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RU 71 -- Physiological Impact of Oil on Pinnipeds

I. Task Objectives

A. To determine the thermal conductance of both normal and
oiled fur seal pelts.

B. To measure the effects of oil fouling on the number, depth
and frequency of dives made during feeding excursions.

C. To measure the impact of oil fouling on the metabolic rates
of fur seals in air and water.

II. Field and Laboratory Activities

A. Ship or Field trip schedule.

1. Laboratory ( July, through September, 1976): Scripps
Institution of Oceanography, La Jolla, California.

2. Field (July through September, 1976): St. George Island,
Alaska.

B. Scientific Party for field research.

Dr. G. L. Kooyman, contract physiologist Scripps; Mr.
Randy Davis, field assistant, Scripps; Mr. Jack Sarno,
electronics technician, Scripps; Dr. Roger L. Gentry, Co-
Principal Investigator, NMFS; Mr. John Holt, field
assistant, NMFS; Mr. Gregory McGlashen, field assistant,
NMFS.

C. Methods.

1. Laboratory Analysis: using a special environmental
chamber, the contract physiologist conducted 13 me-
tabolic tests of four subadult fur seals, for a total of
130 hours of continuous data. He also measured with a
heat flow disc the heat flux across the pelts of 11 pinni-
peds (of 8 species) and three sea otters; measurements
were made before oiling, after oiling, and after cleaning
the pelts with Basic H.
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2. Field Procedures: Using the same environmental chamber,

the contract physiologist conducted 25 metabolic tests
on five subadult fur seals for a total of 220 hours of

continuous data. Tests were conducted before oiling,

with oil on the pelt, and after cleaning with Shelsol 70

and with Basic H. The tests were made at a variety of

water temperatures from 6°C to 25°C. The contract

physiologist also applied depth-time recorders, attached

by means of a harness, to 6 lactating females (two of

which had been oiled prior to release), and to three
subadult males.

D. Sample localities. St. George Island, Alaska, and adjacent

Bering Sea.

E. Data collected or analyzed.

1. Metabolic Tests: Laboratory*

Water Temperature

6°C

10°C

15°C

20°C

25 °C

27°C

Number of Tests

1

2

5

2

2

1

* All tests conducted on unoiled, subadult fur seals, mean dura-

tion of each test 10 hours.

2. Metabolic Tests: Field*

Water Temperature

6oc
6°C

10°C

No. Unoiled

6

4

No. Oiled

5

1

No. Cleaned

2

1
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Metabolic Tests: Field (continued)

Water Temperature No. Unoiled No. oiled No. cleaned

0

1

0

15°C 2 0

20°C 1 1

25°C 1 0

* All tests conducted on subadult male fur seals using same

environmental chamber as in laboratory measurements, mean

duration of each test 10 hours.

3. Heat Flux measurements*

Species No. of pelts No. Oiled Pelts No.

Enhydra lutris 3** 2

Erignathus barbatus 1 1

Phoca groenlandica 1 0

Lobodon carcinophagus 1 0

Hydrurga leptonyx 2 0

Leptonychoytes weddelli 2** 1

Zalophus californianus 1 1

Callorhinus ursinus 2** 2

Odobenus rosmarus 1 0

* All measurements made with a Beckman-Whitley heat flow disc.

** Includes at least one animal in juvenal pelage (lanugo)

4. Diving Studies. Of the nine depth-time recorders sent out
on fur seals in the 1976 field season only three have been
recovered by this writing. One seven day record was ob-
tained from a lactating female, one recorder returned flooded
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with sea water, and one recorder was taken off after only
one day. Recorders on two subadult males are still out
but may be recovered. Recorders on four lactating females,
two oiled and two unoiled, are presently overdue and their
return is now doubtful.

III. Results

Data collection will end in September, 1976. The contract physiol-
ogist has been unable to analyze the 360 hours of metabolic tests by
this report date. However, analysis is underway, and a final report
of results should be available within 90 days. The 1975 diving depths,
reported in a previous quarterly report and published separately
(Kooyman, and Gentry, 1976. Science 193 (4251):411-412), are pre-
sently being reanalyzed for diving effort and sequential patterns in
diving behavior. These results will also appear in the final report.

Flux measurements have been conducted on normal and on oiled
pelts. To date some of these pelts have not been cleaned and measure-
ments of flux after this cleaning have not been made. However, all
such measurements will be completed by the end of September.

IV. Preliminary interpretation of results.

Visual inspection of the metabolic results indicates that a light
coating of crude oil (approximately 60cc applied with a brush to the
dorsal surface only) causes a' significant increase in the metabolic
rate of sealsin water, and that this increase lasts a number of days
after application. Data analysis will show this trend statistically.

V. Problems encountered/recommended changes.

The main problem encountered in the 1976 field season was the
low incidence of recovering the depth-time recorders. In 1975 we
recovered three out of three "dummy" packs put on to test the fur
seal's ability to carry the recorder, and four out of five functioning
recorders. We are therefore unable to explain our recovering only
three out of nine recorders sent out in 1976. Unless these recorders
are recovered (they will be looked for daily until October 20) we can
draw no conclusions about the impact of oil on diving effort.

VI. Estimate of funds expended.

By August, 1976 virtually all funds were spent.
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A. General Tasks

1. Determine the acute and chronic effects of crude oil, its component

fractions, and other petroleum-associated chemicals on physiological and

behavioral mechanisms of selected arctic and subarctic organisms.

2. Conduct laboratory and field studies to determine recovery rates of

selected organisms and ecosystems from perturbations resulting from either

contamination or other disturbances associated with petroleum development.

B. Specific Objectives and Studies

1. Determine acute toxicity of previously untested species such as amphipods,

mysids, sandlances, and others.

2. Determine acute toxicity at different temperatures with several species

such as scallops, pink salmon, and shrimp.

3. Determine the chronic toxicity to shrimp and herring eggs and the effects

of oil on newly extruded eggs of crabs.

4. Determine the uptake and depuration of oil components for previously

untested species.

5. Determine the effect of temperature on oil component uptake and depuration.

6. Determine the effect of oil on metabolic rate of fish and invertebrates.

7. Determine the effect of oil on scallop growth and behavior.

8. Determine the effect of oil on crab autotomy response.

9. Determine histopathology effects of oil using routine histology, enzyme

histochemistry, and electron microscopy.

9
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II. Laboratory Activities

A. General Methods

Standard bioassay techniques, modified by the special requirements of

working with hydrocarbons, were used in the majority of our experiments.

Animals exposed to oil were monitored for death, sublethal physiological

effects, behavioral changes, and metabolism of hydrocarbons.

All bioassays were done at the Auke Bay facility. The majority of

organisms for our studies were collected in the vicinity of Auke Bay, Alaska.

Exceptions to this are limpets collected at Cape Yakataga.

Cook Inlet oil was obtained from Shell Oil Company in 55-gallon drums.

No. 2 fuel was taken from the laboratory heating system fuel tanks. Benzene,

toluene, and naphthalene were reagent grade.

1. Mixing

Water-soluble fractions were prepared by gently mixing a 1% oil to

water suspension. Depending on the volume needed, the oil-water mixture

was prepared in either an 18-liter bottle, a 100-liter glass aquarium,

a 55-gallon polyethylene-lined oil barrel, or an 800-liter fiberglass

tank. In each case, electric motors with mixing paddles were adjusted

to the proper mixing energy to allow the oil vortex to descend one-third

of the depth of the container. The mixing continued for 20 hours

followed by a 3-hour settling period. The WSF was then siphoned off from

beneath the oil slick and diluted for use in exposure.

2. Exposure

Most exposures were static, aerated, and at a tissue-to-volume ratio of

1 gram per liter or less. Oil concentrations were measured analytically at

the beginning of the exposures. Crganism responses (mortality or some other

10
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parameter) were analyzed by computerized probit statistics. For several

studies repetitive dosing was used. Periodically the oil concentration was

monitored (UVOD) and brought up to the initial concentration by addition of

100% water-soluble fraction. The concentration deviation was minimized by

frequent redosing.

3. Analytical Techniques

Our oil-water solutions (WSF's) were routinely analyzed by infrared

(IR) and ultraviolet (UV) spectrophotometry, as well as by gas-liquid

chromatography (GC).

