or ice. (Not e: hi gh radi ance values in
bands 1 and 4 correspond to high values of turbidity and to cold tenperatures,
respectively. In contrast, dark or low radiance areas on these band 1 and 4
images are associated with clear and warm water, respectively. ) Pi xel s
containing ice or cloud were depicted in white on the resulting color inages.
Land areas were depicted in black and a latitude-longitude grid was
superinmposed. Pizel radiances in open-water cloud-free areas were represented
as 6 color-coded categories. As in earlier studies (Thomson et al. 1986), the
magni tudes and ranges of variation of the band 1 radiance in the studied areas
were only about 15%Z of the corresponding band 4 quantities. As a result,
surface spatial details were nost clearly extracted fromthe thernmal infrared
data. To display these details, we often prepared two maps fromthe same band
4 data. One map used 6 colors to represent the range of band 4 variation
across the entire region that we exam ned (Mackenzie Bay plus the study area).
The second map provided a finer subdivision of the range of band 4 values
within the Eastern Al askan Beaufort Sea. For the data obtained at two day
intervals on 6, 8 and 10 Septenber 1986, the tenperature (band 4) data were
presented in a special display showi ng the continental shelf portion of the
study area (Fig. 33 on p. 73). A nuch finer subdivision of the range of band
4 values was used to show small scale surface features within the inshore
portions of the study area, where whales were feeding and zooplankton Was
being sanpled during the sane period.

Calibration of the Satellite Imagery.--In 1986, calibration of the
satellite data was facilitated by the extensive set of boat-based
oceanogr aphi ¢ measurenents obtained from 4-19 Septenmber in this study.
Further oceanographic neasurenments were available from the bowhead food
avail ability study being conducted concurrently in the Canadi an Beaufort Sea,
of f the Yukon coast (5-8 Sept 1986, Bradstreet et al. 1987). 1In 1985, the
avai | abl e oceanographic data were nuch less extensive, and conplete
calibration of the satellite data was not possible.
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Direct measurements of tenperature and turbidity (as indicated by secchi
depth val ues) were obtained within several hours of the tinmes of the 6, 8, 10
and 14 Septenber 1986 imagery. Thr ough conparisons of the boat- and
satellite-based data (Fig. 15), calibration fornulae were derived for the
tenperature (band 4) and turbidity (band 1) satellite nmeasurenents. For
tenperature, a linear dependence of pixel level on sea-surface tenperature was
assumed; the linear fit was derived through a |east squares |inear regression
algorithmfrom 13 data values obtained on 6, 8 and 10 Septenber 1986. Only
oceanographic data obtained within 6 h of the satellite pass were used in
conputing the regression line. In both the 10 and 14 Septenber imagery, a
systematic bias was inferred for both the band 1 and band 4 “neasurenents,
corresponding to the w despread occurrence of a |ight haze. Prior to
calibration the band 4 data were corrected by subtracting 13 bits from the
data, equivalent to an upward tenperature shift of .approximately 1.5 Co. The
accuracy of the tenperature neasurenents derived from satellite data is
estimated to be £ 1.0 Co for the 6, 8 and 10 Septenber inagery. For ot her
1986 imagery and all pre-1986 data, tenperature uncertainties could be |arger
due to the lack of sufficient sinultaneous calibration data.

Band 1 satellite data were conpared wi th boat-based secchi depth
measurements to derive a calibration curve (fitted by eye). The band 1
satellite data provided |low sensitivity for detecting changes in turbidity
Wi thin the study area, where nost secchi depth neasurements were 3 to 20 m
corresponding to a range of only 4 bits in the band 1 values. The accuracy of
the band 1 (visible) satellite data in estinmating secchi depths is roughly % 3
m at secchi depths exceeding 5 m and £ 1 mfor nore turbid waters having
secchi depths of 5 m or less.

Boat - Based Data, 1985

The primary physical oceanographic data collected fromthe boat in 1985
were tenperature-salinity (T/S) measurements along three transect lines.
Frequent surface T/S nmeasurenments were acquired using a Hydrolab 4021, and a
| esser nunber of vertical profiles were obtained with an Applied M crosystens
ClD-12 .

Surface T/S Data, 1985.--Measurenents of surface tenperature and salinity
were obtained fromthe vessel 'Annika Marie’ at 67 stations along three
transect lines (Fig. 16A). The Hydrolab 4021 enploys a therm stor for
tenperature neasurenent and a 4-electrode conductivity cell. Conductivity
nmeasurenments are Automatically and internally adjusted to produce val ues
referenced to 25°C.  The manufacturer provides the follow ng estimates of
accuracy: tenperature, £ ().2 C'; conductivity, # 2.0 mmho/cm,usingthe200K
scale,

Surface measurenments were obtained during three distinct intervals. On
5-6 Septenber 1985, 29 sets of observations were collected al ong transect 1.
On 7-10 Septenber 1985, 27 sets of observations were obtained on transect 2.
Eleven additional sets of observations were collected along transect 4 on 18
Sept ember 1985.
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FIGURE 16. Locations of tenperature and salinity nmeasurements obtained (A) in
1985 al ong boat transects 1, 2 and 4 (5-6 Sept, 7-10 Sept and 18 Sept), and
(B) in 1986 along boat transects B, 1, 2 3 and 4 (4 Sept, 16-17 Sept, 18-19
Sept., 12-14 Sept, and 9-11 Sept). Also shown in (B) are inner shelf
measur ement | ocations occupied from 4-7 Septenber 1986.
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Surface water sanples collected fromthe boat. were later analyzed on a
salinometer. Conparison of these salinities with those obtained by the
Hydrolab indicate that the Hydrolab readings were consistently too large by
1.55 to 1.85 psu (Fig. 17A). Consequently, all surface salinity data from
1985 presented in this report have been reduced by 1.7 psu. No simlar check
was possible for the Hydrolab temperatures, but nost values agreed to within
£ 0.5 C° of the surface tenperatures fromthe CTD-12 profiles (Fissel et al.
1986, p. 31). In view of the large tine delay between neasurenents fromthe
two different instrunents, the agreement was considered satisfactory and
likely within the expected accuracy of both instrunents.

T/S Profiles, 1985. --Vertical profiles of temperature and salinity were
made at 13 stations in 1985 (Fig. 16A), although the station 12 data were
unretrievable. The Applied Microsystem CTD-12 records internally on magnetic
tape using five channels (Pressure, Temperature, Conductivity, Temperature,
Conductivity), repeating sequentially. Each neasurement requires 0.56 s, with
each 5-channel scan taking 3 s. Vertical separations between successive
tenperature and conductivity measurenents range from0.1 to 1.0 m according
to the lowering rate of the instrunent.

The data were transferred to the Arctic Sciences Ltd. PDP 11/24 conputer

for processing. Qovi ous spikes were renoved through nanual editing of the
dat a. Only the data obtained from the downcast, which has the best sensor
response, were used for each site. I nterpol ated val ues of pressure and

temperature Were conputed so that -all data, including conductivity, represent
the sane depth during each raw data scan. The raw values were then converted
into engi neering units (Pressure - dbar, Tenperature - “C, Conductivity
ratio), applying calibration data obtained on 16 March 1984. The pressures
were then adjusted so that the initial readings of each cast occurred at
1 dbar., Salinities were conputed using the Practical Salinity Scale 1978
(Lewi s 1981). Sigma-t, or reduced density, was cal cul ated (Millero and
Poi sson 1981) as
Sigma-t = (density - 1) x 10°.

Sound speed and the freezing point tenperature (Millero 1978) were also
comput ed.

The manufacturer provides the following estimates for the accuracy of the
CID-12: tenperature, = 0.02 C'; conductivity, + 0.03 psu equivalent salinity.
No reversing bottles were used for field checks on the calibration. The
surface tenperature data of the cTDP-12 and the Hydrolab generally agreed to
wthin * 0.5 ¢°. No check was possible for salinity data as the surface
sanples collected for |aboratory salinometer determ nation were not collected
at the sanme tine as the CID profile. From previous experience with' the
CTD-12 , the resolution may approach + 0.03 psu; however, the accuracy is
typically on the order of % 0.1 psu.

Boat - based Data, 1986

Surface T/S Data, 1986. --Measurements of surface tenperature and salinity
were obtained from the vessel 'Annika Marie' at 156 |locations in total,
including 112 sites located on the four broad-scal e boat transects occupied in
1986 (Fig. 16B). Data were obtained from4 to 19 Septenber 1986. The
instrunment, a Hydrolab nbdel TC-2, displayed the daaOn a panel meter. The




Wat er Masses 42

- LA

274

284

SALINTY = SAN NOMET=R

24= £

L { 1 J i L
24 23 28 27 28 29 30 a1 32
SALINITY =HYDROLAB

32 /§
@l
2
g ¥
>
-
2
=
w28
0.8 PSU
~
]
[ &)
- .
g = :
< L L) L]
J Pl
]
o . °
=]
S
z 24-
2 - T 1} 1 & 2
22 24 26 28 £ 2

CTD -12 SURFACE SALINITY (PSU)

FIGURE 170 Calibration data for surface salinity neasurenents. (A) Conparison
of 1985 salinity neasurenents derived fromthe Hydrolab unit aboard the boat
with those of bottle sanples neasured using a |aboratory salinometer. The
Hydrolab unit provided readings that were high by approximately 1.7 psu. (B)
Conparison of 1986 salinity measurenents from the Hydrolab TC-2 unit with the
corrected values from the Applied M crosystens CTD-12 instrunent. The TG 2
unit was reading high by approximtely 0.8 psu.
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expected accuracy of the unit is £ 0.2 G° Tenperature and % 2.0 mmho/cm, USINg
the O 10K scale.

Conparisons of the raw Hydrolab neasurenents with the surface readings
from the nore accurate Applied Mcrosystens CTD-12 instrunent (after
correction to surface water sanple data - see below) indicated that the
Hydrolab tenperature data were reading |ow by 0.1 C°. Conpari son of the
salinity values conputed from the Hydrolab data with the corrected CTD-12
values reveal ed that the Hydrolab readings were systematically low by 0.8 psu
(Fig. 178B). Corrections of 0.1 ¢C° and 0.8 psu were applied to the Hydrolab
temperature and Ssalinity data, respectively.

T/S Profiles, 1986.--Vertical profiles of tenperature and salinity were
obtai ned at 45 stations using an Applied Mcrosystens CTb-12, the same unit as
used in 1985. The raw values were converted i Nt O engineering units by
applying calibration coefficients obtained 27 June 1986. The pressures were
adjusted so initial readings at each cast occurred at approximtely 1 dbar,
Temperatures fromthe ¢TD~12 were conpared with surface val ues obtained using
a hand-hel d thernoneter or the Hydrolab, and with near-bottom values fromthe
reversing thernoneter (Fig. 18A). The cTD-12 values were all increased by
0.2 Co so that these tenperatures better agreed with those obtained by the
other methods. Using the corrected pressure and tenperature values, and the
unadj ust ed conductivities, salinities were conputed using the Practical
Salinity Scale 1978 (Lewi s 1981), \Wen conpared with the salinities of the
water bottle sanples, neasured on a |aboratory salinometer, the CTD-12
salinities were lower by approxi mately 0.1 psu (Fig. 18B). Accordingly, 0.1
psu was added to all the CTD-12 salinity val ues.

Unfortunately the tenperature range of the CTD-~12 was limted to a
m ni mum of -0.35°C, and a special procedure was devel oped to derive estinates
of tenperature and salinity for these neasurenents (see bel ow). For data
above =0.35°C, we estinmate the resolution and accuracy of the CID-12 to be %
0.02 and £ 0.2 C° for tenperature, and x 0.03 psu and % 0.1 psu for salinity.

Estimati on of Tenperature and Salinities at Depth, 1986.--Because the
CID-12 di d not neasure temperatures | ess than -0.35 Co, direct measurements of
tenperature were limted to the uppernost 8 to 20 m of the water column at
most stations. Salinity data are also not directly available since salinity
is a conputed quantity, requiring measurements of tenperature as well as
conductivity ratio and pressure (or depth). The last two quantities were
avail abl e at all depths fromthe CTD-12 data.

A small nunber of direct tenperature and/or salinity neasurenments were
obtai ned at depths exceeding 20 m through the use of reversing thernoneters
and salinity determnations frombottle sanples. These neasurenents were
obtai ned at 11 stations from 12-19 Septenber. Where only a tenperature or
salinity measurenent was available for a particular depth, the other quantity
could be conputed.

A procedure was devel oped to provide estinmates of tenperatures and
salinities at depths in excess of 30 mfromthe CTD-12 conductivity ratio data
along with historical values of salinity at depth. First, the variability of
temperature and salinity at depth for the summer in the Eastern Al askan
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Beaufort Sea was exam ned using the extensive neasurements of the 1971-1972
WEBSEC program (at |ocations east of 145°W; Hufford et al. 1974), the 1985
data set of the present study, and the available reversing thernoneter and
bottle salinity data from 1986. From these data (Fig. 19), the variability in
salinity was found to be conparatively small at depths of 50 m or greater;

typical standard deviations were 0.3 psu or less. Mreover, the 1986 salinity
data appeared to follow the historical salinity data closely at depths of 35 m
or greater (wWth two notable exceptions where the water column was vertically
uni formand the deviation can be explained as the effect of vertical mxing
froma lesser depth). The tenperature data showed larger relative variations
than for salinity. In particular, the 1986 reversing thernonmeter data showed
t enperatures consi derably warmer (by 0.3 to 1.0 Co) than the averages from
hi storical data.

From the conparisons described above, estimtes of tenperature and
salinity were conputed as follows:

1. Salinity was assuned to have the follow ng val ues, determned from
the historical data:

Dept h Salinity Dept h Salinity
(m (psu) (m (psu)
30 31.50 100 32.30
40 31.65 125 32. 40
50 31.90 150 32.50
60 32.10 175 32.50
75 32.20

However, these assuned values were nodified if (1) direct
bottle-derived salinity data were available; or (2) the conductivity
ratio was vertically uniform to a considerably lesser depth; if so,
a reduced salinity reflecting mxing of less saline water from above
was appl i ed.

2. The tenperature was conputed fromthe assumed salinity value and the
conductivity ratio, measured via the CTD-12,

This procedure is estimated to be accurate to within 0.7 psu at depths of
30-50 m, and 0.5 psu at depths >50 m. The equivalent temperature
uncertainties are estimated as 0-.8 and 0.55 ¢°.

Resul t's

Broad-Scal e Surface Distributions

In this section, the surface distributions of water properties within the
study area are presented and described, using NOAA satellite imagery (11 data
sets, 1983-1986) and airborne renmpte sensing data (4 data sets, 1985-1986).
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In this section, enphasis is placed on describing broad-scale distributions--
surface oceanographic features having scales upwards of 3 n.mi. (5 knm). Water
property distributions having smaller spatial scales are discussed later in
“Inshore Fine-Scal e Cceanographic Features’ and ‘Frontal Characteristics

26 August 1983.--On satellite imges from this date, nuch of the southern
and central portion of the study area was visible. There were weak southeast
winds following a 2-day period of moderate westerlies. Unfortunately, much of
the prom nent northwestward extension of Mickenzie Bay water lay under the
cl ouded portion of the image. The high concentrations of sea ice west of
Kaktovik may have strongly influenced water characteristics in the western
portion of the study area

The band 1 data (Fig. 20A) were notable for their near uniformty. Snall
pockets of clearer water were evident along the coast west of Herschel Island
and near 70°30'N, 142°30'W.

The band 4 data (Fig. 20B,C) revealed col der tenperatures on the Al askan
and Yukon shel ves and just east of Herschel Island relative to water farther
east in Mackenzi e Bay. Warm wat er extended west to 141°30', and north to
70°30" . Farther west, a tongue of much colder water was |ocated just beyond
the continental shelf, oriented along a NWSE axis. This tongue of cold water
likely represented scattered i ce floes and associated very low surface
t enper at ures extendi ng sout heast fromthe loose pack ice |ocated north of
71°N, as shown in the 25 August 1983 ice chart (Thonson et al. 1986, p. 70).

13 Septenber 1984. --The images of this date were obtained during a period
of strong east and southeast w nds. Cloud |imted detailed observations to
the southern portion of the study region and adjoining Canadian waters (Fig.
21). Throughout the visible parts of the study area, surface waters were
conparatively clear and cold. In contrast, much warmer, nore turbid water was
present in Mackenzi e Bay. A 20 km wi de tongue of the warmturbid water
ext ended northwest along the outer edge of the Yukom continental shelf to
139°30'Ww. The western edge of the tongue of Mackenzie Bay water was
characterized by strong tenperature and turbidity fronts extendi ng over
approxi mately 60 km

Slightly elevated surface tenperatures occurred just beyond the edge of
the continental shelf, near the 200 m isobath, over nobst of the study area
(Fig. 21¢). Peak tenperatures there were about 1.5 to 2 ¢° warner than those
over the continental shelf proper, but were at least 3 Co cool er than those in
the core of the Mackenzie Bay water east of the study area.

28 August 1985. --The 28 August satellite imagery was recorded just prior
to the start of the field study. Warm silty water of Mackenzie Bay origin
occurred as a broad band commencing some 55 km off the coast of northeastern
Al aska (Fig. 229. These warm waters were advected northwest along the outer
edge of the continental shelf from Mackenzie Canyon. The core of the warm
Mackenzie Bay water (pixel levels <115) was present west to 142°15'W.
Slightly cooler water (but still conparatively warm pixel levels of 116-124)
extended over nearly the full wdth of the study area. The unusually large
nort hwest extension of Mckenzie Bay water was associated with the extended
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duration of easterly winds in 1985 (Fig. 7 on p. 21), conbined with heavy ice
cover to the east in the Canadian Beaufort Sea.

A coastal band of cold water was present over the inner shelf portion of
our study area; the average width of this band was about 25 km (Fig. 228B,C).
The offshore edge of this band abutted a body of internediate tenperature
water. That water contained several l|arge eddies over the outer half of the
eastern Al askan continental shelf, closely approaching the coast at 140°W as
an intrusion of warmer water onto the. inner portion of the continental shelf
at that |ongitude.

The strongest gradients within the A askan study area occurred over the
continental slope, with a progressive reduction in intensity westward, away
fromthe influence of the Mackenzie River. Wthin the A askan study area, a
weak and nore diffuse thermal gradient, bordering the inner side of the
i nternedi ate-tenperature surface water, was evident at offshore distances of
about 25 kmin the west to 35 km in the east.

5-6 Septenber 1985.--0n 5 Septenber, the southeast corner of the study
area (south of 70°N) was surveyed by aircraft; fog prevented surveys
el sewhere. On 6 Septenber, the remainder of the continental shelf (depths to
200 m) was surveyed (Fig. 23). These data were collected under cloud, ‘so no
usable satellite inmagery was avail able.

While the | arge-scale distributions of water properties were simlar to
those on 28 August (cf. Fig. 22), surface tenperatures exceeding 1.5°C
occurred within 15 km of Denarcation Bay. The inferred shoreward novenent of
war m of f shore water is consistent wth onshore advection driven by the
moderate northwesterly winds of 4-5 Septenber 1985.

The airborne survey reveal ed a nearshore band of water warner than 0°C
within 2-3 km of the coast over the full eastwest extent Of the study area
(Fig. 23A). This ‘slightly warmer, turbid nearshore band was not evident in
the satellite inmages (e.g. Fig. 22) because it was effectively below the
1-2 km spatial resolution of the NOAA satellite inmgery. The nearshore band
was visually bright green, and appeared contiguous with warnmer and turbid
green water in the bays and | agoons. Chl orophyl | concentrations were
apparently slightly higher than those offshore. In water deeper than about
10 m a band of very cold (-0.5 to 0°C) and clear water was present. Thi s
band was 1-10 km wi de and extended across most of the study area (141° to
143°w). Small scattered bits of ice were observed throughout this cold water,
with a higher concentration of 1-25% brash ice along the thermal gradient
separating it fromwarner water along the shore.

Surface tenperatures over the inner shelf between the 20 and 50 m depth
contours were 1 to 2°C, with water as warm as 3°C at the northeast corner of
the surveyed area (Fig. 23A) where the Mackenzie influence was |argest.
Turbidity levels, as inferred fromthe R640 Index (Fig. 23B), were also
general ly low over the inner shelf, -equivalent to secchi depths of 6-13 m
Turbidity increased with distance from shore to maxi mum |l evels indicative of 4
m secchi depth at the shelf edge along the eastern side of the study area.
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12-13 Septenber 1985. --An aircraft survey of the study area was conducted
on 12 Septenber (continental slope area, 200-2000 m depths) and on 13
Sept enber (continental shelf, 0-200 m depths). No data were collected just
north and east of Kaktovik because we were requested to avoid flying over
whal i ng operations near Kaktovik., A useable satellite inmge was obtained for
13 Septenber (Fig. 24).

As in the previous two weeks, conmparatively warm, turbid water of
Mackenzie Bay origin occurred over the continental slope and areas farther
of fshore along the eastern side of the study area. However, the core of the
Mackenzi e Bay water was now confined to an area between 142°W and 138°W (Fig.
24, 25), and was separated from the warner waters w thin Mackenzie Bay by
conparatively cooler tenperatures off the Yukon coast.

Over the continental shelf, the surface oceanographic features measured
fromthe aircraft on 5-6 Septenber were still present on 12-13 Septenber, but
their positions had changed (Fig. 25, 26). The nearshore band of warm
(>0.s"t), turbid water renumined along nuch of the coastline out to about
3-4 km offshore. However, this feature was no |onger present near Demarcation
Bay, where it had been neasured one week earlier. Very cold water (<-1.0°C)
remai ned several Kkiloneters north of Pokok Bay. Small widely scattered bits
of ice were again observed throughout this cold water, but were nore
concentrated (0-20% brash) along its southern edge, on aircraft transects 5-7.
(See Fig. 25 for transect nunbers.)

Surface tenperatures over the inner shelf had decreased fromthose
measured one week earlier, wth tenperatures <0°C extending to the 50 m
isobath. There a large-scale thermal front separated shelf waters colder than
about OC fromwater warnmer than £ 0.5°C to the north. In the western half of
the survey area, the front was visible fromthe aircraft as a change in
surface roughness. The front was very intense along the easternnost transect,
where tenperature increased by 3 C° over <4 km In many places along the

easternnost transects, the front was associated with m st and ‘sea-snoke?.
The eastern half of the shelf (where surface tenperatures were <0°C) was
covered by extensive slicks visible fromthe aircraft. Mst of these were not
associated with a tenmperature or color change, but their orientation was
consistent with the general SE-NWtrend of the isotherns. An eddy 4 to 5 km
in diameter was visible in a slick pattern near the south end of transect 2
off Demarcation Bay. The eddy was in an area of slightly warnmer water; it may
have represented the center of a large gyre. Additional evidence of this eddy
is provided by the shape of the isotherns (Fig. 25), the absence of a warm
band of water along the coast, and the ice piled up on the beach.

The surface waters in the western and central study area, the outer half
of the continental shelf and farther offshore had internediate tenperatures
(0.5 to 1.5°C). The area of intermediate-tenperature surface water was nuch
larger than one week earlier (5-6 Septenber, Fig. 23A), when the 2.0°C
i sotherm was over the shelf edge (south of the 200 m contour) across almost
all of the study area,

18 Sept enber 1985.--The presence of strong northwest w nds on 15-18
Septenber (Fig. 7) resulted in drastic changes in water mass distributions
(conpare Fig. 27 with Fig. 25 and 26). On 13 Septenber the water had been




n o .
| __mee ] E

§
| B

3

/
|

116-121

1122-127

q128-133

93-115

116-118

119-121

122-124
125-127

L © 4 128-133
E.ALASKA. SCALE Bl |

FIGURE 24. Satellite data for 13 Septenber 1985 derived from the AVARR sensor on the NOAA~9
satellite. A false color display is used to depict patterns of (4) surface reflectance - band
1, (B) surface tenperature - band 4, and (C)surface temperature - band 4, reprocessed for hi gh
resol ution within the official study area (outlined by dashed |ines). Accompanying the images
is the range of pixel radiance values for each color.






Water Masses 59

relatively clear (band 1 pixel |evel 13) almost everywhere outside eastern
Mackenzi e Bay. By 18 Septenber, higher band 1 radiance |levels were found in
wat ers adjacent to essentially all ice and | and boundari es. The increases
were presunably due to the presence of |arge ambunts of sub-resolution brash
ice near the pack ice edge, and resuspended sedinents near the shore. Bot h
would be produced by the strong wi nds and the acconpanying high sea states.

Surface tenperatures within the official study area were reduced and nore
homogeneous than those on 13 September (pixel levels fornerly 116-133; now
133-137). Neverthel ess, remants of warmer water were still present in the
eastern half of the official study area, representing vestiges of the warm
water observed there on 13 Septenber. However, even the warmest water in
Mackenzi e Bay was colder (band 4 levels 119-121) than the warnmest Eastern
Al aska water had been 5 days previously (band 4 levels 116-118). The
reductions in surface tenperature are consistent with a large amount of heat
lost to the atnobsphere and to vertical m Xxing. The CTD profile data provide
further supporting evidence for these sources of heat |oss (see p. 88-91).
Advection of cold water from far offshore probably played a mnor role in the
cooling process because of the great distances involved and the relatively
short (3 day) period of strong winds preceding 18 Septenber.

22 Septenber 1985. --Despite the presence of cloud and ice over the entire -
Eastern Al aska study region, this pair of images (Fig. 28) docunented the
further nodification of surface conditions in adjacent Canadian waters after
an additional 4 days of WNWw nds. Conpared to 18 Septenber, there was a
slight reduction in band 1 radiance levels “adjacent to shoreline areas,
possi bly because the slightly lower wind speed reduced the levels of sediment
resuspensi on. The thermal (band 4) data, on the other hand, revealed a
continuing decrease in tenperature. By 22 Septenber the warnest waters found
in Mackenzie Bay had pixel levels of 125-130, reduced from levels of 119-121
on 18 Septenber (cf. Fig. 27), and indicative of a tenperature reduction of
approxi mately 4 c°.

By late Septenber of 1985, Mackenzie Bay water was no longer exerting an
important influence on surface oceanographic conditions of the Eastern Al askan
study area. This situation probably persisted into Cctober, as the weak to
nmoderate easterly w nds of 26-28 Septenmber (Fig. 7 on p. 21) likely were
insufficient to advect Mackenzie Bay water as far west as the Eastern Al askan
Beaufort Sea. Mreover, water in Mickenzie Bay itself was comnsiderably col der
in late Septenber than earlier, presumably because of the large degree of
vertical mxing and surface heat loss, and reduction in both the heat content
and volume discharges of the Mackenzie River itself.

26 August 1986. --During the week before the 1986 fiel d-study began, cloud

cover persisted throughout virtually all of the study area. A major low
pressure system had passed through the study area on 21-23 August, with strong
northwest W nds. The best satellite data for this period, from 26 August

1986, were digitally processed but are not shown here because they were
limted to the eastern boundary of the study area and regions off the Yukon
coast north to 70°20'N. Along the eastern boundary, a broad band of warm
wat er (>3-4°C) was present over the outer continental shelf and slope. Very
cold surface tenperatures were observed over the remainder of the shelf and
over abyssal depths farther offshore. The much warnmer water (>7°C) of the
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Mackenzie River plume was confined to within 20-30 kmof the Mackenzie Delta,
presumably as a result of the strong northwest w nds of the preceding few
days.

4-6 Septenber 1986. --Aircraft neasurenents were obtai ned over the
continental shelf on 4-5 Septenber (Fig. 29, 30), including additional flight
lines west of Herschel Island (Fig. 31). On 6-7 Septenber, aircraft surveys
were conducted in offshore areas and to the east of Herschel |sland. Good
satellite data were obtained on 6 Septenber (Fig. 32, 33A)

Wth the exception of the nearshore zones from Pokok Bay to Demarcation
Bay (discussed below), surface conditions were fairly’ uniform throughout, the
study area. Tenperatures ranged from2 to 3°C, and turbidity levels were very
low (>10 msecchi depth in nost areas). The core of the warmer, nore turbid
water of Mackenzie Bay origin remained east of the study area. It followed
the edge of the Yukon continental shelf northwestward, but then turned north
at approximately 139°30'w (Fig. 32). However, the influence of warm Mckenzie
Bay water did extend into the study area in two distinct areas:

Far offshore, well beyond the shelf break along the eastern boundary o’ f
the study area, and

- As a coastal band, 20 kmin width, extending west past Herschel Island
and into the study area (discussed in ‘lnshore Fine-Scale QOceanographic
Features’, p. 102 £f).

The west half of the study area had somewhat reduced surface tenperatures
(<2.5°C) and turbidities (>10 m secchi depth), possibly associated with the
scattered ice pans present in this area. However, sea surface tenperatures
exceeded those of the previous year (cf. Fig. 23) by 1-2 Co, particularly over
the inner and mddle portion of the continental shelf.

8 Septenmber 1986. --The satellite data for this date provided coverage of
the continental shelf proper. The visible band data (not shown) indicated that
turbidity levels in the-study area were low, Vviz >2.5-10 m secchi depths.
Enhanced | evels of turbidity were confined to narrow intermttent bands
within a few kiloneters of the coast.

Warm surface waters occurred far offshore along -the eastern edge of the
study area, and over the eastern half of the continental shelf (Fig. 33B).
East of the study area, warner Mackenzie Bay water (>5°C) was found. However,
this warm core had been displaced approximately 10 km eastwards since. 6
September.  Surface tenperatures over the inner shelf part of our study area
were al so reduced, especially between 141°W and Herschel Island where
tenperatures within 20 km of shore had decreased fromover 3.7 to bel ow 2.2°C.
In the western portion of the study area, the cold waters (<2.2°C) had
expanded in area.

10-11 Septenber 1986. --Satellite “neasurements were obtained over nost of
the study area on 10 Septenber (Fig. 33¢). A corrective offset of =13 bits
was applied to all band 4 data, as described in ‘Methods’ on p. 38. On 11
Septenber, aircraft-based nmeasurenments were coll ected over the continenta
shelf within the study area (Fig. 34, 35).
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The study area was characterized by increasing surface tenperature from
west to east. This appeared to be due to cooling in the west and increased
influence of Mackenzie Bay water in the east. Throughout the western half of
the study area tenperatures were sharply reduced fromthe previous week.
Tenmperatures were generally below 1.0°C, and -0.5°C al ong the western-boundary
(Fig. 34). From about 142.5*Wto the eastern boundary of the study area,
tenperatures increased to 2.5°C or nore. A fairly intense thermal front
extended north fromthe coast to the 2000 m isobath. A promnent tenperature
and turbidity naxi mum ext ended northwest fromthe coast near Denarcation Bay
on both 10 and 11 Septenber (see ‘lInshore Fine-Scale Cceanographic Features’ ,
bel ow) .

From the eastern boundary to Herschel Island, the extensive area of
relatively low tenperatures observed over the continental shelf on 8 Septenber
(<2.8°C) had been replaced by warmer surface tenperatures (approx. 3.5°C).
This warm ng was nost pronounced to the north and west of Herschel 1sland,
where tenperatures of 3,7-5.1*C or nore were present on 10 Septenber,
approximately 0.5 to 1.5 Co greater than two days earlier. Farther offshore
in this same sector, the” extension of the Mackenzie Bay water (tenperatures
>5.1°C) followed the shelf edge west to 140°W before branching north. As on 6
and 8 Septenber? broad filanments from this Mickenzie Bay water (tenperatures
>3.7°C) were observed within the northeast corner of the study area.

14-15 Septenber, 1986. --Mst of the study area was visible in the
satellite data obtained on 14 Septenber (Fig. 36). A correction for
atnmospheric effects in the band 4 (thermal) data was required, simlar to that
used for the 10 Septenber satellite data. Aircraft-based neasurenents (Fig.
34) were made on 14-15 Septenmber far offshore beyond the continental shelf and
in the inshore region from Komakuk to Cl arence Lagoon. Further reductions in
surface tenperatures were evident in these data. However, warm water
(2.5 =3.5°C) of Mackenzie Bay origin continued to inpinge on the eastern half
of the study area. Elsewhere in the study area, tenperatures were nuch cool er
(<2,2°C), with values as low as =0.5°C near the western boundary.

North of Komakuk along t he Yukon coast, at least two di screte bands of
turbid, relatively warm (up to 4*C) water extended up to 20-30 km of fshore.
Aircraft-based visual observations indicated that the surface layer within
5-10 km of the coast was being advected west. This was consistent with the
weak to noderate easterly winds on 14 September (Fig. 8).

26 Septenmber 1986---The satellite data of 26 Septenber 1986 (Fig. 37)
were obtained after the boat and airborne renpte sensing programs ended, and
after two intense northwesterly wind events from 21 to 25 Septenber. Through-
out the study area, surface tenperatures were considerably lower than on 14
Septenber and earlier. Calibration data are |acking, but estinmated
tenperatures were <i°c throughout the study area based on the calibration of
previous satellite imagery. Unlike tenperatures, turbidities within 10-15 km
of the coast had increased. This likely was the result of wave-induced
resuspension of nearshore sedinments during the intense storns of the preceding
five days.
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FIGRE 33. Band 4 satellite data for the continental shelf and slope portions of the official
study area for (&) 6 Septenber, (B) 8 September and (C) 10 September 1986. The pixel ranges
have been chosen to provide very high resolution of the smaller scale variations in tenperature
over the shelf, The eastern edge of the official study area i S indicated by the dashed |ine.

For each eolor, the range of pixel radiance values (R) and the corresponding temperature (I, “C)
range are showm.
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Sharply reduced surface tenperatures were apparent in Mackenzi e Bay.
Even in areas directly adjacent to the Mackenzie Delta, surface tenperatures
appeared to be no greater than 4°C. Turbidity levels, in contrast, were very
high near the Delta, and also enhanced al ong the Yukon coast. This was again
likely due to wave rather than riverine processes.

Summary of Broad-Scal e Surface Distributions,--The surface distributions
of tenperature and turbidity in the Eastern Al askan Beaufort Sea were mapped
using satellite data (1983-1986) and aircraft data (1985-1986). Surface water
properties in the Eastern Al askan study area generally represent a transition
bet ween the warm nore turbid surface waters found to the east in Mackenzie
Bay and the colder, clear Arctic Surface Waters found to the west. In the
western portion of the study area, the Arctic Water characteristics are a
result of the close proximty of the pack ice edge through the sumrer nonths,
conbined with the absence of mjor river discharges conparable to those of the
Mackenzi e River. Local estuarine discharges within the study area,
particularly from the Romgakut River, may influence water properties, but the
effects of these discharges are limted to small areas within several
kil ometers of the estuaries.

The warner, nore turbid water of Mackenzie Bay is advected northwest off
t he Yukon coast, with the core of this water type occurring as a conparatively
narrow band over the shelf edge northeast of Herschel Island. North oOf
Herschel Island, it often turns northward, resulting im a broad area of
war mer water over depths exceeding 200 m along the eastern edge of the study
area. Filaments of this warner water were often observed within the eastern
side of the study area, at considerable distances from shore. In late August
of 1985, following easterly winds of unusually leang duration and heavy ice
conditions in the extreme eastern Canadian Beaufort Sea, the warm Mackenzie
Bay water extended farther west than normal . This resulted in warmer-than-
usual tenperatures over the outer continental shelf and areas farther
of f shore. By m d- Septenber of 1985 and 1986, northwest w nds drove the
“Mackenzie Bay water east away fromthe study area. It was replaced by cold
clear Arctic water , often containing ice floes from the offshore pack ice. In
summers dom nated by west and northwest wnds (e.g. 1981 and 1982), such
conditions are likely to occur earlier in the year, due to a nuch di m nished
influence of Mackenzie Bay water within the study area.

Over the continental shelf portion of the study area, surface waters are
highly vari abl e. Mackenzi e Bay water conmonly influences the eastern
of fshore portions of the study area as di scussed above. In addition, during
1986 Mackenzie Bay water appeared to penetrate into nearshore portions of the
study area as a band approximtely 20 km wi de, advected past .Herschel Island
and into the study area along the coast. The warm water from Mackenzie Bay,
conbi ned with possible local estuarine di scharges and greater solar insolation
due to earlier ice clearing in August, resulted in warnmer surface tenperatures
over the southeast part of the study area in 1986 than in 1985. 1In 1985, very
cold and clear water was present over the inner and md-shelf regions
t hroughout the observational period, with slightly warner tenperatures being
confined to a nearshore band within a few kilometers of the coast.

and
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The broadest-scale fronts generally were associated with the inner
boundary of the offshore Mackenzie Water in the eastern part of the study
area, particularly in 1985. Conparatively strong fronts also occurred over
the continental shelf, but varied considerably in |ocation. I'n m d- Sept enber
1985, a strong thernmal front occurred over the 50 m isobath, while in early
Sept enber 1986 north-south fronts were nore conmon. In 1986, fronts occurred
along the boundaries of the warner, turbid water in the nearshore and inner
shelf areas. Fronts were also observed farther offshore between cold Arctic
Water to the west and remmants of Mackenzie Bay water to the east.

Subsurface Distributions

Anal ysis of Pre-1985 Historical Data.--As part of the review and anal ysis
of physical oceanographic data collected by previous investigators within the
study area (Fissel et al. 1985), several data sets spanning the years
1951- 1978 were subjected to further analysis (Fig. 38, Table 4). Vertical
sections of tenperature and salinity (T/S) have been produced for those data
sets collected along transects extending roughly perpendicular to shore, The
vertical sections (Fig. 39-41) represent summer conditions, i.e. August or
Septenber. At depths of 250 mor nore, tenperatures and salinities are near
OC and 34 psu, which are representative of the top of the Atlantic Water
| ayer (see Fig. 9 on p. 24). Above 250 m depth, the T/S data show nore
structure with strong horizontal and vertical gradients.

The vertical sections were exam ned for evidence of upwelling. Upwelling
on the shelf is characterized by the presence of cold, saline waethat
originates at greater depths over the continental slope and rise. The
upwelled waters are also characterized by high levels of dissolved oxygen and
nutrients, which account for their enhancement of primary production in the
shelf waters (see Fig. 11 on p. 27). Due to the absence or sparseness of
nutrient data from nost cruises, the nost general indicator for upwelling i s
the salinity contour of 32 psu., This contour represents the lower limt of
t he upper |ayer pycnocline over the continental slope, and does not always
occur over the shelf (Muntain 1974).

An exam nation of the historical cross-sections suggests chat upwelling
occurred during the sumrers of 1959, 1972 and 1978. In two vertical sections
avail able for 1957, along wWith those for 1951, 1958 and 1971, the salinity
distribution provided no clear evidence of upwelling. Note, however, that the
phosphat e and oxygen distributions available for 1971 did suggest that
upwelling Was occurring. In 1951 and 1958, an upward tilt of the 32 psu
salinity contour toward shore could be inferred over the inner portion of the
continental slope and shelf edge, suggesting the possibility of weak
upwelling, The 1977 cross-sections revealed upwelling characteristics over
the slope and shelf break, but not extending throughout the inner shelf zone.
Thus , of the nine cross-sections considered, there were three instances of
strong upwelling conditions, four of |esser or an indeterm nate degree of
upwelling, and two (both in 1957) in which upwelling was not present.

The results suggest that upwelling may occur frequently in the Eastern
Al askan Beaufort Sea. Coast al upwelling i s produced by easterly wi nds (the
dominant wind direction for this area) conbined with sufficient open water to
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FIGURE 36. Satellite data for 14 September 1986 derived from the AVERR sensor on the NoAa-§
satellite. A false color display is used to depict patterna of (& surface reflectance - hand
1, ® surface tenperature - bad 4, ad (C) surface tenperature - band 4, reprocessed for high
resolution within the off icial study area (outlined by dashed Lines). Accomanying the images
is the range of pixel radiance values (R), and their corresponding secchi depth (S.D. ) and
tenperature (T, “C) ranges, for each color.
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Table 4. Summary of hydrographic data collected in the study area, 1951-78.

Year Dat es Vessel Comment s

1951 23-24 Aug Burton Island 7 stations along 143°40'w
1955 25 Aug-1 Sept Nor t hwi nd 3 stations along shore
1957 5-19 Aug At ka 6 stations along 143°30'W
1958 1 Sept Burton Island 3 stations along 143°w
1959 4-5 Sept Staten Island 4 stations along 143°30'w
1971 20-21 Aug G aci er 4 stations along 143°30'W
1972 4-5 Aug G aci er 4 stations along 143°30'w
1977 25-29 Aug G acier 6 stations in area

1978 1-25 Sept Nor t hwi nd 7 stations in area

provide a suitable degree of wind fetch. The Eastern A askan Beaufort Sea ‘is
nore likely to experience large wind fetches fromthe east than the west,
given the tendency for sea-ice to remain farther fromshore to the east.
Thus, upwelling may be nore frequent in our study area than in the remainder
of the Al askan Beaufort Sea.

Anal ysis of Subsurface Distributions, 1985-86. --The CTD data were
exam ned to study the distribution of water types at depth, and to search for
possible relationships between surface and subsurface water nass
distributions. In analyzing the 1985 CID data (Fig. 42), the measurements on’
transects 1 and 2 were considered separately fromthose on transect 4. The
latter transect was occupied 8 to 13 days after transects 1 and 2, and . an
intense westerly wind event occurred between these times (Fig. 7). In 1986,
CID data were collected over an extended period (4-19 Sept) in which w nds
were generally weak to noderate in nagnitude and variable in direction.

In the follow ng discussion of subsurface distributions, the water column

of the study area is divided into three vertical zones (Fig. 43). Extending

to the surface is the upper layer, characterized by vertically uniform water

properties. Below this is the pyecnocline, which extends to depths of 15 to 32

m Wthin the pycnocline, water properties change rapidly with depth, usually

involving very intense gradients imediately beneath the upper layer, and with

| esser vertical gradients at increasing depths.. The |ower |ayer occupies the

deepest portion of the water columm, extending to the bottom Here vertical

gradients in density (and salinity) are either weak or non-existent but |arge
variations in tenperature can occur.

1985 Results: The 1985 vertical cross-sections of tenperature and
salinity (Fig. 44) provide further information on differences in the
properties of the surface layer from the nearshore zone to the edge of the
continental shelf. Over the outer shelf, where water depths are 50 to 100 m
a wel | -m xed upper layer was present fromthe surface to approximately 5 m
This layer was characterized by higher tenperatures (1.5 to 2.5°C) and lower
salinities (23 to 26 psu) than those in the top layer closer to shore. O oser
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to shore, the upper |ayer was characterized by progressively reduced
tenperatures and increased salinities, The depth of the mixed |ayer was also
reduced to 3-4 m at the shal | ower stations (sCations 2, 7 and 8; see Fig. 43).
Note, however, that at station 3 |ocated at 31 m depth, the m xed layer
extended to 7 m depth. Also, within the nearshore zone at water depths of 10
m or less, the water columm had uniform properties to the bottomat station 1
of f Kaktovik. However, at nearshore station 6, |ocated 36 kmto the east, the
m xed | ayer extended to 5 mdepth, wth warner and slightly nore saline water
over the 5-10 m depth range.

The CTD data fromtransects 1 and 2 (4-10 Sept 1985) showed that the
wat er properties at measurenent depths in excess of 30 m were characteristic
of Arctic. Water having an offshore origin (tenperatures <1.5°C; salinities
>31). Along transects 1 and 2, the upward tilt of the-tenperature and
salinity contours near the coast (Fig. 44) is consistent with historical data
(e.g. Fig. 11, 39=41) and is indicative of a shoreward transport of Arctic
Water fromthe edge of the continental shelf to nearshore and inner shelf
areas. These results woul d be expected from coastal upwelling driven by wi nds
directed parallel to the coast, with the coast to the left of the w nd
direction (i.e., easterly w nds). The winds were predomnantly from the east
during the measurenent period (5-10 Sept 1985) and the preceding three weeks,
supporting the hypothesis of coastal upwelling.
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VERTICAL LAYERS IN EASTERN ALASKA BEAUFORT SEA
SEPTEMBER 1985 AND 1986
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FIGURE 43. \Vertical cross-sections illustrating the depths of the zones that
make up the water columm; based on vertical distributions of tenperature,

salinity and density in Septenber 1985-86.
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In nearshore areas, there was evidence of other processes besides coastal
upwelling. At station 1, the tenperature of the water columm was just over
0.0°C, considerably warmer than the tenperature of the deeper water of
conparabl e salinity found farther offshore (Fig. 44). The source of the
additional heat within the water columm at station ! was probably the warmer
water discharged from the extensive network of |agoons east of Kaktovik.
Airborne surveys om 5-6 and 13 Septenber (Fig. 23, 25) showed a narrow coastal
band with surface tenperatures of 0.5 to 2°C. Discharges are nost likely to
occur with easterly winds due to reduced water levels along the coast
associated with the offshore transport of near-surface waters. At station 6,
also | ocated near the coast, the degree of warm ng of the water column was
consi derably less than at station 1. This suggests that the source of warnm ng
of some nearshore waters nmay be localized. Station 1 was closer to a conplex
of coastal |agoons than was station 6 (Fig. 16).

1986 Resul ts: Based on the CTD data of 4-19 Septenber 1986 (Fig. 45,
46), we prepared vertical cross-sections of tenperature and salinity on four
onshore-offshore transects (Fig. 47, 48). The wel | -m xed upper layer,
al though occurring at simlar depths as in 1985, differed considerably in
tenperature and salinity. A ong the outer shelf portions of the westernnost
transects (1 and 2) upper |ayer tenperatures were lower (ranging from<Oto
2°C) and salinities were higher (25-26 psu) in 1986 than in 1985. This
refl ected the weaker influence of Mickenzie Bay water in 1986. Only at the
outermost station On the nobst easterly transect were the upper |ayer
salinities <25 psu; in. 1985, salinities <25 psu extended west to transect 1.
In contrast, over the inner half of the shelf, the upper |ayer was warmer and
less saline than in 1985. On transects 1 and 2, upper layer tenperatures over
the inner shelf were typically 1.8 to 2.5°C, approximately 1 C° warner than in
the previous year, Simlarly, in 1986 upper |layer salinities there ranged
from25.5 to 27.5, approxinately 1.5 to 2 psu lower than in 1985. On the
inner parts of the easterly transects (3 and 4), the upper layer was
characterized by even warner tenperatures. (2-4°C) in 1986. Salinity levels
over the inmer shelf changed little from west to east.

Wthin and bel ow the seasonal pycnocline, cold saline Arctic water was
present over nost of the continental shelf. At depths exceeding 20 m.
tenperatures were generally 1less than 0°C, and salinities exceeded 30 psu.
However, at and “beyond the shelf edge, nuch warmer water was present in the
form of a subsurface tenperature maxi mum extending from depths of 20 to 100
m. This warm water apparently originated in the Bering Sea, as the
tenperature-salinity characteristics (tenperature >0°C, salinities 30.0-32.5
psu) were identical to those of the Bering Sea subsurface waters, which are
known to propagate eastward along the continental shelf edge of the Beaufort
Sea as a subsurface tenperature maxi mum (Mountain 1974). However, the
presence of Bering Sea Water as far east as the study area is a rare
occurrence. In the 1985 data (this study) and the earlier 1951-78 data
reanal yzed here (Fig. 39-41, 44) there was no indication of a pronounced
subsurface tenperature nmaximum within the study area.

In the core of the warm Bering Sea water, very high tenperatures were
measured on the westernnost transects (Fig. 47). On transect 1, a nmaxi num
tenperature of 3.4°C occurred at 34 mdepth at station tl=5 over the inner
continental slope (Fig. 47, 49). On transect 2, the warnest tenperatures were
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FI GURE 45.

Tenperature and salinity profiles neasured at the Septenber 1986
The presentation is as for Fig.

CTD stations on boat transects 1, 2, 3 and 4.

42.
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FIGURE 46. Tenperature and salinity

presentation is as for Fig. 42.

profiles neasured at CTD stations |ocated
on the inner shelf in the eastern half of the study area, September 1986.