The IR method is from Gruenfeld (1973), and involves determining the

absorbance of light at 3412 nanometer wavelength by the oil-derived

hydrocarbons. Aliphatic compounds, which are not very toxic, absorb most

strongly at this wavelength. The method does not measure toxic aromatic or

polar compounds. We use this method as a general indication of relative

differences between successive WSF preparations, and as a means of 
comparing

our work with that of other investigations. Despite its limitations, this

method of determining oil in water is far superior to measuring only 
the

volume of oil added to water, since the amount of oil that enters 
the water

column is very dependent on the mixing energy and duration.

A second method that we routinely employ is a modified version 
of the

UV method of Neff and Anderson (1975). This method involves determining the

absorbance of oil-derived hydrocarbons at 221 nanometers. 
Naphthalene and

methyl-substituted naphthalenes absorb most strongly at 
this wavelength,

although high concentrations of mononuclear aromatics (such as benzene,

toluene, xylene, etc.) can also cause appreciable absorption. 
The

naphthalenes have been implicated in several toxicity studies. 
We use this



method principally as a means of predicting the toxicity of successive WSF

preparations. Since the different methyl-substituted naphthalenes have

slightly different molar absorptivities at 221 nanometers, we report results

by this method as naphthalene equivalents. This is the amount of pure

naphthalene that would account for most of the absorbance observed in a

given sample of 221 ananometers.

The third method we employ routinely involves gas-liquid chromatography

(GLC). We use a column suggested by Supelco, Inc., which is especially

suited for separating aromatic hydrocarbons. In this method we extract the

WSF with two aliquots of methylene chloride, and then analyze from l to 10

microliters of the combined extracts immediately by GLC for mononuclear

aromatics. Then we concentrate the extract to 500 microliters, and analyze

from 1 to 10 microliters again by GLC for the higher aromatics.

We have established the identity of most of the aromatic peaks by

comparing retention times with known standards, by spiking WSF's with known

aromatics, and by mass spectroscopic (MS) identification of selected samples.

The results from these different methods have always been in agreement. The

MS study (conducted at the Northwest Fisheries Center in Seattle) also

established that both normal and some branched paraffins elute from our

column, and in some cases they elute simultaneously with some of the aromatic

compounds. On the basis of this information we are now able to correct for

this interference.

4. Bioassay Statistics

When possible, all of our bioassay results are analyzed by a computerized

probit analysis by Finney (1971). This statistical technique calculates a

maximum likelihood estimation of the oil concentration that would cause 50%

12
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of the exposed animals to respond after exposure to the WSF for some given

time.*

Usually the response is death, although we do note certain other

behavioral responses as well.

In addition, the probit analysis estimates a 95% fiducial limit about

this TLm, and a slope function and 95% fiducial limit about this slope

function. The slope function is the rate at which the proportion of animals

responding changes with changing oil concentrations in the WSF. From it,

one can estimate the most likely proportion of animals that would respond at

WSF oil concentrations other than the TLm. It is related to the tolerance

distribution of the species being tested.

In some cases our bioassay results are not amenable to probit analysis.

Probit analysis requires at least two dose levels of WSF at which the

proportion of animals responding is observed to be between zero and one.

Occasionally our dose levels will be so distributed that none of the animals

respond in some set of lower doses, and all of them respond in the next

highest dose and all higher doses. Or, there will be only one dose at which

the proportion of animals responding is observed to lie between zero and one.

In the former case we estimate the TLm as the antilog of the sum of the log

of the highest dose where no animals respond, plus the log of the lowest dose

where all of the animals respond, divided by two. In the latter case we

estimate the TLm by plotting the dose versus the percent of the animals

responding, and noting the dose level that corresponds to 50% response.

This is the method of Doudoroff et al. (1951).

*We call this concentration of oil in the WSF the median tolerance

limit, or TLm.
13
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All of our data are being stored on punched computer cards, as well as

in record books.

B. Methods for Specific Experiments
(See I-B for objectives)

1. Static Acute Bioassays

a. Bioassays were conducted with several organisms and developmental

stages at temperatures ranging from 4-80 C. Water-soluble fractions of crude

oils were prepared as described before. Oil exposures were monitored by

chemical analyses, i.e. IR, UV, and GC. Mortalities were noted daily and the

results were analyzed as described previously (probit statistics with 95%

fiducial limits). Sublethal quantifiable behavioral responses were used

when possible as an additional indicator of effect.

2. Static Acute Bioassays at Different Temperatures

a. Temperature assays with toluene were run using acute exposures

at 4°, 8°, and 12°C with pink salmon, and Eualus shrimp. The three temperatures

were run simultaneously with the same initial mix to minimize variability.

Animals were temperature-acclimated before testing.

3. No new activities were completed in studies of chronic toxicity to eggs.

Samples from earlier experiments are being analysed.

4. An uptake study to document the biological and analytical variability

when measuring hydrocarbon accumulation in marine organisms was completed.

Fish, shrimp, and scallops were exposed to Cook Inlet WSF for 24 h under

static conditions. Replicate samples (whole organisms) were frozen and sent

to Scott Warner (Battelle Columbus Laboratory) for gas chromatographic analyses.

Warner divided some samples for use in an intercalibration study with Brown

of the Northwest Fisheries Center, and Hertz of the National Bureau of

Standards.
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5. An uptake study to determine effects of temperature on the accumulation

of aromatic hydrocarbons in fish, shrimp, and scallops was completed. Cook

Inlet WSF spiked with [superscript]14C toluene and [superscript]3 H napthalene was used for a 48 h

static exposure with pink salmon, shrimp (Pandalus goniurus), and scallops

(Chlamys spp) at 4°, 8°, 12°. Whole organisms were sampled periodically

through the exposure period and a subsequent 8 day depuration period. Samples

were frozen and will be processed as follows:

a. using a sample oxidizer and scintillation counter to determine the

toluene and napthalene content.

b. using the method of Rouble (197 ) to separate metabolites from

parent compounds, then using the sample oxidizer and scintillation counter

to document the percent metabolism of toluene and napthalene.

c. sending samples to Battelle Columbus Laboratory for gas

chromatographic analyses to quantitate certain aromatic and aliphati oil

components.

6. The effect of oil on the metabolic rate of pink salmon at different

temperatures has been determined. The method of Thomas and Rice (1975) which

used opercular rate as a measurement of metabolic activity was employed to

document the effect of toluene napthalene and CIWSF on pink salmon at

4-12°.

For each test, two groups were acclimated at 4° and 12°C respectively.

Identical sublethal concentrations of toxicant were prepared and brought to

proper exposure temperature before the flow-through test was begun. The

concentration of the stock tanks was measured and spiked frequently

to prevent the toxicant concentration from declining. The ventilation

15
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movements were recorded from free swimming' fish (no surgery or anesthetizer)

in special confining chambers before and during exposure for up to 15 hours

of exposure, Previous experients have shown that increases and decreases

in oxygen consumption measurements parallel ventilation recordings.

In an additional test the metabolic response of pink salmon to toluene

and napthalene, as measured by opercular rate, was compared to direct oxygen

consumption measurements. Flow-through tunnel respirometers were used

with precise temperature control (6 replicates).

7. Effects of oil on the long term survival and behavior of scallops in the

field is being determined. Marked scallops (350) were exposed to 5 doses

of Cook Inlet WSF for 24 h. A sixth group served as controls. All scallops

were placed in a 10- by 10- by 5-foot high net lined enclosure with no bottom

or top. Mortality and predation will be noted periodically by divers.

8. No new activities were initiated in autotomy studies. Some data remains

to be analyzed.

9. A study was completed to determine effects of oil on pink salmon tissues

and correlate results with the respiration measurements of Thomas and

Rice (see #6.)

Pink salmon fry (Oncorhynchus gorbuscha) were exposed to approximately

25% and 75% of the TLm dose of a WSF of Cook Inlet crude oil. Total exposure

was for 96 hours, with a depuration period of 16 days. The crude oil and

seawater were mixed in a barrel by ABFL's standard procedure, allowed to set

for three hours, sparged and siphoned into tanks.

Gill and liver samples were taken at 3, 10, 24, 48, and 96 hours from

each dose during exposure; then samples were taken from depurating fish at

1, 4, 6, 10, and 16 days. Control samples were also taken.