The
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FI GURE 47. Vertical cross-sections of tenperature and salinity along boat
transects 1 and 2, occupied 16-17 Septenber 1986, and 18-19 Septenber 1986.
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" FIGURE 49. Map of tenperature on the 31.4 psu salinity surface, derived from
t he Septenber ‘1986 CTD dat a. The solid circles de-note CTD neasurenent
| ocations where the 31.4 salinity was neasured.

neasured at station CID 45, |ocated near the outer edge of the continental
shel f, where a maxi mum tenperature of 4.1°C was neasured at 27 = depth. At
station t2-5, | ocated over the continental slope on transect 2, the maxi num
temperature was |ower (2.9°C) and occurred at a considerably greater depth, 56
m, Farther east on transects 3 and 4, the warm Bering Sea water was present
but with much di m ni shed prom nence. It occurred at the “outernost station
(t3-5) on transect 3 as a deep tenperature maximumat 25 to 135 m with a
maxi num of 0.9°C at 27 m dept h. On transect 4, the maxi mum was at depths 45
to 65 m, with a maxi num value of only =0.5°C, at 50 m

In 1986, unlike 1985, the Arctic water over the inner shelf did not have
the very cold and saline characteristics that occur at the shelf edge and in
the deep basin of the Arctic Ccean. The isopleths did not show any clear
evidence of an upward tilt toward the coast in 1986, which would have been
i ndi cative of upwelling. | n 1985, upwelling was inferred for boat transects 1
and 2 (Fig. 44).

Water Mass Anal ysi s

Type's of Water Masses.--The tenperature/salinity (T/S) characteristics
reveal ed by the surface neasurements and the CTD data (Fig. 50-52) can be used
to infer the origins of the various water nass types present beneath the
surface layer in the Eastern Al askan Beaufort Sea. Wthin the lower part of
the water columm, two major categories of water nmass types are evident:
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Water (CHW) and Arctic Surface Water (ASW).
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4 profile data.
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boat transect 2;

(C) on boat transect 3;

(A) on boat transect

Tenperature/salinity (T/S) diagrans of the September 1986 physi cal

oceanographi ¢ data from broad-scal e transects: 1; (B) on

(D) on boat transect 4. Presentation
is as for Fig. 50, with the addition of Bering Sea Water (BSW).
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FIGURE 52. Tenperature/salinity (T/s) diagrans of the September 1986 physi cal
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Bay and C arence Lagoon; (C) for sites near the Kongakut Delta; and (D) for
sites west of the Kongakut Delta.
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Arctic Surface Water (ASW - This water type i s cold (£{-1.0°C) and
saline (231 psu) and originates within the Arctic Ocean through large
scal e exchanges between the waters of the Arctic Qcean’s continental
shelf and the underlying Atlantic Water in the deep basins of the
Arctic Ocean (Aagaard et al. 1981).

Bering Sea Water (BSW) - In 1986, a second water nBSS wasS present in
t he lower | ayer -of the water col umm. It took the form of a
subsurface core of warm water extending over depths 20 to 100 m
This water nmass originates in the Bering Sea; it flows north through
t he Chukchi Sea and then east along the outer edge of the continental
shelf in the Beaufort Sea (Muntain 1974). The nmeasured” TS
characteristics --tenperatures exceeding 0°C over a salinity range of
30.5 to 32.0 psu--were in good” agreenment with the historical
description of Bering Sea Water at nore westerly |ocations (Muntain
1974). Bering Sea Water rarely reaches the study area from the west,
and was not unanbi guously discernible in 1985. The | ast recorded
instance of an eastward intrusion of Bering Sea Water into the study
area was in 1951. In |ate August 1951 the tenperature maxi mum was
<1*C (Fig. 39), nuch lower than the values observed in 1986.

The upper portion of the water col umm consists of the surface |ayer and

t he pycnocline. Here water mass categories are less distinct, and nore

variable in space and tine, due to active nodification through surface related

processes such as heat exchanges, formation and nmelting of sea-ice, and river
di scharges. Neverthel ess, there is seme evidence of water mass categories:

3.

Col d Haloelime Water (CHW) - This water type, associated with the
pycnocline, is also cold (<£~1.0°C) but less saline (27-31 psu) than
Arctic Surface Water. It originates as a mxture of Arctic Surface
Water with the cold fresh water that arises fromnelting of the
seasonal ice over the continental shelves. Fresh water from the
Mackenzi e River and other local rivers may also contribute to this
water type, but this could occur only after cooling of the river
water to near-freezing point levels. Mxing of the melt water from
2.0 mof sea-ice with a 20 m layer of shelf water of average
wintertime salinity of 32 psu (Melling and Lewis 1982) would result
in a water colum with 28 psu salinity at near-freezing tenperature.

Mackenzi e River |nfluenced Water - This water type has a very wide
range of tenperature (O to 18°C) at or near zero salinity. The range
of possible T/S characteristics is further broadened through water
mass nodifications in Mickenzie Bay. Mxing wth |ocal melt water
fromsea ice reduces the tenperature and, to a nuch lesserdegree,
i ncreases the salinity. Absorption of heat from solar insolation
rai ses the heat content while vertical mxing with the cold saline
wat ers beneath decreases tenperature and increases salinity.

Exam nation of surface salinity and tenperature data collected from
drillships operating in Mackenzie Bay (Thomson et al. 1986) indicates
that representative ranges of tenperature and salinity, frommd-July
to md-August, are 4-12°C and 6-27 psu.
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5. Nearshore Waters Influenced by Local Estuarine and Coastal Processes
- At sonme CTD stations within a few kilonmeters of the coast,
significant nodifications were observed relative to the water mass
types occurring farther offshore. In 1985 the” TS curve for station
1 (Fig. 50B) indicated considerable warmng relative to adjoining
of f shore waters, presumably due to local heating and discharge from
the warm coastal |agoons, In 1986, cooler and in some instances |ess
saline waters were present in the surface layer at several nearshore
stations., These differences from the adjoining stations |ocated
farther offshore were nost apparent at two stations west of Herschel
Island (86-1 and a); station 86-10 east of Demarcation Bay; station
86-9 located east of the Kongakut Delta just off the barrier island,
and station tl-1 off Kaktovik (Fig. 52). However, at other nearshore
stations, conparatively warm waters were present, nost noticeably at
stations 86-11, t4=1, and t2~1. A nore consistent feature of
nearshore CTD stations was the occurrence of a very thin surface
| ayer, a shallow but intense pycnocline, and cold, saline Arctic
Water at conparatively shallow depths beneath the pycnocline. These
characteristics were observed consistently at locations between the
Rongakut Delta and Denarcation Bay (see 'Inshore Fine-Scale
Qceanographi ¢ Features’, bel ow).

WAt er Masses in 1985.--The T/S diagrans for Septenber 1985 (Fig. 50) show
that the deeper portions of the water column at nearly all CTD stations either
were ASW, or were indicative of mxing with ASW  However, at stations 1,11
and 13, the T/S characteristics were mnot clearly related to ASW For station
1, additional heat, 1likely through m xing with warm water from coastal
| agoons, resulted in higher tenperatures (see above). Data obtained on 18
Septenber 1985 at stationms 11 and 13 (Fig. 50) indicate that the T/S
characteristics of the water colum had been nodified through m xing
associated with the intense west wi nds on 15-17 Septenber (see bel ow).

In 1985, CHW was recogni zabl e only at the three CTD stations nearest the
shelf edge (statioms 4, 5 and 10). This water type was not present over the
i nner shelf. |Instead, the 6-20 m portion of the water column over the inner
shelf appeared to consist of a mxture of ASWwth the upper |ayer of
“Mackenzie Bay water found farther offshore, possibly with sone contribution
from the narrow coastal band of fresher warner water.

The T/S characteristics of the surface layer (Fig. 50A) varied
consi derably anong transects over the outer half of the continental shelf. On
all transects, the influence of river water increased progressively wth
di stance from shore, as indicated by increased tenperatures and lower
salinities at the north ends of the transects (Fig. 44, 50). However, the
change in T/S characteristics differed among transects (Fig. 50). On transect
1, the surface T/S characteristics were reasonably consistent over the mid-
and outer shelf. On transect 2, two distinct sets of T/S characteristics were
present: the surface T/S curve was approximately 1° greater in tenperature
for a given salinity over the mddle portion of the shelf (depths 30-70 m
than over water depths >70 m  The surface T/S characteristics on transect 1
were internediate between the two surface water types occurring on transect 2.
Such differences suggest that the upper 1layer, which was being advected
westward from Mackenzi e Bay, consisted of water nmasses that had been subjected
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to differing nodifications. The differences mght represent varying bl ends of
Mackenzi e Bay water mxed with water of offshore origin

In 1985, the T/S characteristics of transect 4 were much nore uniform
than those on transects 1 and 2. Transect 4 was confined to the inner shelf
near the eastern limt of the study area and was studied following a najor
westerly w nd event. The narrow ranges of tenperatures and salinities on
transect 4 indicate that nmuch vertical mxing had occurred via wi nd action
However, the T/S characteristics cannot be expl ai ned simply as m xing of T/S
values simlar to those neasured earlier on transects 1 and 2 over the inner
shelf. |Instead, the entire water column on transect 4 appeared to consist of
ASW m xed with cooled (by approx. 2°C) upper layer Mackenzie Bay water, and
perhaps also with CHW that previously was only found farther offshore.

Water Masses inm 1986.-~T/S characteristics exhibited nore variation in
Sept enber 1986 than in September 1985. In the |ower |ayer, Bering Sea Water
was clearly present at the outernost stations of the three nost westerly
transects. There was evidence of a snaller influence of BSWat sone other
stations. At the remaining measurenent |ocations where there was sufficient
depth for a lower |ayer, Arctic Surface Water occupied the deeper portion of
the water colum. Even at stations containing a pronounced core of BSW ASW
was found beneath the BSWif the water depth was sufficient (e.g. stations
t2-5 and t3-5).

CHW was recogni zed at the outernpst stations on transects 1 and 2 (tl-4,
tl=5, ctd 44, ctd 45, t2-5). It was mot promi nent on the nore easterly
transects “(3 and 4), although there was weak evidence of the influence of CHW
at station t4-5.

The inner shelf T/S diagrans (Fig. 52) denonstrate a renmarkable
consi stency anong the 20-odd CTD stations within 20 km of the coast. At all
| ocations, all or nost of the T/S curve lies on a line connecting the core ASW
characteristics with warm conparatively saline T/S characteristics (i.e. at
3°C, salinities of” 26-28.5 psu). The T/S curves are shifted toward greater
salinities for the sanme tenperatures than were observed farther offshore in
ei ther 1985 or 1986. Surface tenperatures at inner shelf CTID stations in 1985
were all 1.0°C or less, nuch lower than the 3.0 to 5.0°C neasured at the
eastern inner shelf stations in 1986.

At four of the inner shelf CID stations (86-1, 86-7, 86-9 and 86-10), the
T/'S curves reveal ed strong salinity gradients extending to the surface even
though the tenperature profiles were uniform (ranging from 4.0°C at station
86-10 to <1.0°C at station 86-9). The presence of a strong isothernal
halocline nay indicate freshwater influence fromlocal estuaries, or in the
case of the low tenperatures at station 86-9, local ice nelt.

I nshore Fine-Scale QOceanographi c Features

In 1986, intensive oceanographic observations were collected over the
i nner shelf, particularly in the eastern half of the study area. Inner shelf
data consisted of (1) boat-based CID stations and transects conducted from 4
to 7 Septenber 1986 in areas used by bowhead whal es during the same period;
(2) aircraft transects flown parallel to and perpendicular to the coast fromb5
to 10 Septenber; and (3) satellite imagery of 6, 8 and 10 Septenber, processed
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to provide high resolution maps of surface Tenmperature (Fig. 33). These data
are inportant because physical factors probably affected the abundance and
distribution of zooplankton and hence bowhead whales ‘in the nearshore zone in
1986. The inner shelf data available for 1985, while nuch less extensive than
the 1986 data set, were exam ned to docunent differences between the two
years.

4 Septenber 1986--- A detailed aircraft survey was conducted in the
coastal area immediately west of Herschel |sland where bowhead whales had
been observed on 3 Septenber 1986. Aircraft neasurenents of surface
tenperature and reflectance (R640) reveal ed a nearshore band of turbid water
(equivalent to a secchi depth of <3 m that was confined to within 2-3 km of
the coast off Komakuk, but extended up to 7-8 km from shore inmmediately west
of Herschel Island (Fig. 53). Even higher turbidities occurred in the very
shal  ow waters of Whal eboat Passage separating Herschel Island fromthe
mainland.  This shall ow water was also very warm >4-5°C.

The boat-based data consisted of five CID stations, two (stations 86-1
and a) within the turbid nearshore band and three (b, ¢ and 86-2) in waters of
progressively reduced turbidity. On the transect of CID stations between
stations a and 86-2,which formed a south-to-north-line perpendicular to the
mai nl and coast, continuous neasurenments of surface tenperature aloag with spot
measurenents of salinity were collected. The two stations located in the
near shore band of turbid water had a comparatively uniform surface |ayer
extending to 4-5 mdepth, with conparatively low tenperatures (3.5°C) and
salinities (24,1 to 25.2 psu). Beneath an intense, thin pycnocline extending
over only 3 m a lower |ayer of conparatively warmtenperatures (-0.1 to
1.3°C) and low salinities (29.0 to 30.7) was present. At the CTD stations
farther fromthe nainland coast, surface tenperatures {3.3 to 4.0°C) and
salinities (25.3 to 26.0) were higher and the upper |ayer was much shal | ower.
However, beneath the shall ow pycnocline the water at these nore offshore
| ocations was colder and nore saline than at the nore inshore stations. Thus,
the horizontal gradients appeared to differ in sign between the surface and
lower | ayers. There was also evidence in the surface T/S data of an abrupt
increase in surface tenperature, by approximately 0.5 ¢°, just north of ¢TD
station b

The absence of well-m xed conditions in the surface |ayer at the stations
farther offshore suggests that warm nore saline surface water may have been
movi ng past these stations. The aircraft data suggest that the source of the
war mer water may have been the Mackenzie Bay water present north of Hersche
Island (Fig. 31).

5 Septenber 1986---1Initially two CID stations were occupied on the inner
portion of boat transect 4, just east of Demarcation Bay. Then, boat-based
operations shifted west to the inshore area off the Kongakut River Delta,
where feedi ng bowhead whal es had been observed fromthe aircraft that sane
day. The 'Annika Marie’ sanpled at CID station 86-5, 2-3 km from the coast at
the location with whales, and then travelled L1 km of fshore. Follow ng two cTD
stations (d and 86-6 separated by approximately 5 km, the boat headed back
inshore toward the initial sanpling |ocation (86-5) and conpleted the day with
CTID station e, located about 1 km north of station 86=5. Continuous surface
tenperature data were not available due to instrunent problens. The aircraft
also flew special transects on 5 Septenber, including two tracks within a few
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rd

kilometers of and parallel to the coast, and three transects perpendicular to
shore over or near the Xongakut Delta area.

Mappi ng of the conbined aircraft and boat-based data (Fig. 54) reveals
two prom nent oceanographic features:

1. A narrow nearshore band of turbid water (inferred secchi depth <3 m
along the barrier island; the width of this band ranged from one to
several km  The nearshore band appeared to intensify imediately to
the west of Demarcation Bay, and it was apparently present at station
86-3 just to the east of Demarcation Bay, as indicated by the low
secchi depth reading of 1.8 m

2. A broad expanse of warm and conparatively clear water offshore of the
turbi d nearshore band off the Kongakut Delta. The aircraft data
reveal ed tenperatures exceeding 4.0°C as far as 25 km from shore.
Satellite data obtained 1 day later, on 6 Septenmber (Fig. 33A),
indicated that the highest tenperatures (>4.2°C) within the study
area were off the Kongakut Delta.

The nearshore band of turbid water was al so characterized by lower
surface tenperatures, and surface salinities conparable to or |ower than those
farther offshore. Lower tenperatures are indicated from the aircraft data,
where the two flights parallel to the coast revealed tenperatures of 2.3 to
3.2°C. From CTD data obtained at station 86-5 |ocated only 2.5 kmfromthe
barrier island a surface tenperature of 3.6°C was neasured. (Note that
near shore CTD stations 86-5 and e are farther offshore than the core of the
nearshore band. The width of the band was particularly narrow at this
| ocati on. The surface tenperatures at those stations were greater than some
of those neasured fromthe aircraft. Simlarly, the secchi depth at station
86-5 was 6.1 m this is equivalent to an R640 reading of approxinmately 0.01,
which is |ower than R640 val ues found close to shore.)

Conparison of CID station pairs (86-5 vs. 86-6, e vs. d; Fig. 54)
provi des insights into subsurface conditions near the edge of the nearshore
band, where bowheads were, feeding, and well offshore, within the warm inner

shelf waters. Both nearshore stations (86-5, e) exhibited a nore intense
pycnocline, along with considerably lower tenperatures and higher salinities
Wi thin the pycnocline and in the lower | ayer. The differences anounted to

1-2°C and 2-4 psu and were largest over depths of 7 to 15 m These CTD
conmpari sons suggest that the subsurface waters had nore pronounced Arctic
Water characteristics in the nearshore zone than was the case farther offshore
in the adjoining warm inner shelf waters.

6-7 Septenber 1986.--On 6 Septenber, intensive measurenments were obtained
from the boat and aircraft off the Kongakut Delta, overlapping the study area
of the previous day but extending farther east.

The aircraft-based turbidity neasurenents (Fig. 55) indicated that the
turbid nearshore band had increased in width by 6 September, extendi ng sone
5-11 km beyond the barrier islands. On the previous day, this band had
extended as little as 1 kmfromthe barrier island. Based on the conbined
boat, aircraft and satellite (Fig. 33A) data, the broad area of warm water
over the inner shelf continued to extend at |east 25-30 km off the Kongakut
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Del t a. Wthin the turbid nearshore band, surface tenperatures were again
| ower than those farther offshore. Now, however, an intense tenperature front
occurred approximtely mdway through the nearshore band. At this |ocation,
2-3 kmfromthe barrier island, tenperatures changed abruptly fromover 4°C on
the offshore side to 1-2°C closer to shore. This cold water along the barrier
i sl ands likely resulted fromnelting of sea-ice grounded west of the Delta;
however, the salinity remained unchanged at the sites of | ow tenperature
measur ement s. I ndeed, surface salinities exhibited very little change from 2
to 10 km off the coast, ranging from 25.3 to 26.3 psu (Fig. 55).

CTD profile data were collected at sites 86-9 (within 2 kmof the coast),
86-7 (about 3 km offshore) and 86-8 and g (9-10 km of fshore and well outside
the turbid nearshore band). At the two innernost stations within the
near shore band, the pycnocline extended to within 2 m of the surface. Beneath
the intense but shall ow pycnocline, tenperatures were cooler (by 1-5 Co) and
salinities greater (by 1-3 psu) than those neasured farther offshore at the
same depths of 3-10 m  As on the previous day, Arctic Water characteristics
were much nmore pronounced at depth within the nearshore band, where whales
were feeding, than in the warminner shelf waters farther offshore.

On 7 Septenber 1986 the turbid nearshore band still extended offshore to
di stances conparable to those of the previous day (Fig. 56 vs. 55). Fromthe
aircraft, promnent turbidity froants were observed visually along the edge of
the nearshore band. Boat - based neasurenments were carried out along an
onshore-of fshore transect 4 km east of the easternnost boat transect of the
previ ous day. On this transect, surface tenperatures and salinities were
somewhat |ower than those farther west on 6 Septenber. Up to 10 km from
shore, surface tenperatures and salinities were 1 C' and I psu lower.” Very
low tenperatures (<1°C) were again measured within 1 xm of the barrier island.
On 7 Septenber, unlike the 6th, salinities decreased sharply from 24.6 psu
offshore to 21.5 or less near the island. Bands of ice were present along the
island on this transect, accounting for the reduced tenperature and salinity.

Two CTID profiles ‘taken on 7 September, at stations 86-12 near the edge of
the nearshore band and 86-13 well beyond it, again indicated tenperature and
salinity differences at depth. As on the previous two days, the innernmost CID
station had a shallow, intense pycnocline, below which waters were about 1 Co
cooler and salinities 1 psu greater than those outside the nearshore band.
The differences extended over nost of the water colum, from 3-4 mto 17 m
Whal es again fed in the col der water close to shore, i.e. at station 86-12,

Addi tional boat and aircraft data were collected off C arence Lagoon just
east of the official study area on 7 Septenber. Bowhead whal es had been
observed there on the previous day. A visually promnent and wedge-shaped
turbi d nearshore band extended nearly 4 km of fshore east of the |agoon, but
was reduced in width to 2 km off the entrance of the |agoon and was absent
al together farther west, CID profiles were collected at site 86~10, within
the turbid band (secchi depth of only 0.6 m, and at site 86-11 a similar
di stance from shore just west of the turbid water {secchi depth of 3.4 m. A
very thin surface |layer was present at both stations, extending oanly 1-2 m
below sea level. Wthin the turbid nearshore band, both the surface
tenperature and surface salinity were |ower than the values neasured farther
west at the edge of the band. However, beneath the surface |ayer, the
vertical profiles were virtually identical.
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10 Septenber 1986. --Extensive aircraft-based nmeasurenents were coll ected,
along Wi th boat-based sanpling along the easternnost broad-scal e boat transect
(no. 4). \Wales were feeding about 6 km NNWof the entrance to Demarcation
Bay on this date; they were about 5 km west of boat transect 4. I nstrument
probl ems were encountered with all aircraft-derived tenperature data obtained
210 km west of Demarcation Bay. The aircraft data obtai ned north of
Demarcati on Bay were usable, although conparisons with the concurrent
boat - based nmeasurements on transect 4 indicate that the aircraft measurenents
were consistently low by approximately 1.3°C, and they were adjusted upward
accordingly. Fortunately, a high resolution satellite inmage was al so
available for this sane date (Fig. 33C). Interestingly, it too required an
upward correction of the same magnitude for consistency with the boat-based
data (see ‘Methods’, p. 38).

The conbi ned data showed that the nearshore band of turbid water was
again present along the barrier islands (Fig. 57). West of longitude 141.7°W,
it extended 3-5 km offshore, as on 6-7 Septenber. However, at |ongitudes
141.4 to 141.7° w, turbid water extended 30-35 km of fshore. This turbid
feature occurred as broad filanent oriented due north, with an apparent width
of-5 kmor nore. Fromthe large scale patterns of surface turbidity and water
col or observed from the aircraft, the turbid offshore waters appeared to be an
extension of high nearshore turbidities, being advected northwestward fromthe
coast near Denarcation Bay. Water color was not uniformwthin the offshore
area of high turbidity, but had a banded appearance. Surface tenperatures
wthin this broad band of turbid water were estimted as 4.0-4.5°C fromthe
aircraft measurements. The high resolution satellite data for this same date
(Fig. 33¢) also show this feature as a narrow (5-8 kn) band of warner surface
water (>4.0°C) extending over 30 kmfrom shore off Denarcation Bay, and
continuing to the northwest, wth tenperatures exceeding 4°C some 30 km north
of the Kongakut Delta.

On this sane day, well defined eddy patterns outside the high turbidity
wat ers were observed and photographed fromthe aircraft. These features were
evident as alternating bands of different water colors in a circular
formation. The bands spiralled inward to the center of the pattern,
suggestive of a small cyclonic eddy with surface convergence occurring at its
center. Boat-based sanpling at the surface through one of the eddies (north
of station t4-3) was inconclusive due to the large station separation}
al though the salinity may have increased somewhat. Along boat transect 4, low
surface salinities were measured just off the coast, followed by markedly
increasing surface salinities to maximumlevels of 27.8 psu approximtely 6 km
of fshore. Surface tenperatures were relatively uniformover this same portion
of the transect. CTD profiles were obtained at stations t4-1 and t4-2,
located 1.5 and 6.5 km respectively fromthe coastline. Al though tenperatures
at the surface were warner nearer the coast, tenperatures beneath the
pycnocline were | ower by about 1 Co near the coast. As at the pairs of CID
stations studied on 5-7 Septenber, cold, saline Arctic Water was nore
prom nent at the nearshore station than farther from shore.