16
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Tissues were fixed in buffered 5% formalin. Six fish were sampled

at each period from each dose. Controls were taken 3 times for a total

of approximately 200 tissue samples. One half of these have been washed,

dehydrated and embedded in paraffin. Processing (including staining) is

continuing and the slides will be evaluated in the next few months.

17



III. Results

1. Acute Bioassays

Results of recent assays completed at Auke .Bay were presented at the

American Institute of Biological Sciences meeting August 1976, Washington, D.C.

(copy enclosed.) Bioassays completed this quarter include:

Species Common Name Cook Inlet WSF Fuel Oil WSF

Crangon franciscorum shrimp X X

Myoxycephalus sculpin X X

polyacanthocephalus

Aulorhynchus flavidus tubesnout fish X X

Snail (unidentified) snail X X

Hemigransus nudus shore crab X X

Clupea pallasi herring X X

Nucella lima high intertidal whelk X X

Littorina sitkana high intertidal snail X

Balanus glandula barnacle X

Margaretes pupallus low tidal snail X X

Tonicella lineata chiton X X

Katharina tunicata chiton X X

Eupentacta quinquesemita sea cucumber X

Mytilus edulus mussel X X

Mopalia ciliata chiton X

2. Temperature bioassays at different temperatures

The original temperature effects study was modified to use toluene

instead of benzene and eliminate scallops in an effort to clarify results.

Pink salmon and Eualis spp shrimp were tested with toluene at 4, 8, and

12°. The manuscript "Effects of temperature on the acute toxicity of

18
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Cook Inlet water soluble fraction, toluene, and napthalene to pink salmon

and shrimp" will be presented and published at the NOAA Symposium

November 1976, Seattle, Washington.

The study of temperature effects on the stability of water soluble

fractions was completed and data analyzed. Manuscript "Effects of

temperature, volatility, and biodegradation on the persistence of aromatic

hydrocarbons in seawater" by Cheatham et al. will be presented at the NOAA

November, 1976 Symposiun, Seattle, Washington.

3. The manuscript "Effects of Cook Inlet crude oil water soluble

fraction on survival and molting of king crab and coonstripe shrimp larvae"

was presented at the 27th annual Alaska Science Conference and is being

rewritten and modified for presentation and publication at the NOAA

Symposium November 1976 (abstract enclosed).

All samples have been collected from the tanner crab egg study (see

last quarter's report) and are being processed.

4. Analyses of samples from the uptake studies is proceeding with results

expected by November 1976.

The samples from the temperature uptake study will be processed in

October 1976 when the sample oxidizer arrives at this facility. We expect

a completed manuscript by February 1977.

6. The manuscript "Effects of Cook Inlet crude oil, benzene, and napthalene

on heart rates of the Alaskan King Crab" was presented at the 27th annual

Alaska Science (July 1976) Conference and is being rewritten for journal

publication (abstract enclosed).

Results of the pink salmon opercular rate and oxygen consumption studies

are being prepared for a manuscript due to be completed by January 1977.
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7. Data collection from the scallop field mortality study is continuing.

This study will be concluded in October 1976. Results from a scallop growth

study (see last quarter) were incolclusive due to little growth in control

and exposed scallops.

8. Autotomy response was noted with Hemigrapsus nudus in acute bioassays.

9. The manuscript "Effects of crude oil exposure on King crab (Paralithodes

camtschatica) gill morphology" was presented at the 27th annual Alaska

Science Conference and is being rewritten for presentation and publication

at the NOAA Symposium, November 1976 (abstract enclosed).

Processing of pink salmon tissues is continuing with results due in

October 1976.

Field studies

Observations of the exposed limpets (see last quarter's report) at

Douglas Island continue at low tide periods until October 1976.

20
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TV. Interpretation of results will occur in manuscripts prepared for

publication. Some abstracts of manuscripts in preparation are enclosed.

Manuscripts reviewed and accepted for publication will be submitted when

available.

V. Problems Encountered

1. This quarter's bioassay, temperature bioassay, and temperature metabolic

effects work indicates the continuing need for a constant dosing apparatus.

The variable of declining oil concentration in the water caused by

volatility and biodegradation of aromatic oil components must be eliminated.

We have started R & D on a generator for continuous preparation of

crude oil water-soluble fractions. The apparatus uses a stream of water

descending through columns of crude oil. Preliminary analyses of the

water soluble fraction from this device is encouraging. We plan to switch

from static to continuous dosing for FY-1977.

2. Delivery of the sample oxidizer in October 1976 will allow processing

of samples from the uptake studies. The oxidizer will eliminate most tissue

preparation problems.

3. We have reached the conclusion that scallops (Chlamys spp) are not

suitable for growth studies. Over a four month period little or no measurable

growth occurred. Additional species are being tested for growth studies.

21



VI. Estimate of funds expended (in thousands) for this quarter.

Salary costs $30.2

Travel 2.1

Contracts 34.2

Equipment and Supplies 26.1

Other Direct Costs 1.2

Support Costs 11.1

TOTAL $104.9

22
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I. Task Objectives

The objective of these studies is to identify and evaluate in

selected marine organisms the effects of chronic exposure to petroleum

hydrocarbons and trace metals.

Under the general task objective, physiological, morphological,

chemical, and behavioral parameters are being investigated. The specific

objectives for results of studies reported on in this quarter are as follows:

(1) Physiological: Effect of ingestion of whole crude oil on

reproductive success in salmonids.

(2) Morphological: (a) Effect of ingestion of whole crude oil

on structure and ultrastructure of internal tissues of salmonids.

(b) Changes in skin and gill epithelium of flatfish and salmon following

exposure to the water-soluble fraction (WSF) of crude oil.

(3) Chemical: Evaluate uptake, accumulation, and discharge of

trace metals from mucus, epidermis, and scales of salmonids.

(4) Behavioral: Effect of water-soluble fraction of crude oil

on feeding behavior of shrimp.

II. Field or Laboratory Activities

C. Methods - laboratory analysis

I- Physiological:

Prudhoe Bay crude oil was incorporated in the diet of 3-year-old

rainbow trout (Salmo gairdneri). Upon initiation of the study, in July 1975,

the fish were 41-53 cm fork length, 1.0-1.8 kg in weight (wt), and beginning

to develop eggs and sperm for the first time.

24



Oil-containing food was routinely prepared by first mixing 2.6 ml

of crude oil with 148 ml of trichlorotrifluorethane solvent. The oil-solvent

solution was then mixed with 2 kg of Oregon moist pellet and allowed to air dry

for 90 minutes. Control food was prepared identically except crude oil was

omitted.

Fish were fed the above diets on weekdays at the rate of 1.5-2.5%

of body wt starting in July 1975 through August 1976 for an average dose of

17 mg crude oil/kg body wt/day.

Spawned eggs from control fish were divided into equal aliquots

and one aliquot was fertilized with sperm from a test male and the other

aliquot from a control male. Eggs of test females were similarly treated for

a total of 31 test and 10 control crosses.

From fertilization through the button-up stage, eggs and alevins

were monitored for mortality, and samples were taken for histological analysis.

2. Morphological:

a. Tissue samples were collected from both adult trout fed crude

oil and their progeny. Trout fry and adult trout tissues consisting of liver,

eye lens, kidney, intestine, skin, and gills were embedded in plastic for

transmission electron microscopy (TEM) or critically point dried for scanning

electron microscopy (SEM). Methods of tissue preparation for TEM and SEM were

presented in the first quarterly report of 1975. Of the samples collected, the

trout try, and: liver and eye lens tissues from the adults, have been examined

and observations; are discussed in this report.

b. Samples of skin and gill tissue for SEM studies were taken

from coho salmon (Oncorhynchus kisutch) and starry flounder (Platichthys

stellatus) foll owing 5-day exposure to 100 ppb total WSF of Prudhoe Bay crude
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oil. Details of the flow-through exposure system are given in the behavioral

methods section of this report.

3. Chemical:

Coho salmon of average wt of 200 g were exposed, in salt water,

to 3 and 150 ppb of water-borne lead (Pb2 1 0) and cadmium (Cd 0 9 ) at 40 and

100C. Samples of mucus, skin, and scales were collected at three intervals

during the 30-day exposure period. Following exposure, fish were placed in

a metal-free environment for depuration up to 6 weeks.

At each data point, three test fish were sampled. Epidermal

mucus was collected by gentle scraping with a rubber spatula. After mucus

removal, a 10 x 3 cm section of skin was excised from the side (including

the lateral line) and washed with isotonic saline. Scales were removed

from the skin prior to assessment of metal concentration in the skin and

the scales were analyzed separately. Concentrations of metals in the mucus,

skin, and scales of the test fish were determined by liquid scintillation

spectrophotometry. Periodically, levels of metals in the tissues were also

assessed by atomic absorption spectrometry. Data from both methods were in

close agreement.

4- Behavioral:

Observations on the feeding response of the spot shrimp

(Pandalus platyceros) were made during 6-day exposures to the WSF of Prudhoe

Bay crude oil. Method of exposure, stimulation, and criteria for evaluating

behavior are as follows:

Seawater was pumped from an average depth of 10 m at a 50 m

distLaice offshore from the NMFS biological field station at Mukilteo,

Washington. The water was serially filtered through 5 µm and 1 µm poly-

propylene filter bags into a 1,000 1 fiberglass head box which supplied the
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test chambers and the continuous flow-through oil solubilizer system described

in the RU 74 annual report, April 1976. The oil solubilizer produced 1.8 1/min

of WSF of Prudhoe Bay crude oil at a concentration of 320 + 190 (SD) ppb.

Samples of the WSF were collected every two days and the WSF concentration

was determined by gas chromatography (for details of analysis refer to RU 74

quarterly report, July 1 to September 30, 1976). To obtain different levels of

exposure, the WSF from the oil solubilizer was diluted in the mixing box of

each shrimp chamber while maintaining a total flow rate of 300 ml/min (Fig. 1).

The shrimp chambers were enclosed in black plastic and observa-

tions on feeding behavior made through one-way mirrors. Each data point

consisted of three 3-min. observations: background activity; response to

seawater control; and response to a 1:10 dilution of artificially mixed squid

extract (Mackie, 1973). The seawater control and squid extract stimulus were

introduced at the upstream end of the chamber at a flow rate of 10 ml/min.

Data on the following activities were collected during each 3-min. observation

period:

(1) Antennule clicks/min. Number of times that either the left

or right antennule was moved rapidly anterior to posterior and back to its

initial anterior position.

(2) Antennule cleaning/min. Number of times both antennules

were lowered and drawn through the second maxillipeds.

(3) Lines crossed/min. Each experimental tank was marked in

4 cm intervals and the number of lines crossed during testing was recorded.

(4) Searching movements/min. Number of bouts of rapid movements

of walking legs and maxillipeds in response to stimulus.
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Figure 1.--Glas chambers for testing effect of the WSF on feeding response

of spot shrimp. Valves and mixing box in foreground of each

chamber are for adjusting flow rate and the WSF concentration.
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(5) Feeding response. Contacting of stimulus outlet and picking

at it with chelipeds or moving it toward the mouth.

The shrimp were not fed for 3 days prior to exposure or during

the 6-day exposure period. The number of shrimp tested and number of obser-

vations made at each of 11 WSF concentrations are given in Table I.

III. Results

1. Physiological

A number of parameters were assessed in the study on reproductive

success of trout following chronic ingestion of crude oil:

a. Maturation: There was no pronounced acceleration or retardation

of maturity for oil-fed fish (Fig. 2).

b- Reproductive products: Oil-exposed females had greater numbers

of extruded eggs (Mean; test 2,535:2,283 control), although the average egg

size was smaller (number of eggs/10 ml; test 65.2:62.4 control).

c. Embryo survival: Survival through hatching averaged 86% ± 22

(SD) for eggs taken from oil-exposed females, and 90% + 7 (SD) for eggs taken

from non-oil-exposed females. There was no significant difference in egg

survival among crosses in which sperm was used from oil-fed males or non-oil-

fed males.

d. Alevin survival: Survival of alevins was higher for control

(93% + 10 SD) than test fish (81% + 18 SD), although not significantly.

e. Adult survival: There was a substantial post-spawning mortality

in the oil-fed group in which 30% died 1-3 months after spawning; all of these

animals were heavily infected with fungus. None of the controls were similarly

affected.
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TABLE I

Number of shrimp tested and number of observations made

in relation to concentrations of WSF.*
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Figure 2.--Time of maturation for oil-exposed and non-oil-exposed trout.
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The quantities of oil ingested by test fish represented an

extreme case of chronic exposure; however, the fish readily consumed the

oil-treated food and continued to grow and develop. Although there were

no mortalities of oil-fed fish prior to spawning, the post-spawning mortality

of oil-exposed males with fungus infections suggests some possible interaction

between oil exposure and recovery from spawning. It is possible, however,

that the differential mortality between test and control groups was

related to an increased density of fish in the test tank in the later stages

of the experiment (45 1 water/kg for test fish to 175 1/kg for control).

Of the other parameters measured there did not appear to be any

effect of oil ingestion on reproductive success. Survival through hatching

was 86% and 90% for test and control eggs, respectively, and test and control

males were virtually identical in fertility. Survival from hatching to swim-

up fry stage of development was 81% for test and 93% for control fish.

2. Morphological:

a. Two tissues, liver and eye lens, were examined from adult trout

fed crude oil for one year at a dose of 17 mg/kg body wt/day. Both the fork

length and whole eye diameter were similar for treated and control groups;

however, the eye lens from oil-exposed trout were 2.24 times larger in volume

than those from control (Table II).

Structurally, the lens is composed of ribbon-like collagen fibers

with interdigitating projections on the sides which hold the fibers together.

The overall morphology of lens fibers from treated and control fish do not

shuw any differences. From preliminary examination with SEM, only one change

is evident; the fiber surfaces from treated fish are undulated, whereas in

controls the fiber surfaces are smooth.
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TABLE II

Volume of eye lenses from trout fed crude

oil for one year.
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The liver from the adult trout fed crude oil also show changes

in respect to collagen. TEM.examinations show an infiltration of collagen in

the lining of the smaller blood vessels of the liver.

Offspring of the oil-fed trout were also examined. There was

no indication of abnormality in any tissues from crosses of oil-exposed

females with oil-exposed males.

b. Examination of skin and gill epithelium of coho salmon and

starry flounder with SEM indicates that the gills may be a more reliable

index of any changes which may be induced by exposure to the WSF of crude

oil (Figs. 3-8). Samples of skin from both control fish (Fig. 3) and fish

exposed to 100 ppb for 5 days show large areas of sloughed tissue. In

contrast, the gill epithelium of controls were intact and the cell surface

appeared healthy (Figs. 4, 5).

Both control and WSF-exposed coho salmon had a gill parasite,

Gyrodactylus. In controls, the epithelium was unchanged by the presence

of the parasite (Fig. 5) and in WSF-exposed coho salmon, Gyrodactylus was

found near both normal and damaged filament areas (Figs. 6, 7). Thus the

presence of this parasite was not associated with surface epithelial disruption.

Necrotic changes after WSF exposure were apparent in the coho

salmon gill as sloughed epithelial cells and discharged mucous glands. The

gill epithelium of starry flounder also showed lesions following WSF exposure

(Fig. 8).

3. Chemical:

Data on uptake and discharge of lead and cadmium in the epidermal

mucus, skin, and scales of coho salmon are given in Figures 9-13 and Table III.

The results presented in Table III and the text are expressed as
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Figure 3.--Skin surface of an untreated coho salmon. The ridged cells are

the normal pattern of the cell surface and the area in the left

of the picture is a region where the epithelium has sloghed.

(Mag. 2000X)

Figure 4.--Gill filaments of a starry flounder control. (Mag. 100X)

Figure 5.--(Gill Filaments of coho salmon control. No damage to the gill

epithelium was noted on the control, regardless of whether the

parasite, Gyrodactylus, was present or not. (Mag. 180X)
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Figure 6.--Gyrodactylus on the gill filaments of a coho salmon exposed for

5 days to the WSF of Prudhoe Bay crude oil. The gill epithelium

in this area is intact and there is exudate (arrow) from mucous

glands. (Mag. 200X)

Figure 7.--Gills from a coho salmon exposed for 5 days to the WSF of Prudhoe

Bay crude oil. The gill filaments and surface epithelium are

eroded and numerous mucous glands are exposed and discharging.