Thus , there was a recurring pattern for Arctic Water characteristics to
be better devel oped within the nearshore zone than at the nearest adjacent
i nner shelf station. This is illustrated in the vertical sections of Figures
58 and 59. For all pairs of nearshore-inner shelf stations sanpled on 5-10
Septenber 1986, tenperature and salinity isopleths were tilted upward toward
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the coast. Thus , intense horizontal gradients were present at depths ranging
froma few neters to 15 m., Convergent flow patterns may have been associ ated
with the inplied intense subsurface frontal features.

Frontal Characteristics

Boat - based measurenments of surface Tenperature and salinity (Fig. 60,
61) showed that changes in surface water properties were not evenly
distributed over the continental shelf. Instead, there were conparatively
large gradients, or fronts, over distances ranging from <2 kmup to 10 km
Between these fronts, the horizontal gradients were much weaker, reduced by as
much as an order of nagnitude (Fig. 62-64). Strong gradients were also
apparent in the airborne radi ometer data (Fig. 23, 25, 29, 34, 65) and in
thermal inmagery from satellites, particularly the high resolution data for 6
8 and 10 Septenmber 1986 (Fig. 33).

The horizontal gradients With the largest anplitudes occurred over short
di stances, typically 200 mto 2 km (Fig. 62-65). These intense fronts were
often acconpani ed by a nearby gradient of opposite sign, e.g.events II/III on
Fig. 62; radioneter data 25-30 km from shore on boat transect 2, Fig. 65; data
of 10 and 12 Septenber 1986, Fig. 64. This pattern of pairw se occurrence of
fronts having opposite sign is indicative of small scale eddy features, wth
approximate scale sizes of <2 to 10 km Due to the small scale size, these
eddi es were not adequately represented in tw dimensions on naps of surface
water properties as neasured by airborne transects spaced several kilometers
apart or on satellite imges having 1-2 km resol ution

The surface tenperature and salinity data did not always change in
“-"parall el fashion along boat transects (Fig. 62-64). Thus , di scussions of
surface oceanographic features derived solely fromthermal data should be used
with caution. To examine this nore closely, the boat-based surface T/S data
from 1985 and 1986 were used to exam ne frontal features represented by
tenperature changes of at |east 0.5°C and salinity changes of at |east 1 psu.
The conparative anplitudes of frontal features defined in this way were
exam ned separately for 1985 boat transects 1 and 2 (Fig. 66) and for 1986
boat transects 1to 4 (Fig. 67, 68). Along transect 1 in 1985, changes in
tenperature and salinity were reasonably consistent. The only obvi ous
i nconsi stencies were event 11 on the inner shelf, where the tenperature
gradi ent was very strong but the salinity gradient was not (Fig. 66A); and the
northernnmost 12 km of transect 1, near the shelf edge, where tenperature
continued’ to increase in the absence of a salinity gradient (Fig. 624 .
However, along transect 2 in 1985, nuch larger discrepancies were evident
(Fig. 62B, 66B).

The 1986 boat transect data (Fig. 67, 68) indicate a simlar |ack of
correspondence in sone tenperature and salinity gradients. Thi s was
especially evident along boat transect 3 and the inner portion of transect 4
(Fig. 64), where the match between tenperature and salinity gradients was
poor . On transect 2, large tenperature and salinity gradients generally
coincided with one another, particularly over the inner- and outermost
portions of the transect (Fig. 63, 67).



Water Masses 115

*2anjexodwoy () pue Ajtuiies (V)

:3urydwes o1ydeaBourad0 .pOsEg-ITVOQ

oay3 woaj paradjui s¥ ‘¢gel Aoqueidag o ©3 ¢ woiy ssrjaadoad xojem SOBJANS JO UVOTINQTAISIP QYL °09 HANOIJ
oN?-- o0&l ot EYA 4] o Tl Y44l
1 av
vASYIv wy T ; . . . JOEe69 vaSY Wy . - . . , 0E:69
52 0z G ol [+ (4] g2 oz st ot [ 0
"Mos  or o0f o2 a 0 “os oy o8 o0z o 0
.u,\um 21995 o1, auxﬁw_mu 21038
vonoowsq (Do) @inesadwal d9epng o q °%) Anuneg soepng

1d3S O~ .
£ LO3SNYEL

AIAOIHD ) 7
< 7 hog

g0 " wopwo)

w0

!

i

l

i

§

I

!
SN (08601

1 e

. .e
1d3S 9-§
t 103SNVYL

o,

|
- -

1 "
1 <
i

oosy

[ :
) %

!
t  Apmg

2 1D3SNYHL

]

\Ad3g 08-2 .

idas 9-8
¢ 103SNVHL

HIACIHHO N

(4
-

=" fog

w0l

o Rippunog
o3Iy
kpmig




Wat er Masses 116

rry li? @or
| THY
TRANSECTI
TRANSECT 2
16-17 SEPT. |g_j98EPT,
[ 4
\r' 28 TRANSECT 3
: . [2-14 SEPT.
. TRANSECT 4
sg 9=l SEPT.
G
23

.
Iy
e
Iy
* J
3 '\ 24

2%

;70%

Kaktovik .
_ Pohokt
Bary

SURFAGE SALINITY (%0} .
0 10 20 30 40 50 km [
SCALE ' Oemarcatiom Bay
BJ - 7
"
ECT
6-17 SEfT T RANSECT 2
. ", e~ SEPT.
<04 °4’ 3 TRANSECT 3
= = 1214 SEPT. »
2‘--\(«’ § ,  TRANSECT 4
| i : . 9-11 SEPT.
i<z N M
X \:.-2/ - ‘r— 3
- S
‘ 00
. s
--".“14
=ﬁ=?4
>3=: :

SURFACE TEMPERATURE (°€)

O 10 20 20 40 50 km
Demarcation Bay

SCALE
The distribution of surface water properties from5 to 19

I
as inferred from the boat-based oceanographic sanpling: (A)

FI GURE 61.
Sept ember 1986,
salinity and (B) tenperature.



Wit er Masses 117

*Ajyyuryes

io/pue oanjeradwe) uy s3udTpeid o8ae] ojousp STRIAWNU UPWOY PUEB SBIIR POPEYS YL g7 3I0IBUBI] JTOQ (q)
pue *y 3109suBal 3IBOG (V) :G86T UI Spn3ITIB] YiIs A3juy(es pue danjkaadwe) S08JaAnNS JO UOIIBTIEBA BY] °79 N4

(o) 3QNLIVY . (o} 30NLELY
9'0L s ror oL 2oL 10t o002 . oo oL yoL c'oe oL oL ow
oc 1 ! _ .02~ 08 = i 1 : g : oe-
|
62+ 511~ 0z iy Lo~
92| L0t - 92 i Lo~
22 60~ 2z u -9°0~ 5}
: AN m :
H P
z » Z %
s ) = >, 9o &
< g2- -0 § L 3
° R Lot 2
3 vz Lot 3 e s
< 0 > -
> - . Ly @
£Z gy @ 14
Ly Loe
2z 02
' uﬁx\b B T
12 gz
‘ 0z- n Lo'e
0z - Lo'e
1d3S 0,  4d3S 8 . 1d3s 2 1d35 9 , 1438 S
s T L Ll e nnn Bp Sp mEE ESE FEFEEE BCEEw.
BEE SEF EE BEEBGEERE EEREEE EE G BEE §E7 GEEFEY §RBfss
g 4 3 , ¥ g8 ¥ EE g
{10V) 3LVO/3WIL Z LOISNVHL av) 31v0/3NIL ¢ 1D3SNVHL
Fl o



TRANSECT | TIME/DATE (ADT) A TRANSECT 2 TIME/DATE (ADT) LB—
o] WO 20, 30 40
(== ==
" DKSTANBEE ((Knj)
8
L4
e

4.0 20 4, 0 —trh -20

35- 21 “ 35- -2
2 3.0- - 22 a 30- 22
u Lan
® 25 -23 . g 25- 23 A
u -
X 20- 24 @ tn":' 20+ -24§
g 15 25 > | 15 25 5.
1’4 t: o t:
to oo 26 Z|W 10 26 =
= 27 & = o) 27 ‘&’
E 05" " m E '5 m

0.0- - 28 00- L 28

i |
-0.5- - 29 -05 -29
et I ¥
-10 ‘ . T 3L 30 -10 — i - 7— - 30
70.0 ml 70.2 70.3 704 70.5 706 70.7 00 71 70.2 7.3 704 70.5 70.6 70.7
LATITUDE (°) LATITUDE (°)

FIGURE 63. The variation of surface tenperature and salinity with latitude in 1986: (A) boat transect 1, and

(B) boat transect 2.
salinity.

The shaded areas and Roman nuneral s denote |arge gradients in tenperature aand/or

81T SOSSBR 33BN



Masses 119

Wat er

*Ayturies
ao/pye 2anjeaadwe] uy .s3udTprad o3ae] ojousp §IEISWAU UEBWOY PUER SEBIIE PIPRYS Y] *4 So9suea) I80q (H)
pue ‘g 309suea) Iv0q (V) 39861 UT 9pn3ITI¥T yirm Ljrurles pue 2anjraodmo] 9o8JaANg JO UCTIRIARA 3] °$9 FWNDIA

(o) 30NLILVT (o) 3001V
goL 2 oL 0L €69 869 169 969 oL ¥ €0 20, 0L 0DL 669 869
oL t 1 i - -. 1 - ol- O [l [ : ol-
F_aﬁ_ bl |zim| Wm|z | | WEINE:
ez 11 S 90- 62 A -§0-
ez || | -00 82 -~ 00
|-
B 22 g0 M % 12 g0
C 3(E 3
Z 9z o1 M| Z 92 tor @
- , AR 2
< ¢l ol B X sz -6l B
@ 42- Loz B[ Y vz oz A
c mlE m
> €21 2 8 > gz ¢z M
22- Log O 22 Loe o
12- -6¢ 12- }soe
o2- Lot 02- -0t
(M) 3INYLSIO .
e e e e |
o0 0¢ 02 O O
|m._ (LAV) 34V0a/3NIL v 1D3ASNVH.L .ﬂ._ C.Qs 31va/3NIL € LO3ASNVHL




DISTANCE FROM SHORE (km)

| 1 1 1 i | 1 3 i i )

LAND 5 10 15 20 25 30 35 40 45 50
3 . — -
T /f-‘_'—'—\/—\-—\/w
2) . —
-1
- LINE 8
O
1
[
w
U
2 W""”""n. et
= «
o | =
i1
; TRANSECT 2
W
3“
2.4 . .
1 ..M‘-\M
.?-I —m—tB00ee,,

LINE 7

Jorxx NO DATA

FIGURE 65. The variation of surface tenperature with di stance along airborne renmpte sensing lines 7 and 8 and

al ong boat transect 2, 6 Septenber 1985. Lines 7 and 8 were on opposite sides of transect 2. All
measurenents were obtained with the Airborne Radiation Thernoneter.

0Z1 SsosSeR x93EpN



Water Masses 121

A ~TRANSECT |, 1985
I I 1T v A

0.5 ~ 1.0

0.4 4 0.8

0.3 4 0.6

0.2 - 0.4
— 0.1 = % 7 - (0.2 =
E o T N ) - E
g 0+ f % 02 3
e I % 0 &

-0.3 - "

5 =04 - % -0.8 b
W  -o0.5 Lo &
a : =
= =
o B- TRANSECT 2,1985 5
% I I1 ITI v >
2 051 ~ 1.0 E
< 0.4 = . 0.8 '
6 o
W 0.3~ L 06 o
= 0.2 - 7 . 0.4
W o 7 o

s B R \\

~0.4 - -- 0.8
‘0-5 o I—=—1oO

FIGURE 66* Conparative magnitudes of selected horizontal gradients in
tenperature and salinity observed in Septenber 1985 along (A) boat transect 1,
and (B) boat transect 2.



Water Masses 122

A- TRANSECT’ 1,1986

I I I

o5 - --1.0

0.4 - --0.8

O. 3 = --0.6

0.2 -~ -0.4
— 0.1 + --0.2 fE-;,
£ 0 N . 0 X
B 0.1 - - 0.2 é
:-/ -0.2 - . 0.4 >

-0.3 - -- 0.6
';‘ -0.4"- |— 0.8 |'Z"
w -.0.5 - - 10 W
Q Q
< <<
(14 fa
o B~ TRANSECT 2,1986 o
W I I I ¥ X -
=2 0.5 1 --10 =
< 0.4 o - -0.8 '.;.t
g- “0.3 = | . 0.6 (%)
- 0.2 = . -0.4
2 0 - \ ['@ L 0.2

0 \ 0

[ ,
-0.1 - - 0 N
-0.2 - 0.4. §

= O- 3 - . o 006
-0.4 - - 0.8,
NEAR OFF
0.5 7 SHORE SHore -~ 10

FIGURE 67. Conparative nmagnitudes of selected horizontal gradients i

tenperature and salinity observed in Septenber 1986 along (A) boat transect
and (B) boat transect 2.



Water Masses 123

A= TRANSECT 3, 1986
I T i1

0.5 - --3.0

0.4 - ~=0.8

0.3 - 0.8

0.2 - o= (0,4
? 0.1 ‘ ‘ e =0.2 ?

4] - . 0 Y

o . S
O  -04 - - 0.2 3
™) Q.
bt -0.2 |, 0.4 ~

“0.3 - 0.6
E 20,4 - 0.8 E
W -0.5 - - 10 W
m) o
< <
o (24
O B~ TRANSECT 4,1986 o
w I I I ¥ ¥ Y v Yo >~
= — =
E 0.5 - r-1.0 Z
< 0.4 - . s
a <
w 0.3 = 1ép]
Q.
= 0.2 -
E o A

0 -

- 01 - N

-0.2 = \&

-0.3 = \\

-0.4 —

0.5 < \ear opp = L0

SHORE SHORE

FIGURE 68. Conparative magnitudes of selected horizontal gradients in
tenmperature and salinity observed in Septenber 1986 along (A) boat transect 3,
and (B) boat, transect 4.



Wat er Masses 124

The | ack of coi nci dence of sone tenperature and salinity gradients
inmplies that salinity gradients will not always be evident from maps of sea
surface tenperature derived through remote sensing. Salinity gradients are
inportant in their own right because changes in salinity determne, for the
nmost part, changes in water density. Aso, salinity is a nore conservative
water property than is tenperature, as salinity is nodified |ess by vertica
heat exchanges (solar insolation or turbulent heat losses to the atnosphere).
For this reason, sonme significant frontal features, including zones of
convergence and possible zoopl ankton aggregation> could be overlooked if one
consi dered only sea surface tenperature. On the other hand, the availability
of synoptic and repeated data about water tenperature (and color), as derived
fromthe renmpte sensing techniques, is a considerable advantage. The data
fromthis study showed that satellite, airborne and boat-based data are
conpl ement ary. No one or two of these three nethods can provide all of the
data needed to characterize spatial and tenporal changes in water nasses.

Di scussi on

The distributions of physical oceanographic features over the Eastern
Al askan continental shelf and slope were examined by neans of data collected
froma boat in 1985-86, through renpte sensing from‘'an aircraft and satellite
_in 1985-86,and from s review of the literature and historical data. Sea-ice
-and wind patterns in 1985-86 were also summarized.

. Water Masses

The water colum of the study area can be categorized as zones or |ayers,
according to the vertical distribution of density (and salinity):

- An upper layer, extending fromthe surface to the upper portion of the
mai n seasonal pyenocline. The depth of this layer varies from4 to 12
m over the central and outer parts of the continental shelf. In
nearshore areas (wWithin 15 km of shore) the pycnocline can extend to
within 2 mof the surface

- The main pycnocline, which extends downward from the upper |ayer to
dept hs of about 15 to 30 m outside the nearshore zone. In the
shal | ower nearshore waters, the pycnocline often extends to the ocean
bottom or to a thin bottom boundary layer. The pycnocline is
characterized by strong vertical gradients in tenperature, salinity and
density.

- The | ower layer, occupying the deepest portion of water column fromthe
base of the pycnocline to the ocean bottom Al t hough density (and
salinity) exhibit weak vertical gradients within this |ayer,
tenperature can vary wdely

Lower Layer.--The |ower layer consists of two distinct water masses (Fig.
50-52) . Arctic Surface Water (ASW) is nost common, being present throughout
the study area in 1985 and over nost of the continental shelf in 1986. Thi s
water is cold (<~1.0°C) and saline (>31 psu). It originates within the Arctic
Ccean through large scale exchanges between the waters of the Arctic Ccean’s
continental shelf and the underlying Atlantic Water in the deep basins of the
Arctic Ccean (Aagaard et al. 1981). In 1986, a second water mass was al so
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present within the lower layer. This water originated in the Bering Sea and
flowed north and east along the edge of the Al askan continental shelf
(Mountain 1974). Bering Sea Water rarely reaches as far east as the Eastern
Al askan study area. The last recorded instance of an eastward intrusion was in
1951 (Fig. .39).

Bering Sea Water (BSW) is defined by tenperatures >0.0°C at salinities of
30.0 to 32.5 psu (Muuntain 1974). In Septenber 1986, BSW with these
characteristics was observed at the outernost statioms on transects 1, 2 and
3. The spatial extent of the BSWwas clearly evident in vertical sectiomns of
tenperature (Fig., 47, 48). On the westernnmost transects 1 and 2, where the
Bering Sea Water was nost proninent, this water type was found at depths of 20
to 110 m over the outer edge of the continental shelf and inner portion of the
continental slope (water depth >50 m). The core of the BSWoccurred at or
near 30 m depth, wth a maxinum tenmperature of 3.4-4.1*C Farther east on
transect 3, the BSWwas found only over the slope, at reduced tenperatures of
up to 0.75°C; it extended over aconsiderable depth range--25 to 125 m. This
wat er type was not observed on the easternnost transect &4, although there was
evi dence of slight warm ng athe outernost station at depths near 50 to 75 m
The western origin of the water was clearly denonstrated by the progressive
reduction in the warm subsurface core fromwest to east (Fig. 49). It is
likely that eastward advection was occurring actively during and follow ng the
Septenber 1986 study period. Data collected in early and md October 1986
fromthe USCG vessel ‘Polar Star’ showed that the warm subsurface core was
then present as far east as transect 4 (tenperatures >3°C; D. Thonmson, pers.
comm, ) .

Pycnocline Layer.--Wthin the internmedi ate pycnocline | ayer, water mass
types generally followed a linear gradation fromthe water nmass properties of
the upper layer to Arctic Surface Water (aAsWw). \Were Bering Sea Water
occurred, the gradation of TS properties within the pycnocline layer still
exhibited the influence of ASW, with the transition to BSW being limted to
depths imediately above the BSWitself.

At sone locatioms, another water nmass type also occurred within the
pycnocline and the uppernost portion of the |ower layer. This water type,
call ed Cold Halocline Water (CHW), was cold |ike ASW but | ess saline (27-31
psu). It originates as a mixture of Arctic Surface Water with the cold fresh
water that arises from melting of the seasonal ice over the continental shelf.
Fresh water from the Mackenzie River and other 1local rivers may also
contribute to this water type, but this could occur only after cooling of the
river water to near-freezing tenperatures. Mxing of the meltwaerfrom 2 m
of sea-ice with a 20 mlayer of shelf water of average wintertime salinity of
32 psu (Melling and Lewi s 1982) would result in a water column With 28 psu
salinity at near-freezing tenperature,

CHW was present in the westernnmost portions of the study area over the
middle and outer shelf in both 1985 and 1986. CHW was not clearly evident on
transect 3 (sanpled in 1986 only) or transect 4 (1985-1986). G ven the melt
and retreat of the seasonal ice cover throughout the study area, an
interesting question concerning the distribution of CHWis why it was limted
to the outer continental shelf and beyond in the western portion of the study
area. The absence of CHWin the eastern or inshore portions of the study area
suggests that it had been replaced in these regions by other water types
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ei ther through westward advection of water from Mackenzie Bay or by vertica
mxing, likely with ASW upwelled from bel ow

Upper Layer.--The water nmasses of the upper layer were nore conplex due
to the greater nunber of physical mechanisns influencing the upper |ayer,
including surface heat exchanges, ice nmelt and horizontal advection. \Water
mass types observed within the upper |ayer included

1. Nearshore waters of estuarine or coastal influence--In both 1985 and
1986, narrow di scontinuous bands of turbid water occurred in the
nearshore portions of the study area. In 1985, this type of water
occurred over small areas, seldom extending beyond 5-10 km from
shore.  Tenperatures reached 0.5-2.0°C. |n 1986, the nore intensive
sanmpling reveal ed bands of turbid nearshore water extending west at
| east to 142*W Surface tenperatures and salinities showed
consi derable variation in the nearshore band, from <1*C to >4°C, and
21-26 psu. The |owest tenperatures and salinities were associated
with scattered bands of nelting ice. A nore consistently
di stingui shing feature of the nearshore band was the very thin
surface layer, with the pycnocline extending to within a few nmeters
of the surface. At and beneath the pyenocline, cold saline Arctic
Water was present at significantly shallower depths (5-15 m) than in
the adjoining and warmer inner shelf water slightly farther offshore.
The width of the nearshore band was also highly variable, ranging
fromas little as 1 kmto as nuch as 5-10 kmfromthe coast or
barrier islands. On one occasion, 10 Septenmber 1986, turbid water of
coastal origin extended over 30 km offshore from Denarcation Bay.
The distribution of turbid nearshore bands varied considerably with
tim. Wthin the official study area, they occurred nost frequently
of f the Kongakut River Delta (141.8°W) and Denarcation Bay.

2. Cold inner and md-shelf waters--Over nost of the continental shelf,
the upper layer was conparatively cold, saline and of |ow turbidity.
These waters had the tenperature-salinity characteristics of Arctic
Surface water, as nodified by solar insolation, nelt of local

sea-ice, and mxing with Mackenzie Bay water. In 1985, typical
surface tenperatures ranged from-1.5 to 0.5°C, while salinities were
in the 25-29 psu range. In 1986, the cold waters over the inner and

m d-shel f were confined to the west of 142°Ww. Even in these areas,

tenperatures were warner than in 1985 wth surface values of -0.5 to
2.5*C. Salinity levels were simlar to those of 1985, ranging from
25- 28 pSu.

3. Warminner and md-shelf waters--Mich warmer surface waters were
present in the eastern portion of the study area during Septenber
1986 than were observed farther west in 1986 or throughout the inner
and md-shelf areas in 1985. Tenperatures were 2.5-5.0°C,
Salinities were little changed from 1985--25 to 28 psu. The origin
of the warmwater in 1986 may have been rel ated, ia part, to the
somewhat earlier clearing of sea-ice fromthe study area in 1986 as
conpared to 1985, resulting in greater solar insolation. Loca
estuarine sources may also have played a role in the warmng of the
surface waters over the inner shelf, as indicated by the persistent
tenperature maxi ma neasured off the Kongakut Delta from 6-10
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Sept enber (see item (1) above). However, the satellite data (Fig.
33) strongly suggest that the increased tenperature of the upper
layer was partly of Mackenzie Bay origin. On the thernal inagery

from 6- 10 Septenber 1986, a branch of the warm Mackenzie Bay water
appeared to have been advected west into the inshore portions of the
study area, extending west to 142°w, The warm water appeared to
originate as part of the core of warm turbid Mackenzie Bay water
present east of Herschel Island. This warm water separated fromthe
main northwesterly oriented branch along the continental shelf edge,
and extended due west within 20 km of the north shore of Herschel
I sl and, West of Herschel Island, the warmer tenperatures became |ess
honbgeneous, and cold |arge-scale eddies and neanders were
interspersed through the generally warner inshore waters.

4, O fshore Mackenzie Bay water--Along the eastern edge of the study
area , the warmand turbid water from Mackenzie Bay was most prom nent
in offshore waters, extending from the outer continental shelf (over
depths >50 m) across the continental slope to depths >2000 m  These
wat ers occupi ed much of the large area of open water that extended
unusually far offshore in early to md Septenber 1985. Satellite
i mgery suggested that the warm water was steered northwest along the
steeply sloping shelf break past the protrusion of Herschel 1sland.
Near the east side of the official study area, |arge-scale eddies and
meanders were observed al ong the southern edge of the warm ¢ore of
Mackenzi e Bay water., These processes resulted in advection oOf
Mackenzie Bay water into the continental shelf off northeastern
Al aska.