(Mag. 200X)

Figure 8.--Gill filament surface of a starry flounder after WSF exposure for

5 days. Note the lesions where the surface epithelial cells have

sloughed. (Mag. 1000X)
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Figure 9



Figure 10



Figure 11



COHO SALMON EXPOSED TO 3ppb Cd(N03)2 at 100C



Figure 13

COHO SALMON EXPOSED TO 150ppb of Cd(NO3)2 at 10°C



TABLE III

Bioconcentration factorsa for lead and cadmium in coho salmonb (Oncorhynchus kisutch)

exposed to water-borne Pb(NO3)2 and Cd(NO3)2



bioconcentration factor (BCF) which is calculated as the ratio of: concentra-

tion of metal in tissue (wet wt)/concentration of metal in water. Some of

these results were discussed in detail in the quarterly report, April 1 -

June 30, 1976, and these will be only briefly repeated when necessary to

place the more recent information in perspective.

Mucus: Coho salmon mucus accumulated both lead and cadmium very

rapidly from the surrounding water, often reaching near maximum levels within

hours. Thereafter, the concentration of the metals increased only slightly

and remained relatively constant during the rest of the exposure period.

Exposure concentration and temperature have a small but significant

effect on the concentration of the metals in mucus (Table III). For example,

at 10 C the BCF for both metals was about 15% greater than the values obtained

for fish exposed at 40C. At lower exposure levels (3 ppb), the BCF for both

metals was 15-30% higher than the values obtained for 150 ppb.

When the test fish were returned to metal-free water, more than 60%

of the accumulated metal was discharged from the mucus within the first few

hours. A separate, in vitro study, revealed that when mucus containing a

known amount of metal was dialyzed against sea water, 70% of the metal was

removed within the first 24 hours; the remaining 30% of the metal was retained

in the mucus for several days. The data in Figure 11 show that after 7 days

of depuration the mucus of the test fish retained about 25-30% of the

accumulated lead; however, at the end of a 6-week period only 6% of the

accuiullated mctal was still present. Cadmium was discharged from the mucus

faster than lcad (Figs. 12 and 13).
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The rapid uptake and discharge of metals in coho salmon mucus

suggests that metals may be accumulated via passive diffusion. Moreover,

our results show that approximately 70% of the accumulated metal exists in

a labile equilibrium between the mucus and surrounding water and is

discharged rapidly when the concentration of metal in water is decreased.

Nevertheless, a certain small fraction ([approximately equals] 30%) of the accumulated metal

appears to be bound to macromolecules, such as glycoproteins, in the mucus

and is released slowly.

Skin: Compared to the mucus, the rate of uptake of metals in the

skin was very slow. However, contrary to the mucus, skin continued to

accumulate increasing concentrations reaching bioconcentration factors of

about 2 for lead and 0.3 for cadmium at 1000C (Table III). Temperature of

the experiment had a strong effect on the ar.cumulation of metals in skin.

For example, three to seven times as much metal was accumulated in the

epidermis of fish challenged at 100C than those challenged at 40 C. This

effect was more pronounced in the lead-exposed fish than in the cadmium-

exposed fish.

Scales: Of the sites examined, scales accumulated the highest

levels of 1ead (Table III). The scales of some lead-exposed fish contained

up to 28 ppm of lead (BCF [approximately equals] 188) when exposed to a sublethal level

(150 ppb) ol lead nitrate for up to 4 weeks. Additional experiments

demonstrated that lead was rapidly accumulated in the scales with only a

few hours exposure of fish to water-borne lead nitrate. Furthermore,

when scales removed from control fish were placed in sea water containing

150 ppb of lead nitrate, a significant amount of lead (1 ppm) was taken up

in 3 hour'. These results indicate that scales of salmonids accumulate

metals directly from the water. (It should be noted here that the term
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scale applies to both the scale proper and some epidermal and dermal cells

attached to the scale upon its removal).

Preliminary results on the distribution of metals in scales by X-ray

dispersion technique revealed that a high concentration of lead was present in

the basal region of the scale which is embedded in the dermis. These results

indicate that deposition of lead in the scales also takes place via the blood

stream. Oosten (1957) reported that when lead salts were injected in the

muscle tissue of fish, lead was deposited in the scales within one day.

Both lead and cadmium persisted in the scales long after the metal-

exposed fish were returned to clean water; more than 50% of the accumulated

lead and cadmium was retained in the scales after 37 days of depuration (Figs.

11 and 13). The uptake of metals in the scales is directly related to water

temperature; over a twofold increase in the metal concentration was observed

when the water temperature was increased from 40C to 1000 (Table III).

4. Behavioral:

The feeding response of shrimp to a food stimulus can be divided into

three discrete stages: (a) initial detection of stimulus, followed by

(b) movement up a stimulus gradient with searching activity, which (c) culminates

in contact. with, and feeding upon, the stimulus source. The result of initial

expeciments on the feeding response of spot shrimp indicates that exposure to

the WSF of Prudhoe Bay crude oil causes a decrease in feeding activity,

particularly those activities involving searching and contact with the stimulus

source. The results are presented graphically in Figures 14-18.

Antennule clicks/min: Figure 14 shows the effect of WSF concen-

trations on the shrimp's sampling of its environment :in response to seawater

control aid squid extract stimuli. Without the WSF present
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Figure 14



Figure 15



Figure 16





Figure 18



squid extract resulted in an increase of antennular clicks/min from less than

one to 26.5. Upon exposure of the shrimp to increasing concentrations of WSF,

their antennular clicks/min response decreased, while control responses

remained relatively stable.

b. Antennule cleaning/min. (Fig. 15). Cleaning of chemoreceptive

hairs during the control interval was variable due primarily to inconsistent

activity during baseline observations. Following stimulation to squid extract,

there is a decided reduction in antennular cleanings with WSF concentrations

greater than 10 ppb.

c. Lines crossed/min. Control values of Figure 16 are low at all

WSF concentrations. Following introduction of squid extract, there is movement

toward the stimulus source. The rate of movement with increasing WSF concen-

tration indicates a decreasing trend; however, the high values at 24 and 94 ppb

make the data inconclusive.

d. Searching movements/min. (Fig. 17). Periodic rapid leg movement

is characteristic of intensified searching behavior. There are no searching

bouts unless squid extract is present, and at 100 ppb WSF concentrations this

activity disappears.

e. Feeding-response. Figure 18 shows the percentage of shrimp that

contacted and began feeding on the stimulus source outlet in the upstream end

of the test chamber. Upon addition of squid extract stimulus, 79% of the

shrimp fed when the WSF was not present; there was no feeding at 94 or 188 ppb

WSF.

The above results represent a composite of observations taken

over a 6-day exposure period at each WSF concentration. (Changes in feeding

activity with duration of exposure are being analyzed.) Generally there was

no observable effect on any of the feeding behaviors measured at WSF
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concentrations below 10 ppb. At the two highest WSF concentrations (100 and

200 ppb) approximately 40% of the shrimp exhibited a loss of equilibrium

following 3 days exposure and died 1-2 days later; observations on these

shrimp are not included.

IV. Preliminary Interpretation of Results

1. Physiology:

In the present study, dietary exposure to relatively high levels of

Prudhoe Bay crude oil did not significantly disrupt reproductive functions

of adult trout or cause a decrease in survival of progeny. There is no evidence,

therefore, that chronic exposure to levels of dietary crude oil available

environmentally would result in reproductive failure of rainbow or steelhead

trout.

It should be noted, however, that many other behavioral and physio-

logical aspects of natural reproduction were not examined. Activities such as

homing, mate selection, redd building, or territoriality could be disrupted

by crude oil ingestion and contribute to poor reproductive success for fish in

the natural environment.

2. Morphology:

a. Potentially deleterious abnormalities of eye lenses and livers

were observed in adult trout fed chronic high levels of Prudhoe Bay crude oil.

An increase in size of the eye lens could result from a number of

factors. The most probable explanation at this time is either a physiological

imbalance leading to hydration of the lens, or increase in lens epithelial cell

synthetic activity resulting in an increase in collagen fiber production. The

consequence of lens enlargement to the fish is not known; however, in humans an

increase in lens diameter of 20% causes myopia; 20/20 visual acuity decreasing

to 20/60. We plan to test for myopia in these fish directly with retinoscopy.
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The infiltration of collagen into the lining of blood vessels was

noted in liver samples. A fibrotic response to toxic materials, such as

cadmium, has been observed in the testes of fish (Tafanelli and Summerfelt,

1975), and the liver and kidney of rabbits (Stowe, 1972). Such changes mean

that normal, functioning cells, have died and were replaced by "scar" tissue.

The progeny of trout fed oil in the diet did not show any obvious

structural aberrations.

b. A 5-day exposure of coho salmon and starry flounder to the WSF of

Prudhoe Bay crude oil in a flow-through system caused epithelial sloughing in

gill tissue. In addition, considerably more mucous glands in WSF-exposed fish

had been discharged than in controls. The discharge of mucus in the presence

of WSF compares favorably with results of static WSF bioassays reported on in

the first RU 73 quarterly report of 1975.

3. Chemical:

Accumulation of both lead and cadmium in the mucus, skin, and scales

of salmonidsis temperature-dependent. This effect is more pronounced in the

skin and scales, where an increase in water temperature from 40C to 1000

resulted in a three- to sevenfold increase in the metal concentration.

Oosten (1957) reported that when metal salts are injected in fish a

layer of metal is deposited in the scales at the site of active calcification.

This suggests that the lead found in the scales of our test fish is incorporated

in the scale matrix, perhaps, preferentially, or in competition with calcium at

the "seeding" site. Pololiak and Holden (1964) demonstrated that a continuous

and rapid flux of calcium occurs in the skin and scales of trout, and that

calcium in the scales can be mobilized when there is calcium demand elsewhere

in the body. Because skin and scales represent a major reservoir of calcium

(40% of the total body calcium (Podoliak and Holden, 1964)), high concentrations
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of lead in the skin and scales may have a deleterious effect on calcium meta-

bolism in fish. Moreover, lead in the skin and scales may adversely affect

dermal fibroblasts and collagen in stratum spongiosum, resulting in cytotoxicity.

The presence of high concentrations of metals in the scales, long after

the fish are returned to clean waters, raise several important questions with

regard to long-term effects:

(1) High concentrations of lead stored in the scales may cause alter-

ations in skin structure which may be related to skin lesions and other cellular

and subcellular abnormalities.

(2) The presence of lead in the scales of salmonids may be potentially

hazardous when there is a need for calcium in the fish due to environmental

stress or during spawning. At spawning, the scales are known to be resorbed and

the mineral components of the scales are utilized for general metabolism and

production of sexual components (Wallin, 1957). In the lead-exposed fish,

resorption of scales would not provide required nutrients such as calcium;

instead, lead may be released in the body. The consequence of such a potentially

toxic reservoir of metals on the eggs or sperm remains to be assessed.

4. Behavioral:

During exposure of spot shrimp to the WSF of Prudhoe Bay crude oil

there is a suppression of feeding activity. The interpretation, and in turn

implications, of this suppression is dependent upon the mechanism(s) of action

of petroleum hydrocarbons. There are two possible, but hypothetical, modes of

action which may explain the observations: (1) masking, blocking,or disruption

of chemoreceptor sites, and (2) narcosis. If the effect is narcosis, then the

suppressed feeding response is an indication of central nervous system impair-

ment which would have a greater implication in regard to survival than if the

chemosensory system alone were temporally disrupted.
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Duration of suppression of the feeding response following exposure to

the WSF and return to uncontaminated water will be assessed in future studies.

V. Problems Encountered

One major problem area concerns the occurrence of pathogens in experi-

mental organisms. In all our studies particular attention has been paid to

the health and viability of test and control animals since reliability of

results is suspect when the experimental animals express disease symptoms and

the additional stress of hydrocarbon exposure is imposed.

Disease particularly plagued studies assessing the effect of petroleum

hydrocarbons on morphology and development of larval spot shrimp. Over 90%

mortality occurred at stages II and III, and the marine bacterium, Vibrio

parahaemolyticus, biotype alginolyticus, was repeatedly isolated. Further

experiments are being conducted to determine measures necessary to control the

disease if it reappears in future experiments.

VI. Estimate of Funds Expended

Estimated expenditures - July 1, 1975 to September 30, 1976

$ 149K
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OCSEAP QUARTERLY REPORT - RU 74

I. Task Objectives

A. Petroleum Hydrocarbons

Studies encompass a preliminary investigation of (a) the degree to

which different compounds accumulate in biota from continuous exposure to

non-lethal doses of hydrocarbons, (b) effects of environmental conditions,

such as temperature and exposure concentrations on accumulations, (c) whether

or not specific sites exist in fish where accumulation results in damage to

normal physiology, and (d) the metabolic stability (biological half-life) of

selected aromatic compounds in test organisms.

B. Trace Metals

Studies with trace metals encompass a preliminary investigation of

(a) uptake and accumulation of lead and cadmium in salmon and flatfish,

employing both radioactive and non-radioactive metals, (b) the relative

distributions of lead and cadmium in key tissues (e.g., liver, kidney, gills)

in salmon and flatfish, and (c) interactions of lead and cadmium with cellular

components.

C. Detoxifying Enzymes in Biota from Norton Sound and Chukchi Sea

Examine and report on the ability of biota in pristine areas to

adapt metabolically to an environment with added contaminants from oil oper-

ations. Determine the current levels of detoxifying enzymes in a broad

spectrum of biota from Norton Sound and the Chukchi Sea.
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II. Field or Laboratory Activities

C. Methods - laboratory analysis

1. Biotransformation of petroleum hydrocarbons and trace metals.

a. Hydrocarbons.

(1) Shrimp: Challenge experiments were conducted using a

custom-made, high specific activity tritiated naphthalene which facilitates

identification of very small amounts of individual metabolites and allows

for the autoradiography of tissue sections from exposed larval and postlarval

invertebrates.

Postlarval shrimp, Pandalus hypsinotus, were exposed in continuous-

flowing sea water containing 6 ppb H -naphthalene for 144 hours followed by

48 hours depuration. The shrimp were laboratory-hatched and reared from

ovigerous females captured in the vicinity of Kodiak Island. Shrimp were

sampled at various time intervals, washed, weighed, and aromatic hydrocarbons

and metabolic products were determined according to the procedure of Roubal

et al. (1977). Specimens were sampled and preserved for histology and auto-

radiography.

One-year-old spot shrimp, Pandalus platyceros, were exposed to a water-

soluble fraction (WSF) of crude oil at a concentrate of approximately 0.2 ppm

(provisional value) for 12 days. The animals were then washed, extracted,

and are currently being analyzed for accumulated hydrocarbons by gas liquid

chromatography (GLC)/mass spectrometry (MS).

(2) Marine fish:

(a) Experiments using carbon-14 labelled hydrocarbons:

Studies were carried out to determine the extent of incorporation of

14naphthalene 1- C into key organs of coho salmon in relation to different

environmental temperatures. Also, data on metabolite formation was sought.
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14
Naphthalene-l- C, dissolved in salmon oil (5.55 µCi), was force-fed to coho

salmon (150 + 50 g). After 8 and 16 hours, the animals were sacrificed and

carbon-14 incorporated into brain, liver, kidney, gallbladder, dark muscle,

light muscle, stomach, caeca, intestine, stomach contents, caeca contents,

intestinal contents, and blood was evaluated. The experiments were conducted

at 4° and 10°C. Tissues (each a composite from three animals) were isolated

and hydrocarbons and metabolites were extracted according to procedures

described by Roubal et al. (1977). Stomach, caeca, and intestinal contents

were assayed for carbon-14 after washing of the organ with saline until they

became essentially free of radioactivity. Carbon-14 was measured by liquid

scintillation spectrophotometry. Other essential aspects of the experimental

protocol are given in Table III.

(b) Experiments with coho salmon using water-soluble

fractions (WSF) of Prudhoe Bay crude oil:

Analysis of WSF produced in a flow-through system.--The flow-through

system for exposure of marine organisms to the WSF of crude oil was described

in the annual report for RU 74, April 1976. The methods for the identification

of compounds, quantitation of major components, and a method of analysis of

the WSF generated in the system are presented: Samples of the WSF were

collected in 200-mi glass containers at the point where water enters the

experimental aquaria. The sample containers were washed with detergent,

rinsed with distilled water and acetone, air-dried, and sealed with aluminum

foil-lined lids. All cleaning and extraction reagents were of spectrophoto-

metric grade or distilled in glass. A 100-ml aliquot of the WSF was extracted

in 0.5 ml of carbon disulfide (containing 1.725 µg/µl of isooctane as an

internal standard) by shaking for 3 min- The organic phase was separated and

8 µl of the extract was injected into the gas chromatograph- Extraction and
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TABLE III

Radioactivity in organs of coho salmon, 8 and 16 hours after being force-fed 5.55 pCinaphthalene-l-14C

in salmon oil.



analysis of the WSF was performed on the day of collection. Operating

conditions of the gas chromatograph were:

Column: 1-m glass, 6-mm O.D., 2-mm I.D.