The influence of Mackenzie Bay water decreased in the west part of
the study area. In" 1985, under prevailing easterly w nds, the
i nfluence of Mackenzie Bay water was observed across the full width
of the offshore portion study area, albeit at reduced tenperatures in
the western half. 1In 1986, the neasurable influence of Mackenzie Bay
water was |limted to the eastern half of the offshore portion of the
study area. In both years, strong northwest w nds during md-
Septenmber reduced the effects of Mackenzie Bay water throughout the
study area, through a conbination of vertical mxing of the water
colum and strong wind-driven eastward advection.

Large- Scal e Advection Patterns

The distribution of near-surface oceanographic features was strongly
related to regional wind patterns. During most of August and the first half
of September 1985, the prevailing winds were easterly. As a result, the
conparatively warm fresh and turbid water of Mackenzie Bay was advected
westward into the offshore portion of the Eastern Al askan Beaufort Sea. 1In
Septenber 1985, the offshore core of warm turbid water was nore promnent in
Eastern Al askan waters than had been observed in previous years fromsatellite
imagery (cf. Fissel et al. 1985; also Fig. 20, 21 of this report). Heavy ice
conditions in the easternnost part of the Canadi an Beaufort Sea during the
summer of 1985 nmay al so have contributed to the unusual westward extent of
warm fresh water ‘in the offshore portion of the study area. The reduced
eastward dispersal of riverine water in 1985 likely contributed to the strong
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riverine characteristics of Mackenzie Bay waters advected into the Eastern
Al askan area by the prevailing easterly w nds.

In 1986, easterly winds were |ess dom nant than in 1985, and the westward
extent of the warm freshwater of Mackenzie Bay water was reduced. The warm
core of the water remained along the continental shelf edge east of the
official study area. O fshore fromthe continental shelf, the influence of
Mackenzie Bay water was limted to the easternmost portion of the study area
in 1986.

Over the inner half of the continental shelf, particularly in the
sout heastern part of the study area, advection patterns and the properties of
the surface water were nore conplex in1986than 1985. Al though the 1985 data
were limted, the inner shelf waters were generally cold, clear and saline,
wth the exception of a narrow discontinuous nearshore band of turbid and
per haps warner water. During 1986, a general elevation in surface
tenperatures within the eastern inshore waters was acconpani ed by (1) evidence
of westward advection of warm Mackenzie Bay water past Herschel Island into
the inshore areas; (2) a large and nore variable nearshore band of turbid and
usual ly warnmer water extending up to 30 kmfrom shore, particularly off the
Kongakut Delta and Demarcation Bay; and (3) sizable areas of nuch cool er
surface waters in the form of eddies or neanders enbedded within the warm
inshore waters. Also of interest were the large gradients at depth within the
nearshore waters; col der and nore saline water was present below the nearshore
band in 1986, (It is not clear whether simlar differences existed in 1985,
given the limted sanpling on the inner shelf, although the much colder
surface tenperatures of the inner shelf waters in “1985 nake this seem
unlikely.) Along with the nore conplex spatial distribution observed in 1986,
the inshore areas were characterized by a high degree of tine variability,
wi th major changes occurring over periods as short as two days.

The remarkabl e differences in the inshore oceanographic regimes of the
eastern half of the study area between 1985 and 1986 are difficult to explain
The variable wind £ield of 1986 may have been conducive to a greater level of
mesoscale variability than were the nore persistent easterly w nds and
| arge-scal e advection patterns experienced in 1985. Large eddies and neanders
over scales of a fewtens of kiloneters tend to be nore promnent in the

absence of strong w nds.

During both 1985 and 1986, periods of strong northwest or west w nd
occurred in md-Septenber, and resulted in major changes in water masses. The
w nd caused eastward advection conbined with strong vertical mxing of the
water colum.  After each of these periods of west wnd, the -warm core of
Mackenzi e Bay water was no |onger identifiable in the offshore portions of the
eastern Al askan Beaufort Sea. The Mackenzie Bay water had retreated eastward
Perhaps equal Iy inportant, the warmfresh water in the surface |layer had been
mxed with the cold saline Arctic Water that had previously been underlying

the surface layer of Mackenzie Bay water. In addition, heat fromthe surface
| ayer was |ost to- the atnpsphere. The northwesterly w nds of m d-Septenber
1985 also brought much pack ice into nost parts of the study area. The

westerly winds in 1986.did so to a nmuch lesser degree.
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The effects of |arge anobunts of vertical mxing were also evident in
boat - based data col |l ected over the inner and mddl e continental shelf after
the strong northwesterly winds in md-Septenber of 1985. (No simlar data
were available for 1986.) The surface | ayer becanme considerably cooler, nore
saline and deeper, and it became less clearly differentiated from the col der
nore saline water beneath. No boat-based observations of the narrow coastal
band of warner water were obtained after the strong northwesterly winds began.
However, satellite imagery from 18 September 1985 (Fig. 27) showed a band of
turbid water along the coast, extending 10-15 km from shore, The hi gher
turbidities presumably reflected wave-induced resuspension of bottom
sedi nent s.

Upwell ing

Upwelling of nutrient-rich water from deeper to shallower depths may
enhance prinmary production and increase the food supply for zooplankton. The
boat - based oceanographi ¢ data denonstrated that coastal wupwelling, driven by
the dom nant easterly winds, was present at least from5 to 10 Septenber in
1985. The upward tilting of tenperature and salinity contours at depth
i ndi cated that the cold saline Arctic Water found at depth near the shelf edge
was being transported shoreward onto the inner shelf, just seaward fromthe
narrow band of warmer water found along the coast. The satellite and airborne
data of 1985, alomg with nutrient data (Fig. 154), were also consistent with
the occurrence of upwelling over the inner shelf. During and after the period
of strong northwest winds, upwelling probably stopped, given the absence of
any known driving mechanism

In 1986, there was no evidence of upwelling in the subsurface TS data
from the inner shelf and nearshore zones, in the renbte sensing data, or in
the nutrient neasurenments (Fig. 154). The absence of any pronounced coastal
upwelling in 1986 was expected because easterly winds were |less prevalent from
mid-August t 0 m d- Septenber in 1986 than in 1985,

These 1985-86 data, along with pre-1985 data, show that episodes of
coastal upwelling often occur within the study area, but nmay not occur in all
years. Based on 11 tenperature and salinity data sets examned in this study,
spanning the years 1951-86, strong evidence of upwelling was evi dent in 4
years, including 1985 and there was evidence of a |lesser or indeterminate
degree of wupwelling in four others. 1In three data sets (two in 1957; 1986),
there was no evidence of upwelling.

Frontal Features

Two large scale fronts (many kilometers in | ength) occur commonly in the
study area. These are (1) the front along the southern edge of warm and less
saline Mackenzie Bay water, generally near the continental shelf edge in the
eastern part of the study area, and (2) the boundary between turbid nearshore
waters and | ess turbid, and generally cool er, inner shelf waters. The first
type of front occurs far offshore in the eastern part of the study area,
although it can extend westward well into the study area during prolonged
periods of easterly winds, as in 1985. The nearshore front appears to have a
spatially internmittent character, often being limted to or nore prom nent
near the mouths of |agoons or bays.
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Ot her large-scale fronts also occur intermttently. In 1985, frontal
features separated surface waters of |ow (<0.5°C), internediate. (0.5.to 2.0°C)
and warm (>2.0°C) tenperature over the continental shelf. The locations of
these fronts varied considerably over a one week period. In 1986, |arge-scale

thermal gradients were also present, but they tended to have a north-south
orientation, separating cold water in the west fromwarmwater in the eastern

hal f of the study area.

The airborne data of 1985-86 and the satellite imagery of 1980-86 suggest
that neanders and eddi es associated with fronts can bring warmer water onto
the continental shelf from farther offshore, or from the east. Typi cal
dianeters of these localized features, as resolved in the satellite imagery,
ranged froma few kiloneters or less up to 10-15 km H gher resolution
sampling in the horizontal plare, as conducted fromthe aircraft and the boat,
reveal ed |arge gradients over spatial scales as small as a few hundred neters.
I'n 1986, prom nent offshore extensions or filaments of the turbid nearshore
waters also occurred, particularly off the RKongakut Delta and Demarcation Bay.

During and follow ng the periods of northwest or west wind in md-
Sept ember of both 1985 and 1986, the surface gradients in tenperature were
much reduced, due to the eastward advection and strong vertical mixing
associated with the intense wi nd events. Variation in surface water
temperature was at nost 1 C' throughout the ice-free portion of the study
area. No well-defined fronts were evident in the satellite imagery obtained
after westerly w nds.

Gadients in surface salinity did not always coincide with gradients in
tenperature. Thus renote sensing data fromaircraft and satellites, which are
based on thermal and color sensors, may not identify all inportant frontal
features. Salinity fronts, indicative of differences in the density of
surface waters, may be inportant in identifying possible areas of surface
convergence and aggregati on of zooplankton. It may:be possible to infer
surface salinity fromwater color (Borstad unpubl.) but the relationship
between these quantities is not a sinple one. Wat er color depends on the
concentrations of dissolved organies and chl orophyll as well as suspended
sedinents. In particular, salinity vs. water color relationships established
for offshore areas would not be valid for areas closer to the sources of
sediments --river nouths and shallow areas where bottom sedinents are
resuspended under wave action.

Wat er Masses vs. Bowhead Wal es

In Septenber 1985 whales were rarely observed within the official study
area al though they were observed in some numbers just to the east along the
Yukon coast off Komakuk, In early Septenber 1986, bowhead whal es nade nore
extensive use of coastal portions of the study area as far west as 142*W (see

'Bowheads ' section, later). A major difference in water property
distributions was evident between the two years in the southeastern portion of
the study area. In 1986, the inner shelf waters were considerably warner,

apparently due to greater westward advection of Mackenzie Bay water on the
shel f proper, conmbined with possibly enhanced solar insolation. Mbreover, the
turbi d nearshore waters extended over a considerably larger area in 1986, with
occasional instances of filanents of turbid warmwater extending 10-30 km from
shore. Al'so present in the nearshore zone during 1986 was cold saline Arctic



Wat er Masses 131

water. This occurred inmediately beneath the thin, turbid upper layer. As a
result, at the boundary between the nearshore and inner shelf waters there
were strong horizontal gradients at depths of 5-15 m (Fig. 58, 59). It seens
unlikely that simlar strong horizontal gradients existed in 1985. Simlar
but nore intense frontal conditions occur nore frequently off the Yukon coast,
particularly between Shingle and King Points in Mackenzie Bay, e.g.in 1985
(Bradstreet and Fissel 1986; Bradstreet et al. 1987).

Thus it seens reasonable to hypothesize that the presence of bowhead
whales in nearshore areas may be related--at least sonetines--to the
occurrence of a well devel oped nearshore band of turbid water w th underlying
cold, saline Arctic water extending nearly to the surface, acconpanied by
generally warmer and less saline water farther offshore over the inner shelf.
The resulting strong gradients, in both the horizontal and vertical, may
provi de an aggregation nmechanism for concentrating zoopl ankton.

Concl usi ons

1. Water masses in the study area can vary considerably from year to
year, and within years. The variability results from the peripheral
| ocation of the study area relative to the sources of water masses
originating in the Mackenzie Bay area and in the Bering-Chukchi Sea
region.

2. The water columm consists of three reasonably distinct zones: an
upper layer, the pycnocline, and a lower layer.

3. 1In the upper layer, extending fromthe surface to depths of 4=12 m,
there is little vertical change in tenperature, salinity or density.
However, tenperature and salinity vary considerably with |ocation and
tine. '

4, The main pycnocline extends from the bottom of the upper layer down
to 15-32 m Salinity and density increase and tenperature decreases
with increasing depth.

5. The |ower layer, extending fromthe pyecnocline to the sea bottom, has
conparatively weak vertical gradients in salinity and density,
al though there can be large tenperature changes.

6. In Septenber 1985, the lower |ayer consisted exclusively of cold,
saline Arctic Surface Water (AsW), which originates at depths of
0-200 min the Arctic Ccean proper.

7. In Septenber 1986 but not 1985, a very prom nent subsurface core of
much warner Bering Sea Water (BSW) was present over the outer
continental shelf and continental slope. Maxi num tenperatures of
3=4°C were observed. The occurrence of BSWw thin the study area is
apparently rare, based on the limted previous data fromthis area.

8. Wthin the pycnocline, water mass types were either (a) a mxture of
the deeper ASWw th the overlying upper layer; or (b) Cold Halocline
Water (CHW). CHWoriginates as a mxture of ASW with the cold, fresh
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upper |ayer present during seasonal ice nmelt. CHW occurred most
frequently in the western offshore portion of the study area

The influence of the massive freshwater outflow fromthe Mackenzie
River extends into the Eastern Al askan study area to varying degrees.
Warm fresh, turbid water of Mackenzie Bay origin was present in the
upper |layer over the offshore portion of the study area, fromthe
edge of the continental shelf to abyssal depths.

The influence of Mackenzie Bay water was nore promnent in early
Septenber 1985 than in Septenber 1980-84 or 1986. The strong
i nfluence of Mackenzie Bay water in 1985 resulted from an extended
period of easterly winds conbined with heavy ice conditions in the
easternmost part of the Canadian Beaufort Sea

The characteristics of the upper layer differed at different
di stances from shore. The influence of the Mackenzie River was
usual l'y strongest far offshore, at and beyond the shelf break. Over
the continental shelf, the surface layer in the nearshore zone
differed fromthat farther offshore over the inner and nmiddle shelf.

The nearshore water mass showed strong estuarine- influence. It
occurred as a thin, narrow discontinuous band of turbid water along
the coast in both 1985 and 1986. The areal extent of this water type
was |larger in 1986 than 1985. Beneath the thin surface | ayer, cold
saline Arctic Water was found within 5-15 m of the surface

In 1985, over nost of the continental shelf beyond the nearshore
zone, the upper layer was characterized by cold (£1.5-2.5°C) saline
Arctic water. In 1986, this cold water in the upper |ayer was
general ly confined to areas west of 142°W over the inner and mddle
shel f.

In 1986, the upper layer over the eastern portions of the inner and
m ddl e shelf was “nuch warner (2.5-5.0°C). The additional heat content
was likely due, in part, to greater solar insolation resulting from
earlier ice clearing in August 1986 than in August 1985. Sone of the
heat may al so have been due to advection of water from Mackenzie Bay
or warm di scharges from local estuaries.

The distribution of water nmasses and sea-ice changed narkedly in
m d-1 ate Septenber of both 1985 and 1986, as’ a result of strong
nort hwest or west wi nds. Follow ng the strong w nds, water of
Mackenzie Bay origin was no longer identifiable in the Eastern
Al askan Beaufort Sea. High levels of vertical mxing had resulted in
cooler, nore saline, and nore honbgeneous surface water. Northwest
wi nds in md-Septenber 1985 brought nuch ice into the study area;
west winds in 1986 had nuch less effect on ice.

CTD and nutrient data provided strong evidence of coastal upwelling
in the inner shelf zone during the 5-10 Septenber 1985 period, but
not in the 10-19 Septenber 1986 period. This difference was to be
expected, given the nore consistent easterly winds in 1985
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Large scale frontal features occur in nost years within the study
area. One front occurs along the inshore side of the warm less
saline Mackenzie Bay water near the shelf break. This front is
strongest in the eastern part of the study area. Another front
separates turbid nearshore waters from cooler and clearer inner shelf
waters. Other large scale frontal features were nore ephemeral,
differing considerably between 1985 and 1986.

Airborne and satellite renote sensing suggested that neanders and
eddi es, likely of offshore origin, were present within the cold,
saline surface waters over the inner shelf. Typical diameters, as
resolved in satellite imagery, ranged up to 10=15 km.

Intense frontal features over spatial scales as small as a few

hundred neters were detected by higher resolution sanpling from the
aircraft and boat,
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ZOOPLANKTON AND HYDROACOUSTICS*

| ntroduction

Mari ne zooplankton i S the major type of food utilized by bowhead whales
that feed in the study area. Stomachs of bowheads taken during autumn near
Kaktovik contain mainly copepods and euphausiids, usually with only small
contributions of other taxa (Lowy and Frost 1984; Lowy et al, 1987). There
have been some surveys of the species conposition and nunerical abundances of
t he zooplankton in t he Beaufort Sea (e.g. Honmer 1981). However, before 1985
virtually no data were avail able on the bionass of zooplankton within the
study area or on the vertical and horizontal distribution of zooplankton
patches. In addition, patterns of zooplankton distribution had not been
examined in relation to physical factors (e.g. tenperature and salinity) that
are known to affect zooplankton in other areas. Also, few data were available
on the caloric content of the zooplankton in or near the study area in late
summer or fall. Al of these data are inportant in evaluating the inportance
of the study area to bowhead whal es.

The primary objectives of the two year zooplankton and hydroacoustic
portions of the study were to provide data to fill these gaps by determ ning
(1) the broad-scale horizontal and vertical distribution patterns of
zooplankton bi omass wWithin the southern portion of the study area, (2) the
fine-scale characteristics of zooplankton near concentrations of feeding
whal es, (3) the caloric content of the major species and groups of zooplankton
that conprise the diets of bowhead whales, Viz. small and large copepods,
mysids, euphausiids, ete., and (4) physical and chenical characteristics of
the water nasses (e.g. tenperature, salinity and chlorophyll levels) that are
believed to affect zooplankton distribution and abundance in the study area,

Both the 1985 and 1986 field seasons were planned around 25-d charters of
a 13-m boat, the 'Annika Marie’. The intent during each season was to conduct
a broad-scal e survey of zooplankton in the southern part of the study area
early in the field period (prior to the arrival of many whales), and then to
conduct fine-scale surveys of zooplankton near feeding whales. If tine
al l owed, additional broad-scale surveys were planned at the end of the field
season. A conbination of quantitative hydroacoustic surveys plus net sanpling
~was planned during both broad- and fine-scale surveys. Net sanpling would
provide specific data on bionmass, species conposition and caloric content of
t he zoopl ankton at selected |ocations. The hydroacoustic surveys, after
calibration by net sanpling, would provide far nore extensive data on the
vertical distribution of biomass at all | ocations aleng transects.

1t was expected that this approach mght have to be nodified in response
to the vagaries of ice, weather, and whale distribution, and that was indeed
the case. 1In 1985, ice, that had covered nmuch of the study area until late
August noved offshore by early Septenber, and broad-scal e surveys of
zooplankton began on tine. However, there were virtually no whales within the

* By WiliamB. Giffiths and Denis H. Thonson (LGL Ltd.) and Gary E. Johnson
(BioSonics, InNnc.).
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study area’ in early and md Septenber 1985, so fine-scale work near feeding
whales was not possible. 1ce covered nost of the study area after 17
Sept enber, and boat-based work within the study area was not possible after 19
Septenmber. Despite these problens, the 1985 field program provided nuch new
i nformation about the vertical and horizontal distribution of zooplankton
within the Eastern Al askan Beaufort Sea, the patchiness. of the zoopl ankton,
and its quantitative conposition (see Giffiths et al. 1986; the 1985 results
are also summarized in this report). During the 1986 field period, the study
area was virtually ice-free. Feeding whales were already present by early
Septenber, so fine-scale sanpling of zooplankton near concentrations of
bowhead whal es was conducted on 4-7 Septenber, inmediately after the arrival
of the boat in the study area. Sanples were collected at five sites with
whal es present or where whal es had been observed within the preceding 24 h.
Three sites were within the official study area, just off the Kongakut Delta.
Two sites were slightly farther east in Canadian waters, but west of Herschel
Island. The remainder of the 1986 field season (10-19 Septenber) was devoted
to broad-scal e zooplankton sanpling within the official study area.

In Cctober of 1986, additional zooplankton sanpling was conducted over
the Al askan Beaufort Sea as a whole. These sanples were collected fromthe
i cebreaker ‘Polar Sstar' along five transects extending perpendicular to shore
from about the 50 mto the 2000 m contours. Transects were spaced between Pt.
Barrow and Denarcation Bay; the easternnmost two of these transects were near

~ the eastern and western boundaries of our primary study area. The resulting
data allowed us to conpare the zooplankton over the continental shelf in our
official study area (as sanpled fromthe 'Annika Marie' in Septenber of both
years and the 'Polar Star' in Cctober 1986) with zooplankton farther north and
west (as sanpled from*‘Polar Star’ alone). The ‘Polar Star' results also
provided information on the late season caloric content of specific
zooplankters Within the Al askan Beaufort Sea as a whol e.

The zooplankton data from 1985 and 1986, in conjunction wth physical
measurenents taken in both years of the study fromthe boat, the aircraft, and
satellite sensors (see ‘Water Masses’ section, earlier), were used to address
one of the primary objectives of the study: to docunent zooplankton
distribution and abundance, the physical factors affecting zooplankton, and
the characteristics of zooplankton near concentrations of feeding whales.

Present State of Know edge

Di stribution and Speci es Conposi tion

The conposition of arctic zooplankton communities has been shown to be
clearly related to physical conditions, notably tenperature and salinity
(Johnson 1956, 1958, 1963; Grainger 1965, 1975; Hopki ns 1969). Based on these
physi cal characteristics, the Arctic Ccean has been divided into three major
wat er masses: Arctic Surface Water, Atlantic Water and Arctic Bottom Water
(Grainger 1965). However, the boundaries between these water nmasses are
somewhat arbitrary since they gradually nerge into each other (Herlinveaux and
de Lange Boom 1975). The cold (usually O to -1.9*C) Arctic Surface Water
extends fromthe surface to about 150 m and to a maxi mum of 250 m in the
Canadi an Basin. The Atlantic Layer occupies depths from 150-250 m down to 900
m its nmost characteristic feature is a tenperature slightly above O°C. Arctic
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Bottom Water occurs below 900 m and has tenperatures characteristically bel ow
0°C arid a narrow range of salinities--34.90 to 34.99 psu (G ainger 1965;
Herlinveaux and de Lange Boom 1975). In addition, a fourth water mass has been
identified between 50 and 100 m depth; it has been |abeled as Pacific or
Bering-Chukchi Sea Water. This water enters through the Bering Strait and is
most noticeable in the Chukchi Sea al though it does extend sporadically into
the southeastern Beaufort Sea (Grainger 1965). A detailed description of these
water nmasses is provided in the 'Water Masses' section, p. 23-26 and 84 ff.

Based on horizontal and vertical distribution patterns and physical
measur enents, Grainger (1965) descri bes three mmjor groups of zooplankton in
the Beaufort Sea and adjacent marine waters. One group i S characteristic of
i nshore waters and the upper 100 mof of fshore waters. The species that
constitute this group are typically tolerant of a w de range of tenperatures
(-1° to about 5~10°C) and salinities (20 to 30 psu), and include the medusae
Aglantha digitale and _Aeginopsis laurentii, the pteropods Spiratella (=
Limacina) helicina and Clione limacina, the ctenophore Beroe cucumis, and
several species of copepods--Calanus hyperboreus, C. glacialis, Pseudocalanus
minutus, Microcalanus pygmaeus, Metridia longs, and Oithona similis. A second
group is characteristic of nearshore brackish waters along the coastlines of
the Beaufort and Chukchi seas and i ncludes the nedusae Euphysa flammea and
Obelia sp., and the copepods Limnocalanus macrurus, Acartia clausi and
Eurytemora herdmani . These species are typically found in waters of relatively
high temperatures (1° to0 12°C) and low salinities (8 to 25 psu), character-
istic of nearshore brackish waters during the open water season. The third
group is restricted to colder (below 1°C), nore saline (>32psu), of fshore
deep water. Species in this group include the ostracod Conchoecia nmaxi ma and
the copepods Gaidius tenuispinus, Heterorhabdus norvegicus, Scaphocalanus
magnus, and Chiridius obtusifrons (Grainger 1965).