Packing: 0.2% carbowax 1500 on 60/80 mesh Carbopack C.

(Supelco, Bellefonte, PA)

Gas flow: Carrier flow rate of 46 ml/min, N2

Temperature
conditions: Column: Initial - 40 C

Final - 215 0 C

Rate - 15 C/min

Injection temperature: 200°C

Detector temperature: 3500

A sample chromatogram is shown in Figure 1 and identification of major

peaks is given in Table I. Mass spectral data were collected on the sample

of WSF shown in Figure 1. The operating conditions of the GLC/mass spectro-

meter are given below and the data output are given in Figure 2 and Table II.

Column: 0.26-mm WCOT glass capillary; 20 m.

SE-30 stationary phase; film thickness 0.4-0.5 µn

Gas flow: Carrier flow 2 ml/min, He

Temperature
conditions: Column: Initial - 60°C

Time - 2 min
Final - 250°C
Rate - 4°C/min

Mass range scanned: 80-260 amu

Integration time: 6 m/sec

Scan time: 2 sec/scan

The average total WSF produced in the flow-through system on a 30-day

period was provisionally shown to be 0-5 ppm; however, no correction has been

made thus far for extraction efficiencies of sea water. Accordingly, final

data on assay of hydrocarbons in the exposure water will be provided later.
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Figure l.--Gas chromatogram of the water-soluble fraction of Prudhoe Bay crude oil in sea water.
Sample collected 7/30/76 from flow-through system.



TABLE I

Gas chromatography data: Compounds present in water-soluble fraction

of Prudhoe Bay crude oil collected 7/30/76 from flow-through system.

Retention times correlated with gas chromatogram peaks shown in

Figure 1.
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Figure 2.--Reconstructed gas chromatogram of the water-soluble fraction of Prudhoe Bay crude oil in sea water.
Sample collected 7/30/76 from flow-through system.



TABLE II

Mass spectral data: Compounds present in water-soluble fraction*

of Prudhoe Bay crude oil collected 7/30/76 from flow-through

system. Peak identity correlated with scan number shown in

Figure 2.

70



In considering the quantitation of the principal water-soluble fractions

(Table I), there is considerable variability in the total WSF produced

and in the individual components. The reason for this variability is

presently under investigation. Moreover, some problems exist with the

determination of hydrocarbons of molecular weight greater than methyl-

substituted naphthalenes in the seawater system. It is anticipated that

these analytical problems will be resolved shortly.

Exposure of coho salmon to WSF.--Groups of 20 coho salmon (average

wt 15 g + 5 g) were each maintained in twelve 20-gallon aquaria. Fish

from control and experimental tanks were sampled weekly during 6 weeks

of exposure followed by 6 weeks of depuration. The WSF represented one-

sixth of the full strength output of the flow-through system (analytical

data presently being evaluated). Gill, liver, and muscle tissues were

extracted according to a modification of the technique described by Warner

(1976). GLC analysis of hydrocarbons were obtained under the following

conditions:

Column: SE30 stationary phase; 0.26-mm WCOT glass capillary
column, 30 m

Detector: FID

Sample size: 2 µl injection with a split ratio of 10 to 1

Program: 400C to 2500C @ 4°C/min

b. Trace metals.

Marine fish: Coho salmon (0. kisutch) (average wt 225 +

40 g) and starry flounder (P. stellatus) (average wt 30 + 15 g) were exposed

to 3 and 150 ppb of lead and cadmium at 40 and 10 0 C. The gills, liver,

kidney, erythrocytes, brain, and blood were examined. Lead-exposed animals

were perfused before dissection. To determine the distribution of radioactive
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metals in subcellular sites, kidney and liver were homogenized and differ-

entially centrifuged to yield cellular debris and mitochondrial, microsomal,

and cytosol fractions. The procedure employed was essentially that

described by Chen, R.U. et al. (1974). Samples of gills, liver, and kidney

were processed for histological examination. Radioactivity was measured by

liquid-scintillation spectrometry. Data presented in the last quarterly

report for RU 74 were provisional. Final corrections (e.g., quenching

factors) have been applied and the data on cadmium are now in final form.

Data on lead accumulations and subcellular distributions in exposed coho

salmon and starry flounder are presently being verified and will be given

at a later date.

c. Detoxifying enzymes in biota from Norton Sound and Chukchi Sea.

An experiment was performed to measure the aryl hydroxylase activity

response to petroleum dose. Prudhoe Bay crude oil was incorporated into

Oregon moist pellets, which were custom-prepared in our laboratory. Three

concentrations of the petroleum in pellets were employed, viz., 0.53, 5.3,

and 53 ppm (wet wt). Groups of 10 coho salmon, averaging 18-27g/group,

were fed daily the petroleum in food at a rate of 2.5% of the biomass. The

temperatures of flowing seawater in separate tanks ranged from 12.00 to

13.1 C during 27 days of the experiment. Liver tissues were collected for

pairs of fish to provide samples for the hydroxylase enzyme assays, which

are to give data points for each crude petroleum concentration at 4, 8, 16,

and 23 days of exposure. Livers were immediately frozen over dry ice, and

after 2-4 hours they were placed in a 60 freezer until assays can be

performed.
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The ultra-low-temperature freezer (7 cu ft) from Revco was received and

placed on board the Miller Freeman. Instructions were given to project

personnel, notably Mr. W. Gronlund, indicating that the freezer is to be

operated at minus 6000C for holding specimens from the enzyme studies.

Protocol (cf., attached Exhibit "A") for handling and storing specimens

for enzyme studies was established and copies given to Mr. W. Gronlund, who

will supervise and help collect samples for analyses.

III. Results

A. Biotransformation of petroleum hydrocarbons and trace metals.

1. Hydrocarbons

a. Shrimp: Shrimp exposed to a 6 ppb of tritiated naphthalene

contained 360 ppb of naphthalene and 20 ppb of metabolites (as l-naphthol) in

1 hour. The naphthalene levels reached 650 ppb in 3 hours. During the

exposure period, the naphthalene concentration declined from 740 ppb at a

high of 12 hours to 46 ppb at 72 hours. Subsequently the naphthalene levels

did increase somewhat in the remaining 72 hours of the exposure. Metabolites

reached a maximum of 50 ppb in 24 hours. Metabolite levels, however, decreased

only slightly for the rest of the exposure. During depuration, the naphthalene

concentration decreased to 35 ppb in 6 hours, but metabolite concentrations

only changed from 50 to 35 ppb in this period. No mortalities were recorded

during the exposure and depuration phases of the experiment. Samples for

analysis of individual metabolites have not been processed yet. Autoradio-

graphy is in progress; however, no interpretations are available at present.

GC/MS analyses of the oil-exposed shrimp are complete but interpretation of

data remains to be accomplished.
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Exhibit "A"

PROTOCOL FOR HANDLING AND STORING SPECIMENS FOR ENZYME STUDIES

1. Record data on specimen record sheet and check-off list, e.g., sex,
weight, length of specimen, and whether or not the sample will be
bottled or bagged for storage.

2. Samples of liver tissues:

a. Take samples that weigh between 0.5 g and 5 g; the latter is
preferred.

b. Rinse blood, mucus, and other non-hepatic substances from outer
surfaces of liver tissues, using distilled water from a poly-
ethylene wash bottle.

c. Drop liver into screw-capped vial (20 ml), replace cap on vial,
mark the vial and vial cap with an appropriate code number,
using black waterproof ink from a felt-tipped pen (vial caps
are to be white), and as soon as possible place the sample vial
into a -600C freezer.

d. If it is necessary to delay placing livers immediately into the
freezer, then place vial containing the liver tissues into an
ice-water bath (to quickly chill to O°C), but do not hold at
0 C or higher temperature for more than 30 minutes before placing
into the -60 C freezer.

3. Samples of whole organisms:

a. In the cases of samples with livers, less than 0.5 g and animals
with poorly defined hepatic organs, major portions of whole body,
should be taken.