Johnson (1963) showed that there was an increase in the nunber of species
of zooplankters tO depths of 1000 to 1500 m and a decrease beyond these
depths. The three nost abundant species of copepods. Calanus glacialis, C.
hyperboreus’ and Metridia |ongs, had wi de vertical distributions (25 to 1000 m)
but were nost abundant in the |ower part of the Arctic Surface Water and upper
portion of the Atlantic Water at 50-200 m depth (Johnson 1963). Grainger
(1965) recogni zed three groups of zocoplankton in relation to vertical depth:
(1) species found in high nunbers in the Arctic Surface Water; (2) species
associated with the Atlantic Water and the deep transitional zone of the
Arctic Surface Water; and (3) species found near the surface in coastal
wat ers. The conpositions of these groups overlap with those defined above and
their distributions are related to tenperature and salinity (Grainger 1965).

The northeastward flow of Bering Sea Water into the Chukchi and Beaufort
seas brings with it Pacific fauna fromthe Bering Sea, typified by the
copepods Calanus cristatus, C. tonsus, Eucalanus bungii, and Metridia lucens
(Johnson 1956, 1963). These speci'es are ternmed ‘expatriate’ in that there is
little or no local reproduction and they nust be replenished from Bering Sea
stocks. The nearshore distributions of these species east of Point Barrow vary
from year to year; they have been reported as far east as the Al aska-Yukon
border (Johnson 1956, 1963).
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One factor affecting the distribution and species conposition of
zooplankton .in the Beaufort Sea, particularly in nearshore waters, is the
outflow of targe rivers |ike the Colville in Al aska and the Mackenzie in
Canada. It is generally believed that the outflow of this fresh water
suppresses production of stenohaline marine species in the Beaufort Sea
(Johnson 1956, 1963). However, Gainger (1975) found that the highest
densities of zooplankton occurred in sheltered -bays influenced by the
Mackenzie River (e.g. Mason Bay, Tuktoyaktuk Harbor and Liverpool Bay).
Al though densities were high in these areas, species diversity was |ow. The
euryhaline copepods Limnocalanus macrurus, Pseudocalanus minutus, Acartia
clausi and Eurytemora herdmani _accounted for nost of-the organi Sns present.

Al t hough copepods. contribute nore than other taxa to zoopl ankton
densities and biomasses in the Beaufort Sea (over 80% see below), other
groups such as amphipods, nysids and euphausiids are locally abundant and
constitute significant portions of bowhead diets in our study area (Lowy and
Frost 1984; Lowy et al. 1987). These three groups occur all along the coast
of the Beaufort Sea (Ceiger et al. 1968; Gainger 1975; Homer 1978, 1979,
1981; Broad et al. 1980; Griffiths and Dillinger 1981; Giffiths and Buchanan
1982; Jewett et al. 1984). The dom nant amphipod species vary along the coast,
with Onisimus litoralis, O glacialis and Gammarus setosus being the nost
abundant in nearshore waters (<2 m depth) and Parathemisto libellula, Apherusa
glacialis_and Boekosimus affinis being nore abundant in deeper offshore waters
(Broad et al. 1980; Griffiths and Dillinger 1981). Mysis litoralis is found in
the nearshore region across the Alaskan and Canadi an Beaufort Sea coasts;
however, its nunbers decrease with distance from shore (Honmer 1978, 1979;
Broad et al. 1980; Giffiths and Dillinger 1981). Three euphausiids-=~
Thysanoessa i nernms, T.raschii and T. longipes--have been reported along the
continental shelf and slope of the Al askan and Canadi an Beaufort Sea. (Geiger
et al. 1968; Gainger 1975, Homer 1978, 1979, 1981; Broad et al. 1980).

Density of Zooplankton

Conparisons of the standing crop of zooplankton within different regions
of the Beaufort Sea and anong various areas of the arctic and subarctic are
confounded by several factors. These include patchiness in the abundance and
distribution of zooplankton on both a large scale (1000's of meters) and small
scale (10's of neters), the wide variety of net and nesh sizes used in the
various studies, and the fact that mpst authors report their results in terns
of number (density) rather than bionass.

Wth these |imtations in mind, sonme general patterns in zooplankton
density have been reported. Hopkins (1969), who sanpled fromice islands T-3
and Arlis |Il, found the Arctic Surface Layer (depths 0-200 m) to be nore
‘productive! (averages of 56 indiv/m3; 0.62 mg dry wt/m3) than either the
Atlantic Layer (depths 200-900 m 13 indiv/m3; 0.14 mg dry wt/m3) or the
Arctic Bottom Water (depths >900 m 3-4 indiv/m3; 0.04 mg dry wt/m3). In all
cases, copepods (particularly Calanus) contributed nost to the zooplankton
bi omass; their average contributioms in the Arctic Surface, Atlantic and
Arctic Bottom | ayers were 83, 85 and 89% respectively (Hopkins 1969).
Simlarly, in the eastern high arctic, copepods constituted 79% of zoopl ankton
bi omass in the upper 150 m of Lancaster Sound and 84% in the upper 150 m of NW
Baffin Bay (Sekerak et al. 1976a, 1979; Buchanan and Sekerak 1982).



Zooplankton and Hydroacoustics 139

QO her groups that occasionally contribute significantly to zooplankton
bi omass include hydronedusae, euphausiids, amphipods, nysi ds, chaetognaths,
pt eropods, decapods and larvaceans (Hopkins 1969; Sekerak et al. 1976a, 1979;
Buchanan and Sekerak 1982; Giffiths and Buchanan 1982). Any of the above
groups may be locally abundant and at times overshadow the inportance of
copepods. These types of local abundance have been reflected in the stonmach
contents of bowhead whal es. The stomachs of ei ght bowheads taken at Kaktovik
(Barter Island) in. late summer contained copepods (66% of volune), euphausiids
(31%), nysids (1%Z), and anphi pods (0.5%. -Three additional whales taken nore
recently at Kaktovi k contai ned mainly snall copepods, mysids, euphausiids and
gammari d anphi pods (Lowry et al. 1987). At Barrow euphausiids contributed 90%
of the diet in gutumm (n = 2; Lowy and Frost 1984). Copepods contributed
0-99.7% of the stomach contents of various whales.

Previous data on the abundances (mo./m3) of the major zooplankton groups
near Kaktovik, in the Herschel Island area, and the outer Mackenzie Delta
region have been conpared by Griffiths et al. (1986). Overall, the abundances
are nuch higher than the 56 individuals/m3 reported by Hopkins (1969) for the
Arctic Surface Layer of the Arctic Ccean farther north. This suggests that the
southern margin of the Beaufort Sea is nore productive than the Arctic Ccean
in general. This is to be expected since nearshore waters of the Beaufort Sea
are relatively ice free during summer, and receive nore nutrients fromthe
land than does the permanently ice-covered portion of the Arctic Ccean.

Pre-1985 data suggest that zoopl ankton abundance in the Barter Island
area (avg: 137 indiv/m3) may be |ower than off the Mackenzi e Delta (avg: 1176
indiv/m3) or near Herschel Island (avg: 1103 indiv/m3) (Table 5). However, the
results in Table 5 are not totally conparable since the confounding factors of
variable mesh size, tow type and sanpling date cannot be elim nated.

In summary, based on tenperature and salinity patterns, the Arctic Ccean
has been divided into three main water nasses: the Arctic Surface Water, the
Atlantic Layer and the Arctic Bottom Water. The zooplankton has simlarly been
divided into three groups which tend to coincide with these water nasses.
Copepods (particularly the genus Calanus) contribute nost of the zooplankton
bi omass. Zooplankton abundance generally is highest in the Arctic Surface
Layer and nearshore brackish waters, and ‘lower in the Atlantic Layer and
Arctic Bottom Water.

Materials and Methods

Zooplankton i s known to occur in patches or layers of variable size, e.g.
10's to 1000's of nmeters w de (Mackas et al. 1985). To determ ne the food
avail able to bowhead whales, it was necessary to estimate both the spati al
extent Oof the patches and the bionass available within and between patches. To
acconplish this, we conducted co-ordinated hydroacoustic surveys along
transects and net sanpling at specific stations on those transects.
Hydroacoustic surveys with quantitative high-frequency echosounders provided a
way to determine the relative bionass at each depth along various transects,
and to reveal the dinensions and |ocations of patches of concentrated
zooplankton. Net sanpling provided a way to estimte the actual bionmass of



Table 5. Abundance (no. /m3) of mmjor zoopl ankton groups during previous
studies in the Al askan and Canadian Beaufort Sea.

Kaktovika Mackenzi e Deltab Herschel Island€®
Date Sept 78 Jul 73, Aug 51 Jul 73, Sept 74
Depth Range (m 15- 25 4-27 26-90
Mesh Size (pm 505 73 282 73 579
Hydrozoan 4.2 3.5 o5
Copepods 132 ' 114 1103
Mysi ds 0.5 7.5 +d
Amphipods 0.6 15.8 +
Euphausi i ds xe
Tot al 137 1176 1103
Nunber of Sanples 4 4 ' 5

““Homer (1979), doubl e oblique tows, Septenber data.
"Grai nger and Grohe (1975), vertical tows, July-August data, *
““Grainger and Grohe (1975), vertical tows, July-Septenber data.
‘+ means present but less than 1/m3,
e X means present but less than 0.1/m3,

zooplankton at selected |ocations inside and outside patches, and to obtain
data on the species conposition, sizes, and caloric content of the
zooplankters. One goal during each year of the study was to develop a
regression relationship that could be used to convert relative biomass data
from hydroacoustic surveys into absol ute bionass.

Most boat - based sanpling was conducted fromthe 'Annika Marie’, on 4-18
Septenber in 1985 and 4-19 Septenmber in 1986. Locations of sanpling stations
and of hydroacoustic transects were determ ned using a Magnavox 4102 satellite
navigation system |In 1985, we conpleted two SSW~NNE transects from shall ow
waters out to the 200 m contour (1985 Boat Transects 1 and 2), plus another
transect out to the 40 mcontour (1985 Boat Transect 4; Fig. 69). In 1986, we
sanpl ed four SSW-NNE transects from nearshore waters out t-o the 200 m contour
(1986 Boat Transects Tl to T4; Fig. 69), plus ten shorter transects near
concentrations of whales (1986 Boat Transects A to J; Fig. 70 and 71). An
addi tional five on/offshore transects were sampled in Cctober 1986 during the
'Polar Star’ cruise over depths 50 mto 2000 m(Fig. 72).

Net Sanpling of Pl ankton

In 1985, net sanpling was conducted at 12 stations along the three
hydroacoustic transects (see Giffiths et al. 1986, p. 66-71, for sampling
details). During 1986, net sanpling was conducted at a total of 29 stationms,
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FIGURE 69. Locations of hydroacoustic transects and specific stations sanpled
for zooplankton and/or physical measurenments in Septenber 1985 and 1986, Depth

contours are from hydrographic charts, and are approximate.
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FIGURE 71. Locations of hydroacoustic tramsects and specific stations sanpled
for zooplankton and physical measurements near feeding bowheads in Canadian

waters, 4 and 7 Septenber 1986.
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FIGURE 72. Locations of CTD transects and specific stations sanpled for
zooplankton during the ‘Polar Star’ cruise across the Al askan Beaufort Sea,

Cct ober 1986.
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18 along the four broad-scale transects (Transects Tl to T4) and 11 alomng the
ten shorter transects near concentrations of whales (Transects A to J; Table
6). In Qctober 1986, 12 stations were sanpled along the five transects between
Pt. Barrow and Denmarcation Bay (Table 7).

The stonmachs of bowhead whales taken in our study area contained nainly
large (>2 mmlength) marine zooplanktom |ike the herbivorous copepod Calanus
hyper boreus and the euphausiids Thysanoessa spp. (Lowy and Frost 1984). These
large organisnms were selected as the focal points of the present study. To
facilitate their capture, we used only large nesh nets (0.5 nm) during both
years of the study. These nets capture zooplankton as small as 1.0 mm | ong;
such smal | zooplankters were found to be inportant in parts of our study area.

bl ique Bongo Tows.--1n both 1985 and 1986, oblique tows were perforned
using a bongo franme fitted with two 0.61 m diameter plankton nets (nmesh size
0.5 ‘nm and a flowmeter (Ceneral Oceanics Inc., nodel 2030). In sanples
collected from the 'Annika Marie', the nets were towed at approximately 1 m's
and sanpled the water colum during both descent and ascent. In shallow waters
(<40 m, this descent-ascent cycle was repeated from three to ten tines,
depending on depth,” in order to obtain a tow of sufficient duration to conpare
with tows in deeper waters. In 1985, one oblique tow was performed at each of
the 12 stations where ice conditions pernitted. The maxi mum target depth at
each 1985 station was determned fromthe hydroacoustic systemto ensure that
al | zoopl ankton concentrations were included. In Septenber 1986, one oblique
zooplankton sample was taken to a maxi mum depth of 50 m at each of the 29
stations. At stations where the hydroacoustic® system detected zoopl ankton
concentrations below 50 m depth, an additional oblique tow was taken to
include these concentrations. This situation occurred only once, at Station
T2-5 on Transect 2. During the ‘Polar Star’ cruise, the nets were towed at
approximately 1 m's and the descent-ascent cycle was done only once. In all of
t he above cases, actual maximum depth of oblique tows was conputed fromwre
angle and the amount of wire out. Depth of tow and”water. depth at each 1986
station are shown in Tables 6 and 7 (see Griffiths et al. 1986, p. 68-70, for
corresponding details on 1985 sanples).

Hori zontal Bongo Tows.--In both years, sanpling depths were selected
based on results fromthe hydroacoustic System Horizontal tows were taken
wi thin and outside zooplankton |ayers at all stations where this was feasible.
In addition, surface tows were taken in 1986 but not in 1985. Al 1985
hori zontal tows were collected using the standard bongo assenbly and flowmeter
descri bed above. An upward-|ooking depth sounder transducer (Apelco Ranger
nodel 1650) was attached to the bongo frane to control sampling depth in real
time. A total of 28 horizontal tows were taken in 1985. For details of the
1985 sampling, see Giffiths et al. (1986, p. 71).

In September 1986, the net assenbly described above, but without the
upward | ooking echosounder, was used to collect one surface (depth 1.0 m
sanple fromeach of the 29 stations (Table 7). The sanples were taken by
towing the nets just below the surface at approximately 1 mis for five mnutes
before retrieval. It was not possible to keep the nets out of the influence of
the prop-wash during the surface tows.
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Table 6. Sumary Of samples collected in the Eastern Al askan Beaufort Sea, 4-19 September 1986, CID =
conductivity/temperature profile, SD = secchi disc, SB = surface bongo tow, OB = oblique
bongo tow, HB = horizontal bongo tow, WS = water sanple, 4T = Alaska daylight time, Level Of
an al y S | S for zooplankton identification, 1 = ‘ to major groups’, 2:'tospecies’.8eé
Griffiths et al. (1986, p. 68-70) for corresponding 1985 data.

Sample
Vat er
. Depth Depth Date Tine Level Of
Station Type (m (m)  (Day/Mo/Yr)  (4DT) Location Analysis

Station 86-1 cm 15.0 17 04/ 09/ 86 0920 69°35.7'N 139°31.6'W

SD 3.3 0920 £9°35.7'N 139°31.6 ‘' W

SB 0.0 1013 69°35. 7' 8 139°31.6'W 2

0B 16.0 1040 69°35.8'N 139°28.9'W 2

HB 13.0 1101 69°35.6'N 139°29.4'W 1

B 8.0 1120 69°35.8'N 139°29,7'W 1

B 4.0 1140 69°35.7'N 139°29.6'W 1
Station 86-2 cm 22.0 25 04109/ 86 1400 69°%0,3'N 139"28.4 W

SD 6.7 1400 69°40.3'N 139°28.4'W

SB 0.0 1416 69°40.4'N 139°28.7'W 2

0B 20.0 1434 69°40.5'N 139°28.1'W 2

HB 22.0 1445 69°40.4" 139°28.3'W 1

HB 10.0 1505 69°40.5'N 139°28.0'W 1
Station 86-3 CID 10.0 12 05/ 09/ 86 0740 69°41.8'N 141 °13.4'W

SD 1.8 0740 69°41.8'N 141°13.4'W

SB 0.0 0753 69°41.8'N 141°13.4'W 2

0B 10.0 0826 69°42.6'N 141°11.0'W 2

HB 9.0 0843 69°42. 1'N 161°13.3'W 1

HB 5.0 0948 §9942.3'N 141 °13.8'W 1
Station 8- cID 23.0 25 05/ 09/ 86 1055 69°45.0'N 141°10.3'W

SD 13.1 1055 69 °45.0'N 141°10.3'W

SE 0.0 1117 69°%5.1'8 141"10.6' W 2

0B 23.0 1130 69°45.0'N 141°10.1°'W 2

B 16.0 1207 69°45.1'N 141°10.3'W 1

HB 8.0 1227 69°45.5'N 141°12.1'W 1
Station 86-5 CID 13.0 14 05/ 09/ 86 1500 69°50.1'N 141 °51.9'w

SD 6.1 1500 69°50.1'N 141 °51.9'W

SB 0.0 1514 69050.1 ‘N 14l °52.0' 2

0B 12.0 1525 69°50.9'8 141°53.8'W 2

B 10.0 1543 69°50.8'N 141°53.9'W 1

HB 6.0 1603 69°50.9'N 141°54.0'W 1
Station 86- 6 cm 25.0 27 05/ 09/ 86 1816  69°53.8'N 141°45.6'W

D 17.7 1816 69°53.8'"N 141 °45.6'W

SB 0.0 1836 69°53.9'N 141 °46.3'W 2

B 22.0 1846 69 °5%.0'N 141°46.5'W 2

1B 21.0 1900 69°54.2'N 141°47.7'W 1

HB 8.0 1918 69°54.2'N 141°48.1'W 1

Continued. .,
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Table 6. Contimued,

Sanpl e
Water
Depth  Depth Date Time Level of
station Type (m) (M (Day/Mo/¥r)  (ADT) Location Anal ysi s

station 86-7 cm 9.5 1 06/ 09/ 86 1103 69°48.9'N 141°47.8'W

SD 3.3 1103 69°48.9'N 141°47.8'W

SB 00 1117 69°49.4'N 141 °51.9'W 2

0B 8.0 1127 69"49.6 ‘N 141 *52.3% 2

HB 7.0 1147 69°49.7'N 141°51 .4'W 1

HB 8.0 1201 69°49.9'N 141°51.5'W 1

HB 3.0 1215 69°49.8'N 141°53.3'W |
Station 86-8 CID 20.0 23 06/09/86 1328 69°52.6'N 141°48.3'W

SD 11.6 1328 69°52.6'N 141°48.3'W

SB 0.0 1348 69°52.9'N 141°49.6'W 2

::} 18.0 1420 69°53.0'N 141 °51,6'W 2

HB 16.5 1430 69°52.9'N 141°50.3'W 1

HB 7.0 1451 69°52.9'N 141°50.6'W |
Station 8-9 cm 5.0 7 06/09/86 1704 69°48.6'N 141°45.8'W

SD 2.1 1704 69°48.6'N 141 °46.8'W ‘

SB 0.0 17 69°48.7'N 141°67.1 ‘' W 2

0B 5.0 1727 69°48.6'N 141°48.8'W 2

HB 5.0 1752 69°48.3'N 141°47.4'W |
Station 86~10 CID 9.0 12 07 /09/% 0910 69038. 1 ‘N 140°69.4'W

D 0.6 0910 69°38.1'N 140°49.4'W

SB 0.0 0923 69°38.2'N 140°48.9'W 2

0B 9.0 0931 69°38.1'N 140°48.5'W 2

HB 7.0 0945 69°38.2'N 140°48.8'W |

HB 11.0 0957 69°38.1'N 140°48.7'W 1

HB 8.0 1053 69°38,1'N 140°47.0'W |
Station 86-11 CM 11.0 15 07/09/86 1147 69°38.7'N 140°52.4'W

SD 3.4 1147 69°38.7'N 140°52.4'W

SB 0.0 1157 69°38.8'N 140°52.7 ‘' W 2

aB 12.0 1207 69°38.7'N 140°53.1'W 2

HB 12.0 1218 69°38.7'N 140°53.0'W 1

HB 6.0 1231 69°38.7'N 140°53.2'W 1
Station 86-12 CID 18.0 2 07/09/86 1451 69°49,2'N 141 °35.3'W

D 3.7 1451 69°49.2'N 141°35.3'W

SB 0.0 1459 69°49.4'N 141°35.6'W 2

0B 18.0 1508 69°50.0'N 141°35.5'W 2

HB 13.0 1521 69°49.5'N 141°35.2'W 1

HB 6.0 1536 69°49.7'N 141°37.2'W l

HB 15.0 L550 69°49.4'N 141 °36.9'W |

Contimed. . .
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Table 6. Contimued.

Sanpl e
Water
Depth Depth Date Time level of
station Type (m) (M (DayMo/Te) (M) location Anal ysi s

Station 86=13 CID 24.0 25 07/09/ 86 1625 69°51.1'N 141 °33.8'W

D 12.2 1625 69°51.1'N 141°33.8'W

SB 0.0 1630 69°51.1°N 141°33.8 ‘' W 2

o::] 21.0 1640 69°51.1'N 141°33.4'W 2

HB 17.0 1701 69°51.0'8 141°33.6'W 1

HB 8.0 1714 69°51.5'N 141°3%4.0'W 1
Transect 4
Station T&-l cm 11.0 12 09/09/ 86 1430 69°42.3'N 141°17.2'W

SD 4.3 1430 69°42.3'N 141°17.2'W

SB 0.0 1458 £9°42.2'N 141°17.2'W 1

B 10.0 1528 69°41.7'N 1461°16.9'W 2

HB 4.0 1553 69°41.6'N 141°17.6'W 1

HB 8.0 1610 69°41.5'N 141°18.1 ‘W 1

HB 10.0 1624 69°61.5"8 141°17.8'W 1
Stacion T4~2 CID 19.0 21 10/ 09/ 86 0800 69°44.5'N 141°11.9 ‘' W

SD 8.2 0800 69°44.5'N 141°11.9'W

SB 0.0 0832 69°44.3'N 161°11.9 ‘W 1

OB 18.0 0842 69°44,6'N 141°12.3'W 2

HB 19.0 0906 69°44.9'W 141°12.8 ' W 1

HB 10.0 0927 69°45.4'N 141°13.9'W 1
Station T4=3 cm 42.0 43 10/ 09/ 86 1151 69°55.0'N 140°55.8'W

SD 18.0 1151 69°55.0'N 140°55.8'W

SB 0.0 1203 69°55.0'N 140°55.7 'W 1

0B 40,0 1215 69°55.0'N 140°55.4'W 2

HB 13,7 1229 69°55.1'N 140°55.5 'W 1

HB 36.0 1254 69°54.3'N 140°55.1 'W 1

HB 7.3 1314 69°54.2'N 140°55.1 ‘' W 1
Station T4~ CID 53.0 53 10/ 09/ 86 1604 70°07.1'N 140°52.6'W

SD 18.0 1604 70°07.1'N 140°52.6'W

SB 0.0 1617 70°07.1'N 140°52.6 ‘W 1

CB 50.0 1627 70°07.1°'N 140°52.2'W 2

HB 33.5 1641 70°07.2'N 140°52.8'W 1

HB 11.6 1705 70°07.6'N 140°53.1°W 1
Station T4=S cm 152.0 180 11/09/86 1245 70°17.8'N 140°34.2'W

SD 19.8 1245 70°17.8'N 140°%.2'W

SB 0.0 1304 70°18.0'N 140°34.7'W 1

0B 50.0 1315 70°18.2'% 140”3501 ‘W 2

H % 52.0 1339 70°18.4'N 140°35.4'W 1

HB 30.0 1350 70°18.6'W 140°35.7'W 1

Continuedo .
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Table 6. Continued.

Sammple
\Vt er
Depth Dept h Dat e Time Level oOf
station Type (m (m) (Day/Mo/Yr)}  (anD) Location Anal ysi s
Transect 3
Station T3 Cd 10.0 13 12/ 09/ 86 0835 69°52.2'N 142°05.0'W
SD 3.4 0835 69°52.2"8 142°05.0'W
SB 0.0 0850 69052. 1 '¥ 142°05,0'W 1
0B 9.0 0901 69°51.3'W 142°01.9 ‘W 2
£ 10.0 0916 69"51 2% 401 . 4'W 1
HB 5.5 0930 69°51.4™ 141°59.3 ‘' W 1
WS 10.0 0835 69°52.2"0 142°05 .0
station 32 cm 20.0 21 12/ 09/ 86 1030 69°53.9'N 141°58.0'W
S0 8.8 1030 69°53.9'N 141°58.0'W
SB 0.0 1124 69°53.8'¥ 141°56.9'W 1
0B 18.0 1135 §9°53.8™ 141°56.7'W 2
HB 18.0 1148 §9°%4.0'8 141 °55.9'% 1
HB 10.0 1209 69°53.8'N 141°54.6'W 1
WS 20.0 1020 69°53.9'N 141°38.0 ‘' W
Station T3-3 CID 38.0 41 13/09/ 86 1000 70°03.1'N 141°59.9'W
D 10.7 1000 70003.1 ‘N 141%9.9'%
SB 0.0 ) 1021 70°0300 ‘N 1414905 ‘W 1
0B 35.0 1031 70°0L.7'N 14104903 ‘w 2
1B 26.0 1110 70001. 7' s 141%69.7'W 1
BB 17.0 1131 70°0L, 7' 141°49.7'W 1
7] 35.0 1000 70'703.1 “N 141%8.9'
Station T3-4 CcID 50.0 53 13/ 09/ 86 1400 70°12.9'Y 141°1.8 'W
S0 16.5 1400 70°12,9'N 141°61.8'W
SB 0.0 1444 70°12,8'N 141°%1 .8'W 1
0B 50.0 1454 70°12.8'N 141°41.7'W 2
BB 26.0 1512 70°12,1'N 141°41.8'W 1
HB 17.0 1530 70°12.1'N 141°41.8'W 1
W 50.0 1400 70°12.9'N 141°1.8'W
station 35 cm 130.0 205 14109/ 86 1234 70"24.3 '¥ w19
S0 18.3 1234 70°24.3'N 141°31.9'W
SB 0.0 1325 70°24.0'N 141°31.8'W 1
0B 50.0 1335 0°%.0m 141"31.9 ‘W 2
HB 28.0 1420 70023.6 ‘N 141°31.0 1
HB 30.0 1438 70°23.7'N 141°30.6'W 1
WS 200.0 1234 70°23.8'"N 141°31.2'W

Continued, . .
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Table 6. Continued,

Sanpl e
\Vt er
Depth  Depth Date Ti me Level Of
station Type (m (M (DayMo/¥r)  (ADT) Location Anal ysi s

Transect 1
Station Tl-1 CID 8.0 10 16/ 09/ 84! 0810 70°09.2'8 143 °40.8'W

1)) 5.2 0810 70009.2'S 143"40.8 ‘W

SB 0.0 0828 70°09.1'N 143%40.6'W 1

0B 9*0 0840 70°09.1°N 143°40.3 ‘' W 2

B 10.0 0856 70°09.2'N 143°40,5'W 1

B 5.0 0919 70°09.2' 8 143°37.8'W 1
Station Ti-2 cm 30.0 34 16/ 09/ 86 1030 70°13.6'N 143°38.2'W

) 5.2 1030 70°13.6'N 143°38.2'W

SB 0.0 1052 70°13.7'N 143°38.3'W 1

0B 30.0 1103 70°13.8" 143°38.3W 2

B 10.0 1117 70°13.8"'N 143°38.6'W 1

HB 21.0 1143 70° 13.8"% 143°38.0'W 1

HB 5.0 1200 70°14.0'N 143°37.4'W 1
Starion Tl=3  CID 26.0 47 16/ 09/ 86 1345  70°2L.3'W j43031,5'W

sD 10,7 1345 70°21.3"'N 143°3L.5'W

SB 0.0 1401 70°21.3'N 143°31.1'W 1

CB 40.0 1416 70°21.3'8 143°30.2'W 2

HB 29.0 - 1424 70°21.4'N 143°27.5'W 1

B 11,0 1445 70°21.4'N 143°27. 1'W 1
Station Ti-4 cID 52.0 54 17109/ 86 1100 70°28.7'N 143°3%.,7'W

sh 18.0 1100 70°28.7'N 143°%.7'W

SB 0.0 1128 70°28.6™8 1463°3%, 1'W 1

0B 50.0 1137 70°28.8'N 143°33.7'W 2

HB 33.5 1153 70°28.7'N 143°33.6'W 1

BB 19.0 1220 70°28.7'N 143°33.2'W 1

HB 12.5 1237 70°28.3'N 143°32.8'W 1
Station T1=5 cm 100.0 118 17/09/ 86 1410 70°33.2'N 143°34.2'W

D 19.8 1410 70°33.2'N¥ 143°34,2'W

SB 0.0 1425 70°33.1'N 143 °33.8'W 1

B 50,0 1433 70°33.1"8 143°33.2'W 2

HB 15.2 1449 70°33.1'N 143°33.4'W 1

HB 47. 1505 70°33.9'Y 143034.2 W 1

Continued., ..
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Table 6. Concluded.

Sanpl e
\Vat er
Dept h Dept h Date Ti me Level O
Station Type (m (M (DayMo/vr) (M Location Anal ysi s
Transect 2
Station T2-1  CID 10.0 10 18/09/ 86 0855 70°04.5 'N 142°53.3'W
SD 7.9 0855 70°04.5'N 142°53.3'W
SE 0.0 0956 70°04.6'N 142°53.4'W 1
0B 8.0 1009 70°04.8'N 142°53.6'W 2
HB 8.5 1023 70°04.7'N 142°53.6 ‘' W 1
HB 5.0 1036 70°04.6'N 142°54.3'W 1
Station T2-2 ¢ 23.0 26 18/ 09/ 86 1145 70°07.9'N 142°48.7'W
D 7.9 1145 - 70°07.9'W 142°48. 7" W
SB 0.0 1207 70°08.1'N 142°49. 1'W 1
0B 22.0 1216 70°08.2'N 142°49.4'W 2
HB 15.2 1231 70°08.3'N 142°50.0'W 1
HB 6.0 1246 70°08.2'N 142°49.8'W 1
Station T2-5 CID 123.0 150 © 19/09/ 86 1245 70°31.6'N 142°27.3 ‘' W
D 21,0 1245 70°31.6'N 142°27.3 ‘' W
SB 0.0 1309 70°31.6'N 142°27.3'W 1
0B 50.0 1319 70°31.7'N 142°27.1'W 2
B 100.0 1330 70°31.6'N 142°26.7'W 1
HB 50.3 1346 70°31.5'N 142°27.8'W 1
HB 10.1 1402 70°31.4'N 142°28.2'W 1
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Table 7. Summary of samplescollected iNn the Alaskan Beaufort Sea during the cruise of the 'Polar
Star’, 417 Cctober 1986, 08 = oblique bongo tow, VT = vertical net tOW, HB = horizental
bongo tow. level of analysis for zooplankten identification, 1 = ‘tomjor groups’; 2 = ‘to

Species ',
Sample
Vat er
Depth  Depth Dat e Time Level of
Station Type  (m) (m (Day/Mo/Yr)  (ADT) Location Anal ysi s
Transect W
Station & OB 50 62 04/ 10/ 86 1215 71 °49.1'N 156°30.0'W 1
0B 50 1252
HB 5 0207
HB 10 0230
HB 30 0308
Transect A
Station 10 4); 50 1434 05/10/ 86 2125 71 °57.2'N 152°39.0'W
HB 110 2144
Hs 18 2212
B 20 2230
HB 30 2244
HB 50 2308
HB 1 2328
Station 8 0B 50 278 06/ 10/ 86 2026 71°64.6'N 152°57.1'W -1
OB 50 2046 1
HB 10 2058
B 25 2117
HB 60 2143
HB 1 2201
Station 5 HB 1 64 07/ 10/ 86 0029 71°30.0'N 1537104 W
VT 50 0100 1
VT 50 0110
Transect B
Station 10 VT 50 2070 09/ 10/ 86 0330 71°08.5'N 146°48.5'W |
VT 50 0340 1
VT 50 0355
VT 100-200 0425
VT 100 0440
Station 7 HB 1 267 09/ 10/ 86 2100 70°56.1'N  146°46,9'W
OB 50 2110 1
HB 50 2130
HB 5 2150
HB 20 2225

mtitnled ooe
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Table 7. Concluded.

Sample
Vit er
Depth  Depth Date Tires Level of
station Type (m) (m (Day/Mo/Yr) (M) Location Anal ysi's
“IranSect B
Station 4 0B 30 41 10/ 10/ 86 0220 70°39.3'N  147°14.7'W 1
H3 20 0215
HB 10 0235
Transect C
Station 5 VT 50 55 15/ 10/ 86 1630 70°33.2'N  144°0L.5'W 2
VT 50 1
VT 50 1
Station 10 VT 50 1635 11/ 10/ 86 1800 71°01.2'N 143°32.9'W 2
VT 50 1810 1
VT 50 1830 1
VT 100 1850
Transect D
Station 10 VT 50 1781 13/ 10/ 86 1900 70°43.1'N  140°57.1'W 2
VT 50 1915 2
VT 100 . 1930
VT 100 1945
VT 50 2000 2
Station 11 VT 50 55 14/10/86 . 2000 70°18.7'N 141°32.7'W 1
VT 50 2015 1
VT 50 2025
Station 12 VT 50 55 15/ 10/ 86 70°26.7'N 142°51.1'W 2
VT 50 1
VT 50 1
Transect E
Station 7 50 1821 17/ 10/ 86 2245 71°25.3'N  149°54.3'W

50 2250

ssss
g

100 2305
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In Septenber 1986, all horizontal tows at depth were taken using a Tareq
openi ng and cl osing bongo assenbly fitted with two 0-.61 mdianmeter nets (nesh
size 0.5 M), a flowmeter, and the upward | ooking Apelco echosounder. TOWs
wer e taken by attaching the bongo frame, in the closed position, to a double
trip mechani sm (General Oceanics nodel M 1000-DT] and then lowering the
assenbly to the desired depth. The nets were opened by sending the first
messenger, and then towed at about 1 m/s for 5 rein; the nets were closed by
tripping With a second nessenger, and the assenbly was then retrieved. The
depth of the nets was nonitored and controlled throughout the tow by using the
output of the attached echosounder. A total of 69 horizontal tows at depth
were taken in Septenber 1986 (Table 6).

Stations 86-1 through 86-13 were sanpled before the upward | ooking
echosounder could be attached to the opening and closing bongo frane. Tow
depths at these stations, all of which were in water <27 m deep, were computed
from wire angle and anount of wire out. For a conparison of depths derived
fromthe echosounder vs. those conputed fromw re angle and wire out, see
‘Results', p. 164-165.

In Cctober 1986, horizontal tows were conducted during the ‘Polar Star’
crui se using the regul ar bongo assenbly equipped with a flow neter (Table 7).
Nets were |lowered to the desired depth and towed for 10 mi nutes at approx-
imately 1 ms before retrieval, conparable to our 1985 procedure. Sample
depths were determned from wire angle and anount of wire out.

Vertical Net Tows.--During the 'Polar Star' cruise in October 1986, ice
condi tions often precluded horizontal or oblique tows. In these cases,
vertical net tows were used to sanpl e zooplankton (Table 7). A 0.60 m di ameter
pl ankton net, equipped with a flow nmeter and a |large nesh net (0.5 nm), was
towed through the water column at 1 m's. Cenerally, the top 50 mof the water
col um was sanpl ed; however, in some cases specific depth ranges were sanpled
by activating a closing device during the tow (Table 7).

Tucker Trawl Tows.--To determne whether large zooplankters (e.g.
euphausiids, hyperiid amphipods) were sampled- adequately during horizontal
bongo tows, eight sanples were collected using a nodified Tucker Trawl.
Mat ched sanples were taken with the standard bongo assenbly at the same eight
| ocation-depth conbinations. The Tucker Trawl consisted of a stainless steel
frame (2.0 x 2,0 m) supporting a 6.0 mtapering knotless nylon net (stretched
mesh 6.4 mm dyed black to reduce the amount of reflected Iight. The use of
this large nesh, coupled with the length of the net, was expected to greatly
reduce the pressure wave that nmight otherw se precede the net. In addition,
the trawl was towed by a yoke attached to the top of the frame. The vertical
orientation of the net was maintained by suspending a weight from the bottom
of the frane. In this way the net could be towed W thout a bridle, further
reduci ng any pressure wave that mght cause |arger zooplankters to take
avoi dance reactions. The trawl was equi pped with a flow neter (General
Oceanics model 2030) and was towed horizontally at approximately I ms for 5
mn at the depth where large organisms appeared to be concentrated according
to the hydroacoustic echograms. The Tucker Trawl, like the 1985 bongo nets,
sanpl ed during descent and ascent as well as during the horizontal tow.
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On the'Annika Marie' (Sept 1985-86) and the ‘Polar Star’ (Oct 1986),
pl ankt on sanples from one side of each bongo tow and fromthe vertical and

Tucker tows were preserved in 10% formalin.,

Calorinetry and |sotope Sanpling. --1n both years of the study, sanples
fromthe other side of each bongo tow were used to determ ne the caloric
content of the major groups of zooplankters (e.g. hyperiid amphipods,
euphausiids, |arge and small copepods, etc.) and to determne their carbon
I sot ope conposition. These sanples, along with sanples from selected vertical
tows from‘Polar Star', were placed in whirlpacs (plastic bags) and frozen.
Met hods for the caloric analyses are given later (p. 162). The rationale,
methods and results for the isotope analyses are given in a later section (p.
369 f£f).

Hydroacoustie Sanpling of Pl ankton

Hydr oacoustic data were collected fromthe 'Annika Marie' (1) during
nearly all zooplankton tows in 1985 and 1986, and (2) as the ‘boat travelled
along each transect I|ine between stations during both 1985 and 1986.
Giffiths et al. (1986, p. 73-74) gives details of the locations of the 1985
transects, and Table 8 shows corresponding data for 1986. The conponents of
t he hydroacoustic systemare illustrated in Figure 73. In both 1985 and 1986,
the system included two side by side downward facing transducers (120 kHz,
Univ. of Wash. Applied Physics Lab; 200 kHz, BioSomics) nounted in a V-fin
(BioSonics Mbdel 135). The V-fin was towed from the side of the boat, away
from the wake, using armored cable. The V-fin was about 1 m below the surface.
Tow speed was about 7.4 kmih in 1985 and 10.9 kmh in 1986 during surveys
between stations, and about 3.6 _km/h during zooplankton tows. Vertical
novenents of the V-fin, due to wave action, were mnimzed by using a
bungy-~cord absorption apparatus attached to the arnored cable.

Results from the two echosounder frequencies were expected to be
conpl ementary. The 120 kHz echosounder was expected to detect primarily the
| arger zooplankters. The 200 kHz echosounder was expected to detect
medi um si zed as well as | arge zooplankters in the upper part of the water
colum, but to have a reduced maxi num depth capacity relative to the 120 kHz
system The ZOO kHz system receives a stronger return from medi umsized
pl ankton (e.g. copepods) because of its shorter wavel ength. However, depth
capacity is reduced because the higher the frequency, the greater the rate of
sound absorption in seawater, In practice, both echosounders were capable of
sanpling depths as great as 100 m during both years of the study.

When triggered by the 120 kHz echosounder, the 120 and 200 kHz
transducers sinultaneously transmtted sound pulses into the water colum. The
returning echoes for each frequency were anplified (20 log range) by the
respective echosounders and sent to two chart recorders (BioSonics Model 115),
the oscilloscope (Hitachi Mdel v222), and the recording system The data from
one frequency were also sent to the echo integrator (BioSonics Mddel 121) and
integrated in real-time. The real-time data were saved by conmputer as they
were collected. The chart recorder for the 200 kHz sounder produced a
per manent hardcopy echogram; the signal threshold circuit in the chart
recorder was adjusted to elimnate signals less than 100 nV. The oscill oscope
was used to nonitor echo voltages output from the echosounder,
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Table 8. Sumary Of coOntinuous hydroacoustic Surveys, depths, surface tenperatures and salinities in the
Al'askan and Canadi an Beaufort Seas between Bacter and Herschel |slands, 4-19 Septenber 1986.
See Griffiths et al . (1986, p. 737.4) for corresponding 19$5 data.

\Vat er

Transect From Station Ti me Dat e Depth Temp  Salinity
Number to Station (AT)  (Day/Mo/¥r) Location (m) (°c) (ppt)
A 86-1 ko start 1224 04/ 09/ 86 69°35.4°'N 139°28.2'W 13.0 3.5 23.5
of Transect B 1239 69°36.2'N 139°28.7°W 19.0 3.5 24.2

1254 69°37.3'N 139°27.5'W 3.5 25.0

1258 69°37.4'N 139°27.7°W 3.4 25.0

1304 69°37.7'N 139°27.2'W 3*5 25.0

1312 69°38.0'N 139°27.5'W 3.2 25.6

1315 69°38.0'N 139°27.5'W 3.2 25.6

1330 69°38.9'N 139°28.5'W 3.2

Transect B to 1337 04/ 09/ 86 69°38.9'N 139°28.5'W 3.4 25.3

86- 2 1352 69°39.9'N 139°28.5'W 3.4 25%3

86-5 to 1629 09 69°51.2'N 141°54.6'W 22%1
gtart of 1644 69°52.3'N 141°54.0'W 22,1
Transect D 1659 69°53.9'N 141°53.3'W 25.6

1714 69°54.5'N 141°52.6'W 25.6

End Trangect € 1725 05/ 09/ 86 69°54.5°N 141°52.9'W 25.6
to 86~6 1740 69°54.3'N  141°50.5'W 25.6 .

1755 69°54.0'N 141°48.6'W 25.3

1810 69°53.8'N 141°45.7'W 25.3

86-6 to 1924 05/ 09/ 86 69% 2 ‘N 141°47.7 W 25.3
shore 1939 69°53.2°N 141°48.7'W 25.3

1954 69°52.6'N 141°50.6'W 25.3

2009 69°51.9'N 141°51.7'W 25.6

2024 69°50.6'N 141°52.6'W 25.0

86~7 to 86-8 1233 06/ 09/ 86 69°49.8'N  141°52.8'w 1.9 25.6

1248 09 50.5'N 141°50.5'W 3.8 25.3

1303 69°51.3'N 141°50.0°'W 4.4 25.6

1318 69°52.7'N  141°47.6'W 4,2 26.3

G 86-8 to end 1501 06/ 09/ 86 69°53.2'N 141°50.7'W 3.8 26.3
of Transect G 15i6 69°53.1'N 141°48.0'W 3.8 25.6
1531 69°52.7'N 141°46.1'W 4.3 25.6

1546 69°52.5'N 141°43.4'W 4.0 25.6

Ed Transect G 1554 06/ 09/ 86 69°52.4'N 141°43.2'W 23.0 4.0 25.6
toend Of 1609 69°51.4'N 141°44.3'W 22.0 4.0 25.6
Transect H 1624 69°50.6°N 141°45.4'W 18.0 4.0 25.6
1639 69°49.6'N 141°46.5'W 17.0 3.8 25.6

1654 69°48.6'N 141°46.6'W 11.0 1.2

Continued, ..
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Table 8.  Continued.

Vt er

Transect From Station Tinme Date Depth Tenp  Salinity
Mmber {0 Station (ADT)  (Day/Mo/Yr) Location (In) (“c) (ppt)
86-10 to 1110 07/ 09/ 86 69°37.5'N 140°46.3 'W 14.0 4.2 24.2
86-11 1125 69°38.5'N  140°49.8'W 12.0 4.2 24.9

1140 69°38.8'N  140°52.4'W 14.0 3.0 25.3

J 86-13 1728 07/09/ 86 69°51.5'N 141°35.0'W 25.0 2.8 24.6
through 1743 69°50.3'N  141°36.1'W 24.0 3.6 24.6
86-12 to 1758 69°49.0'N 141°36.3'W 20.0 3.0 24.6

hore 1813 69°48.0'N  141°38,5'W 14.0 2.8 21. 1

1823 - 69°47.2'N  141°40.8'W 10.0 0.5 21.4

4 Tl to 0741 10/09/86 - 69°41.7'N  141°15.6'W 10.0 3.5 22.8
T4-2 0756 ‘ 69°43.0'N 141°14.2'W 14.5 3.8 25.6
0811 ., 69°44.3'N  141°12.4'W 21.0 3.8 27.0

4  T2t0 0947 10/09/86 69°45.4'N  141°13.2'W 23.0 3.5 27.8
%3 1002 69°46.7'N 141°11,0'W 26.0 3.4 27.0

1022 ¢ 69°47.3'N  141°06.8'W 31.0 3.0 26.3

1037 69°49.1'N  141°04.4'W 31.5 2.8 26,0

1052 - 69°50.3'N  141°05.3'W 33.0 4.0 25.6
1107 - 69°51.8'N  141°00.1'W 37.0 4.0 26.0

1 1 2 2 69°53.5'N 140°57.6'W 39.5 4.0 26.0

1137 69°54.9'N  140°55.7'W 43.0 4.0 26.3

4 T4-3 to 1328 10/ 09/ 86 69°53.9'N  140°54.4'W 41.0 3.5 26.3
T4 1343 ! 69°54.8'N  140°54.5'W 43.3 3.5 26.3
1358 69°56.2'N  140°50.6'W 45.1 3.2 26.3

1413 69°57.3'N 140°54.1'W 47.0 3.2 26.3

1428 69°58.5'N 140°57.0'W 48.0 3.0 26.7

1443 69°59.7'N  140°59.9'W 49.0 3.2 26.3

1453 70°00.6'N  140°58.5'W 49.0 3.2 26.3

1513 70°02.4'N 140°55.8'W 51.0 3.5 26.7

1528 70°03.7'N 140°53.9'W 53.0 3.5 26.7

1543 70°05.1°'N 140°52.5'W 53.0 3.0 25.6

1558 70°06.9'N 140°52.9'W 53.0 3.2 25+3

4 T4-4 to 1040 11/09/ 86 70°07.8'N 140°52.1'W 51.0 2.8 26.3
45 1055 70°09.0'N 140°50,0'W 5o 2.8 26.0
1110 7010 2' N 140°%7.4'W 48.0 2.5 26.0

1125 70°11.2'N 140°44.4'W 49.0 2.4 25.6

1140 70°12.2'N  140°41.5'W 50.0 2.4 26.0

1155 70°13.3'N 140°38.5'W 51.0 2.8 24.2

1210 70°14.7'N  140°35.2'W 57.0 3.3 22.1

1225 70°16.0'N 140°33.9'W - 63.0 3.3 21.8

1240 70°17.8'N 140°34.2'W 181.0 2.8

Continued.,.
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Table 8. Conti nued.

\iat er

Transect From Station Time Date Depth Tenp  Salinity
Murber t0 Station (ADT)  (Day/Mo/Yr) Locati on (m) (“c) (ppt)
3 T3lto 0950 12/09/ 86 69°51,3'N 142 °0l.2'W 11.0 3.0 26.3
33-2 1005 69°52.2'N  141°59.6'W 18.0 2.8 26.3
1020 69°53.9'N 141 °s58.2'w 22.0 2.8 26.3
3 T2 to 1221 12109/ 86 69°53.5'N 141 °53.4'W 2.0 3.0 26.3
T3-3 1242 69°54.4'N 141 °51.4'W 25.0 3*3 26.3
1257 69°55.6'N 141°50.7'W 21.0 3.8 26.3
1312 69°57.0'8 141°50.3'W 36.0 3.8 26.3
1327 69°58.7'N 141°50.3'W 34.0 3.5 26.3
B42 69°59.3'N 141°50.9'W 37.0 3.3 26.3
1357 70°00.8'N 141°51.3'W 40.0 3.3 26.3
1412 70°01.9'N 141°51.8'W 41.0 3.2 26.3
0934 13/09/ 86 70°02.2'N 141°51.8'W 41.0 2.4 25.6

70°03.1'N  141°49.9'W 42.0 2.0
3 233to 1151 13/09/ 86 70°01.5'N 141°49.4'W 42.0 2.4 25.6
34 1206 70°02.7'N 141°48.9'W 41.0 2.3 25.3
1221 70°03.9'N 141°%8.1'W 46.0 2.2 25.3
1236 70°05.2°N  141°47.7'W 47.0 1.8 25.3
1251 70°06.4°N  141°46.7"W 49.0 1.8 25.3
1306 70°07.9'N  141°46,7'W 50.0 1.8 25.6
1321 70°09.2'N  141°5.9'W 51.0 1.8 25.6
1336 70'10. 4" N 141°65.5'W 51.0 1.8 25.3
1351 70°11.6'N  141°43.2'W 52.0 1.8 25.6
1406 70°12.9'N  141°41.9'W 53.0 1.8 296
3 THtoO 0958 14109/ 68 70°12.9'N  141°2.2°W 52.0 1.8 25.3
T3-5 1013 70°14.2'N  141°40.7'W 52.0 1.8 25.3
1028 70°15.5'N  141°39.5'W 53. 1.8 25.3
1043 70°16.9'N 141°39.6'W 57.0 1.8 25.3
1058 70°17.9'N  141°38.2'W 56.0 1.8 25.3
1113 70°19.1'N 141°36.9'W 62.0 1.8 25.3
1128 70°20.3'N  141°35.4'W “ 65.0 1.8 25.3
1143 70°21.4'N  141°34.3'W 70.0 1.8 25.3
1158 70°22.9'N 141°32.6'W 109.0 1.8 25.3

1213 70 °24.0'N 141°31.5'W 231.0 1.8
I T~ to 0937 16/09/ 86 70°09.4'N 143°38.6'W 12.0 1.0 26.3
Ti-2 0952 70°10.8'N 143°38.6'W 19.0 1.0 26.7
1007 70°12.2'N 143°37.7'W 24.0 0.8 21.4
1022 70°13.5'N 143°39.1'W 34.0 1.2 21.4

Continued...
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Table 8. Concluded.

\iat er
Transact Fram Station Time Dat e Depth  Temp  Salinity
Maber t O Station (ar)  (Day/Mo/¥r) Location (m) ("0 (ppt)
1 T1-2 to 1216 16/ 09/ 86 70"14.0 ' 143036.0 ‘W 35.0 1.8 27.4
T1-3 1231 70"14.9 *N 143"37.1 W 35.0 1.8 27.0
1246 70016.1 N 143036.7 W 41.0 1.8 26.3
1301 70°17.5'N 143°35.2'W 42.0 2.0 26.0
1316 70°18.7'N  143°33.5'W 43.0 2.0 26.0
1331 70°19.9'% 143032.5 ‘W 43.0 2.2 26.0
1346 70°21.3'"N  143°31.8'W 47.0 2.0
1 T1-3 to 0918 17109/ 86 70021.2 N 143029.9 ‘W 48.0 1.9 26.0
Ti~4% 0933 70022.7 N 143 °30.1 ‘W 48.0 1.8 25.6
0948 70 °24.1 'N 143030.3 ‘W 42.0 1.8 25.6
1003 70°25.4'N 143029.3 ‘W 47.0 102 25.3
1018 70"26.5 ‘N 143 °w.4'W 50.0 0.2 25.6
1033 70"27.7 N 143°32.6" 52.0 -0.5 25.3
1088 70028.8 ‘N 143034.9 W 54,0 -0.5 25.3
1 T4 to 1250 17/09/86 70°28.0'N 143°32.2'W 55.0 45 25.3
T1-5 1305 70°9.2'w 143"33.9 ‘W 56.0 -0.5 25.5
1320 70030.5 N 1$3"34.7 *W 54,0 0.5 25.5
1335 703103 ‘N 143"34.7 % 62.0 0.5 25.5
1350 70033.2 ‘N 143°%.4W 122.0 0.5 25.6
2 T-lto 1054 18109/ 86 70°04.4'N  142°54.3'W 10.0 1.2 27.4
T2-2 1109 70"05.8 N 142052.1 *W 15.0 14 26.7
1124 70006. 3 ‘N 142950.8'W 20.0 2.0 26.7
1135 70007.8 ‘N 142°69.9'W 26.0 2.0 26.7
2 T2-2 to 1302 18109/ 86 70"07.8 ‘N 142°48.6"% 25.0 2.0 27.4
T2-5 1317 10°09.0'% 142049.3 ‘W 30.0 2.3 26.3
1332 70°09.9'% 142"50.3 ‘W 35.0 2.5 26.0
1347 70°11.0'N  142°%46.4'W 33.0 2.5 25.6
1402 70°12.2'% 142044.9 *'W 40.0 -2.5 25.6
1417 70 °13.2'y 142 °44.1 'W 4.0 2.5 25.6
1432 0°0%.40 142742.9 *W 41.0 2.5 25.6
M7 70015.7 ' 142°41.8 'W 47.0 2.3 25.6
1502 70 °17.4' 142040.5 ‘W 46,0 2.0 26.0
1517 70"18.3 "N 142039.5 "W 52.0 2.0 26.0
1532 70019.6 ‘N 142°%8.3%W 56.0 2.0 26.3
1547 70"20.9 ‘N 142°37.0'% 57.0 2¥0 26.0
1602 70°22.3'8 142 °3%.0'W 60.0 0.8
2 T2-2to 1034 19/09/ 86 70°2.3% 142"35.9 ‘W 58.0 0.5
2-5 1049 70°22.3'N  142°31.4'W 58.0 -0.3
1104 70°23.9'N  142°30.4'W 60.0 1.2
1119 70°25.0'8 142'32.5 'W 61.0 1.2
1134 70°26.2'N 142°32.1 ‘W 61.0 1.2
1149 70°27.4'8  142°31.3 ‘W 63.0 1.2
1204 70°28.6'N 142°29.9 ‘W 64.0 1.2
1219 70°30.0'N 142'28.8 w 66. 0 1.2
1234 70 °3.2'w  142°28.2 W 1100 2.0
1238 70 3.5 142°27.5 W 150.0 2.0
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FIGURE 73. Block diagram of the h&droacoustic data collection system used in
the Eastern Al askan Beaufort Sea, Septenber 1985. The system was the sane in
1986, except that the 200 kHz data were echo integrated in real tine.
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The recording systemdigitized and encoded the signals on video tape. The
recording system consisted of a recorder interface, BioSonics Mddel 171; a
digital processor, Sony Mdel PCM-Fl; video cassette recorder, Sony Model
SL-HF-300; and a multimeter, Fl uke Mbdel 27. The echo integrator was used to
obtain real-time data on relative biomss at various depths and tines (=
| ocations). Acoustic data recorded on the VCR were re-analyzed through the
integrator in the |aboratory after the field season;, these were the primry
acoustic data used in both years of the study.

Tenperature and Salinity

Profiles.--1n Septenber of both 1985 and 1986, continuous tenperature and”
salinity profiles fromthe surface to bottomwere neasured at each zoopl ankton
station using an Applied Mcrosystens CID-12. Additional profiles were taken
during 1986 in areas where we sanpled anong bowhead whales. Al data were
recorded on a self-contained tape recording unit (see ‘Water Masses’ section,
. p. 41-45)0

Conti nuous Surface Measurenents.--In 1985, during surveys between
stations, near-surface tenperature (+ 0.2°C) and conductivity (& 2.0
millimhos/cm), along wWith water depth, were deternmined every 15 mn (see
Griffiths et al. 1986, p. 73-74, for data). Tenperature and conductivity
values were- obtained with a Hydrolab System 4000 from surface water sanples.
Conductivity readings were converted to salinity values by Arctic Sciences
Ltd. (see ‘Water Masses’ section, p. 38-43). In Septenber 1986, .a continuous
record of near-surface tenperatures was nmade during transects between
stations. Tenperatures were obtained using a Hydrolab TC-2 (TCOSL) and were
recorded on a chart recorder (SolTech Mddel 6723). Conductivity was obtained
fromthe same Hydrolab TC-2 every 15 rein; the values were later converted to
salinities by Arctic Sciences Ltd. (Table 8). During both years, depths were
“determ ned from the hydroacoustic system

Wat er and Chl orophyl | Sampling

Hydro Casts.--At each of the five stations on Transect 2 in 1985 and the
five stations on Transect T3 in 1986, water sanples for nutrient analyses were
collected at 5 mintervals fromthe surface to a depth of 20 m at 10 m inter-
vals at depths 20 to 50 m and at additional depths of 100, 1.50 and 175 m at
the deepest station in 1985 and 100, 150 and 200 m at the deepest station in
1986. All nutrient sanples were filtered, preserved with three drops of 2%
HgCly, and stored, unfrozen.

Usable chl orophyl| sanples were not obtained in 1985. In 1986, 11
chl orophyl| sanples were collected at the five stations along Transect T3 (2
sanples from Stations T3-1 to T3-4 and three from Station T3-5) from the sane
casts as the water sanples, For each sanple, 1000 =L of water were filtered
through Gelman glass fiber filters and 10 mL of a saturated solution of MgCo4
was added to the last of the water being filtered. The filters were then
folded, placed in glycine envel opes, and frozen inside whirlpacs. These
sanples were sent to the University of Alaska, Fairbanks, for analysis.
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Conti nuous Surface Chlorophyll. --In Septenber of 1985 and 1986, an
aliquot of the surface water sanple collected every 15 mn was read on a
fluorometer to estimate its chlorophyll content. Chlorophyll sanples (see
"Hydro Casts’ , above) were used to calibrate the instrument.

Turbidity Sanples. --In Se-ptenber 1986, surface turbidity samples were
taken at each zooplankton station along the four broad-scale survey transects
and at stations 86-9 through 86-13. A 125 mL aliquot of water was collected at
each station and was preserved by adding 2-3 drops of HgClp. The sanples were
returned to the | aboratory and read on a HACH Turbidimeter (Mbdel 16800). In
addition, secchi disc readings were taken at all stations during the 1986
season and at stations 6-13 in 1985.

Laboratory Anal yses

Zooplankton.--Al|l sanples from both years were sieved through a 0.25 mm
mesh nylon screen, washed with water, and exanined under a |ow power binocul ar
m croscope. In 1985, individual organisnms from all sanples were identified’to
species where possible, counted, and wet-weighed by species to the nearest ny
using a Mettler PT 200 el ectronic balance. In 1986, due to the |arge nunber of
sanpl es col |l ected and analysis tinme constraints, only sanples fromthe
oblique, vertical and a few selected horizontal tows were identified to
species and count ed. However, sanples fromthe other horizontal tows from
1986 were anal yzed by maj or taxomomiec group (e.g. copepods, amphipods,
euphausiids , etc.); wet-weights by taxomomic group were obtai ned using the
Mettler PT 200 bal ance. In this way total biomass for each horizontal tow
sample was determned for conparison with the hydroacoustic results. Between-
year differences in species conposition were determned from the oblique tow
sanpl es.

In both 1985 and 1986, if |arge nunbers of individuals were present, the
sanmple was first scanned for large or rare organisns and then sub-sampled
wWith a Folsom Plankton Splitter (McEwen et al. 1954). In practice, copepods
were the only group for which subsampling was necessary. |In these cases,
copepods in the subsample were counted, weighed to the nearest mg, and
identified to species and |ife-stage. The subsample data were then applied to
the whole sample t0 estimate total nunbers and wet weight for each species and
|'ife-stage of copepod in the sanple. Cephalothorax |engths of approximtely
10- 20 undamaged individual s of each copepod species and |ife-stage, from 1985
samples, were neasured to the nearest nmm and weighed to the nearest ng to
determ ne sizes and weights of individual zooplankters.

In both wpars, wet-weight data from oblique tows were used to calcul ate
t he bi omass/ i for zooplankton in the water columm as a whole. Data fromthe
horizontal tows were used to calculate wet-weight biomass at particular
dept hs. For each sanple, the flowmeter reading was used to calculate the
volune of water filtered. This information, in conjunction with the weight of
the sanple, was used to determine the total biomass in mg/m3.

In 1985, individuals fromthe major groups of large organi sms (e.g.
amphipods, euphausiids, mysids, fish |larvae etc.) taken in the Tucker traw s
and associ ated bongo” tows were counted, and those in good condition were
measured to the nearest mm. Nunerical and size data fromthe two types of nets
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were then conpared. Because of the | arge mesh size of the Tucker trawl (6.4
mr), only the |arge species and size classes were consi dered.

Calorinmetric Determnations. --In both years, selected zooplankton sanpl es
were frozen in the field and returned to the Institute of Marine Science.,
University of Alaska, for caloric analysis. In 1985, each sanple consisted of
t he zooplankton from one side of a bongo tow frozen in a single whirlpac. In
1986, two types of sanples were collected. Those taken on the 'Annika Marie’
in Septenber were unsorted and conparable to the 1985 sanples. Those taken on
the ‘Polar Star’ im COctober were separated into major taxonom c groups and
size classes on the ship and then frozen separately.

The large conposite sanples from Septenber of both years were allowed to
t haw and the maj or conponents (e.g. copepods, amphipods, euphausiids, etc.)
were immedi ately separated. Copepods were further separated into large (>1.8
m) and small (<1.8 nm) categories. Since freezing and thaw ng can cause cell
lysis and a consequent loss of body fluid, care was taken to select turgid and
mnimal |y damaged individuals when possible.

All sanples were then dried to a constant weight and individually ground
to a powder. Caloric content was determned with a Parr adiabatic bonmb
calorineter using sanples of 0.3 to 1.0 granms. Wen tows did not contain
sufficient nunbers of particular organisnms to provide enough nmaterial for
anal ysis, samples from adjacent stations were pooled. Results are reported as
calories per gramdry weight (ome calorie = 4.18 Joul es).

Ash content of zooplankton sanples was obtained ‘by weighing a subsample
onto a platinum pan and combusting slowy in a ‘covered porcelain crucible.
The tenperature was raised to 600°C over 3 h and namintained at 600°C for 1 h.
The sanples were then allowed to cool slowly to room tenperature, renoved from

the furnace, and wei ghed.

Data Processing and Analysis

Zooplankton Data.--Results fromthe | aboratory anal yses of zooplankton
were entered into an | BM PC-AT microconputer and standardized to number/m3 and
biomass/m3 in 1985 and biomass/m3 in 1986. These data were anal yzed on the
PC- AT conputer using programs witten for this project, BMDP and Lotus 1-2-3,
Addi tional analyses were run on the 1986 data using a Macintosh Pl us
m croconputer with StatView 512+ and Excel software.

Hydroacoustic Data.--In both years, hydroacoustic data were obtained by
reproduci ng voltages recorded on VCR tape during data collection, and
processing themwith the echo integrator. Echo integration is a process
whereby the signals received by the echosounder from selected depth intervals
are squared and averaged over selected time periods. During the two years of
this study, the system did not process signals below the neasured background
noise level. In 1985, depth strata were 2 mthick for depths between 4 and 52
m and 10 mthick between 52 and 102 m 1In 1986, integrator depth strata were
1 mthick for depths between 3.5 and 56 m, and 5 mthick between 56 and 101 m
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In both years, a neasure proportional to average zoopl ankton bionmass
within a stratum of specific thickness was obtained by averagi ng the
correspondi ng squared voltages out of the echosounder wWithin every 2-minute
period. Echo integration is based on the principle that echo intensity is
proportional to the target biomass. The product of the mean squared vol tage
and a constant A gives volume scattering (VS), the primary data for the study.
The volume scattering data are directly proportional to zooplankton bi omass
under i deal conditions:

vs = (A (nean V)

A= (TTc Obs Po? * g°b2(av))~!

where T = 3.142
7 = pulse width (s)
¢ = speed of sound in water (nls)
abﬁ = nmean backscattering cross sectional area per unit biomass (m2)
Po< = transmt pressure level at 1 mfromtransducer (microPascals)
g2 = the fixed through system gain (V/microPascal)
b2(av) = nean squared beam pattern weighting factor (dinensionless).

Mean backscattering cross section (sigm) of zooplankton during the study
was unknown and was set equal to one. The A constants with sigma equal to one
for -the 120 kHz data were 2.084 x 1078 and 2.474 x 10~7 in 1985 and 1986,
respectively; for 200 kHz data they were 1.176 x 10°and 2.390 x 10~7 for
1985 and 1986, respectively. After scaling for these A-constants, data for the
120 and the 200 kHz systenms were directly conparable.

Since the backscattering cross section per unit biomass was not known,
the volume scattering data represent only relative biomass. To convert to an
estinmate of absolute bionass, a regression relationship between volume
scattering and biomass/m3 was determ ned based on horizontal bongo t ows
conducted simultaneously w th echosounding (See 'Acoustic Bi onass vs. Net
Bi omass’, p. 169-170).

Processing of the hydroacoustic data differed between 1985 and 1986. I n
1985, the raw VS data were strongly correlated with net bionmass at the sane
| ocations. In 1986, the raw VS data were not nearly as well correlated with
the net data, and additional processing was necessary. The presence of
nunerous large fish (>50 mmin length) in 1986 biased the correlation between
velume scatter and net biomass in that year. These fish could readily avoid
capture in the plankton nets but gave strong echo returns. To overcone this
problem the 1986 data from the 200 kHz sounder were echo integrated
separately at two different threshold levels. The |ower threshold |evel was
set just above the level of the ambient noise (40 =mv for the 0 to 10 m
stratum and was increased 10 mV for each 10 mdepth increment because the
level of background noise increases with depth. The upper level was set at 800
nV;, the echoes stronger than this were presumed to be fromfish and not
zooplankton. The volume scatter data obtained using the higher threshold |evel
were subtracted from those using the lower threshold level to estimate
backscattering by zooplankton. Although this procedure substantially reduced
the biasing effect of fish in the 1986 analysis, it could not elimnate them
conpletely. For exanple, echo returns fromfish |ocated off the acoustic axis
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could be bel ow the upper threshold level and thus be included. Unless
otherwi se stated, VS data for 1986 used in this report were obtained by this
procedure. A simlar analysis was not perforned on the.120 kHz data from 1986
since they tended to underestimate the contribution of the smaller
zooplankters (i.e. copepods); the 120 kHz data were not used in our anal yses.

Resul ts

The results presented bel ow are based on the zooplankton sanples,
acoustic sanpling, and physical and chem cal neasurenents taken during
September 1985 and 1986 in and near the official study area, supplenented by
t he zoopl ankt on sanpl es and physical neasurenents taken over a broader area
during the Cctober 1986 ‘Polar Star’ cruise

Val i dation of Sanpling Methods

Bongo vs. Tucker Net Tows. --To assess whether |arge and fast-sw nm ng
zooplankters such as |arge anphi pods and euphausiids were underestimted in
bongo net twws,a nmodified Tucker trawl was used to collect additional sanples
at the same locations as selected bongo tows. This large nmesh traw was
designed to be towed without a bridle, to mnimze the avoidance reactions of
macroplankton. The Tucker trawl is an effective sanpler of |arge zooplankton
and small fish (Sameoto and Jaroszynski 1976). However, all types of
zooplankton sanpling gear have inherent biases, and all probably underestimte
the actual densities present (e.g. Webe et al. 1982). Overall densities of
animals collected with the bongo and Tucker trawl are not comparable because
the mesh opening in the Tucker trawl is about 13 tines larger than that of the
bongo net (6.4 nm vs. 0.5 mm). Thus, snmall animals are not expected to be
collected by the Tucker traw. Instead, we determ ned whether |arger animals
were collected by the Tucker trawl, and conpared the apparent densities of
large animals as determned by the two gear types

The results showed that both bongo nets and Tucker trawls collected a
wi de range of sizes of all nmjor groups of macrozooplankton (e.g. anphi pods,
mysids and euphausiids; G iffiths et al. 1986). Also, on a per unit volume
basis the bongo net was nore efficient than the Tucker trawl in capturing
large individuals. Al size classes captured in the Tucker traw were
represented in the bongo net sanples. Thus, the results fromthe Tucker traw
did not indicate the need for any correction factor for large animals that
m ght be undersampled by the bongo nets (Griffiths et al. 1986, p. 79-83).

Depth of Bongo Nets.--In all 1985 and nost 1986 horizontal tows, depths
of the bongo apparatus were determined fromthe attached Apelco depth sounding
system However, in 1986, stations 86-1 through 86-13 were sanpled prior to
the Apeleco system becom ng operational. In these cases, horizontal sample
depths were calculated fromw re angle neasurenents and the amount of Wre
out. Once the Apelco system becane operational in 1986, we continued to record
wire angle and amount of wire out so that the two nethods could be conpared
There was a strong positive relationship (r = 0.99; P<0.00l; n = 36). The fit
appeared to be best for the depth range O to 25 m (Fig. 74), which
corresponded to the range of sanpling depths at stations where the ‘wire angle
and anount of wire out’ method was used. Thus cal cul ated depth val ues were
sufficiently accurate to allow the inclusion of the horizontal tows taken at
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FIGURE 74. Conparison of sanpl e depth using Wire angle depth vs. Apelco
sounder depth.

stations 86=1 through 86-13 in the analysis of zooplankton bi omass vs. hydro-
acoustic return.

Standard vs. Opening-C osing Bongo Nets.--1n 1985, the primary
zooplankton sanpling device was a standard bongo net. Because this net sampled
during both descent and ascent, the values obtained during horizontal tows
wer e sonewhat biased (Griffiths et al. 1986) and not ideal estimates of
zooplankton biomass at the depths that were nomnally sanpled. To eliminate
this bias during the 1986 sanpling program we used an opening and cl osing
bongo net that collected the entire sanple at the desired depth. However, some
ot her types of sanpling were conducted using the standard bongo net during
Sept enber 1986 in this study, during the 'Polar Star' cruise of October 1986,
and in a 1985-86 study of zooplankton in the Canadi an Beaufort Sea (Bradstreet
and Fissel 1986; Bradstreet et al. 1987). To conpare the sanpling efficiencies

of the two types of bongo assenblies we conpared sanples collected in a
single area by the two types of bongo nets.

The conparisons were based on sanples fromfive replicate oblique tows
collected with each type of net at one station on 15 Septenber 1986. Double
oblique tows rather than horizontal tows were used in the conparison because,
with the doubl e oblique technique, both nets sanpled during the descent-ascent
cycle. In addition, the difficulties of collecting 10 horizontal tows wthin
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the same zooplankton | ayer over an extended period of tine were elimnated. In
order to standardi ze the zooplankton avail able during the tows as much as
possi bl e, sampling was carried out while steaming back and forth over the same
area. As a further check on the consistency of the zooplankton present during
each tow, the hydroacoustic system was used during each tow to nmeasure the
amount of zooplamkton present.

Cal cul ated biomasses of all major zooplankton groups (and total biomass)
were higher based on sanples collected with the standard bongo net (Table 9).
Mean val ues from standard bongos ranged from 1.23 to 5.82 times those fromthe
opening and closing bongos, depending on the taxonomic group. Except for fish
| arvae, anphi pods and detritus, the differences between the gear types were
significant (Table 9). These differences did not appear to be related to the
volume of water sanpled (no significant difference between nets; t= 1.583, p
= 0.165, df = 8). The differences also were not the result of any differences
in the total anobunt of zooplankton in the water columm at places where the two
types of sanples were collected (no significant differences for the 200 kHz or
120 kHz volume backscatter during the tows of the two gear types; Table 9).
The echosounder data do not rule out the possibility that there nay have been
sone differences in the group conposition of zooplankton between sanpling
| ocations. However, it is nore likely that the differences in apparent biomass
were related to the tow ng configuration of the two net types. In the standard
bongo assenbly, the bongo frane is attached to the hydrocable and towed so
that no gear precedes the net entrance. This minimzes the possibility of
avoi dance due to a pressure wave in front of the net. In the case of the
opening and closing net, the closing device and associated lines have to be
towed in front of the net. This configuration would tend to deflect sone
portion of the zooplankton. In addition, the flow of water around the |eading
edges of the opening and closing nets would be nore turbul ent than around the
standard nets; in the former case, the nets were tied to the rings with line,
whereas in the latter case they were clanped to the