(1) Whole body organisms include mussels, clams, snails, sea
slugs, and shrimp.

(2) Small fish like capelin require whole body sample; however,
heads and tails can be removed and discarded.

b. Whole organisms should be rinsed to remove sand, mud, or other
extraneous substances clinging to outer surfaces.

c. After rinsing, the organism should be weighed, placed in a
plastic bag, or--if small enough--into a vial, and the sample
stored in a -600C freezer as soon as practical.

d. If placement in the freezer is to be delayed more than 15 minutes,
then the sample should be packed under ice until freezing becomes
practical. At no time should the delay in placement into the
freezer exceed one hour after death of the animals.
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b. Marine fish:

(1) Experiments using carbon-14 labelled hydrocarbons:

14
Studies conducted with naphthalene-l- C force-fed to coho salmon over

8- and 16-hour periods (40 and 100C) revealed that, aside from tissues

comprising the digestive tract, relatively small amounts of radioactivity

were incorporated into key organs and tissues (Table III). At each interval

of time no more than 5% of the administered dose was found in the combined

organs examined. In organs other than digestive tissues, highest levels of

naphthalene-l- C were found in liver, gallbladder, and dark muscle,

irrespective of water temperature. The amount of naphthalene did not exceed

about 1% the original dose in any organ or tissue examined. Some differ-

14
ences were observed in the amount of incorporated naphthalene-l- C with

respect to water temperature. Lower levels of carbon-14 were found at 100C,

16 hours after exposure, than at 400C, 16 hours after exposure (P < 0.05 for

brain, liver, kidney, and blood); however, with the exception of liver, no

pronounced differences existed in accumulations with respect to 40C and 100C

at 8 hours. Significant amounts of metabolic products were found only in

the gallbladder 16 hours after administration of the hydrocarbons.

Extremely wide variabilities were observed, consistent with those

reported earlier (RU 74 Progress Report, April-June 1976, p 9), in total

metabolites formed. For example, at 4 C (16 hours) values obtained for

metabolite levels in gallbladder of individual fish ranged from 20% of

total carbon-14 to less than 1%. Wide variations are consistent with

results obtained with aryl hydrocarbon hydroxylase (AIH) activities on

salmonids and other fish in our laboratories.

75



(2) Experiments with coho salmon using water-soluble

fractions (WSF) of Prudhoe Bay crude oil:

Gas chromatographic analyses were performed on gills, liver, and muscle

of coho salmon exposed to WSF for periods up to and including 6 weeks and on

animals placed in clean salt water for 6 weeks. Analyses of gill and liver

did not reveal detectable amounts of accumulated hydrocarbons at any time

period; however, analyses performed on muscle resulted in gas chromatographic

data showing the accumulation of the spectrum of hydrocarbons that were

present in the surrounding sea water. The apparent absence of petroleum in

gill and liver tissue may be related to the fact that the sample was one-

twentieth of that used for the analysis of muscle. Larger groups of fish

will be employed in the future to increase the amount of tissue for analysis.

The data acquired on the analyses of muscle for hydrocarbons are given in

Table IV. The values are provisional (e.g., factors such as extraction

efficiencies based upon the use of standard compounds have not been taken

into account). The analytical data will be given in final form at a later

time. The findings in Table IV indicate that xylenes and naphthalenes appear

in muscle in readily quantifiable amounts after 2 to 6 weeks of exposure.

Moreover, transfer of coho exposed to WSF for 6 weeks to clean sea water

results in discharge of virtually all of the quantifiable hydrocarbons from

the muscle. This finding is graphically depicted in the GLC profiles given

in Figure 3. The apparent increased complexity of the GLC profiles in

comparison to those of the WSF is presently under investigation.

The skin and gills of control and exposed coho salmon were examined by

scanning electron microscopy (SEM). The results are shown in Figures 3 and

5-7, RU 73 quarterly report for July 1-September 30, 1976. The results (p 11)

suggest that changes in gill tissue may indicate exposure to the WSF of crude oil.
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TABLE IV

Hydrocarbons found in muscle tissue of coho salmon (Oncorhynchus kisutch) after exposing fish

at 8-12 C to the water-soluble fraction of Prudhoe Bay crude oil.*



Figure 3.--Gas-liquid chromatography (GLC) of solvent extract of muscle tissue
from young coho salmon (15 ± 5 g) (0. kisutch) exposed to a water-
soluble fraction (WSF) of Prudhoe Bay crude oil. Data show GLC
hydrocarbon profiles of muscle tissue from control (A), exposed (B),
and depurating (C) animals. XY = xylenes; N = naphthalene;
1-MN and 2-MN = Mono- and di-methylnaphthalenes, respectively;
ISTD - internal standard (hexamethylbenzene); UKN = unknown (com-
pound not confirmed by mass spectrometry).
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2. Trace metals

Table V shows the accumulation of cadmium in coho salmon and starry

flounder exposed to 150 ppb of the metal for 15 days. Also included are

data on the depuration of tissues when animals were placed in metal-free

water. The results obtained with both species indicate that gills, liver,

and kidney bioconcentrate cadmium to a substantial degree at 100C; the

bioconcentration at 4°C is about 50% less. Very little cadmium accumulates

in brain and whole blood. The maximum bioconcentration of cadmium occurred

in starry flounder at 1000C in the liver where levels reached one order of

magnitude greater than exposure levels. Interestingly, the posterior kidney

of both species accumulated a greater amount of lead than did the anterior

kidney.

When fish were placed in clean water, cadmium levels of most tissues

declined; however, levels in the kidney increased when animals were transferred

to a metal-free environment. A notable example was coho salmon, exposed for

15 days to 150 ppb of cadmium, which were placed in "metal-free" water for 37

days. In this case, the cadmium burden doubled while animals were in clean

water.

Table VI gives levels of cadmium and lead in unexposed coho salmon and in

stock sea water. These values will be evaluated at a later time with respect

to accumulation of isotopically labelled metals in exposed fish.

Table VII provides data on the subcellular distribution of cadmium in

liver and kidney of coho salmon and starry flounder exposed to 150 ppb of

the metal. In each species, the greatest proportion of metal accumulated in

cytosol; however, substantial concentrations were also found in cellular debris

and the enzyme-rich microsomal fractions. In coho salmon, 8 days in clean

water did not result in significant changes in the proportion of cadmium in

the subcellular fractions examined (Table VIII).
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TABLE V

Accumulation of cadmium in coho salmon (Oncorhynchus kisutch) and starry flounder (Platichthys stellatus)

in 15-day exposure.



TABLE VI

Metal levels in unexposed coho salmon (Oncorhynchus kisutch) organs and sea water.



TABLE VII

Subcellular distribution of cadmium in starry flounder (Platichthys stellatus) and coho salmon

(Oncorhynchus kisutch) organs for 30-day exposure to 150 ppb of Cd at 400C.



TABLE VIII

Subcellular distribution of Cd in coho salmon (Oncorhynchus kisutch) organs after Cd exposure

(150 ppb) at 100C.



3. Detoxifying Enzymes in Biota from Norton Sound and Chukchi Sea

In the experiment on petroleum dose-enzyme response, fish were observed

to attack each other and behave cannibalistically, with the result that

mortalities occurred. The greatest numbers of mortalities occurred in the

group fed control food. The latter fish were generally sluggish when it

came time to feed. The fish fed the highest concentration (53 ppm) of

petroleum in food appeared to be more lively than other fish and, as a group,

experienced only one mortality.

At this time, liver samples are still in the -600 C freezer awaiting

assays. The assays of aryl hydroxylase will be carried out during the next

month.
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IV. Preliminary Interpretation of Results

A. Biotransformations of petroleum hydrocarbons and trace metals.

1. Hydrocarbons

a. Shrimp: The postlarval P. hypsinotus were capable of

concentrating tritiated naphthalene over 100 times the concentration in

surrounding water. This data support previous findings of Sanborn and

Malins (1976) with larval P. platyceros where comparable bioconcentrations

occurred in relation to higher levels of naphthalene in the water. The

substantial decrease in naphthalene concentration occurring after 12 hours

is not explained at present; however, the same phenomenon has been observed

in our previous data from the exposure of spot shrimp (P. platyceros) to

14
naphthalene-l- C. Metabolites appear to be strongly resistant to dis-

charge, remaining at high levels for 48 hours of depuration. Because of

the toxicity attributed to metabolites of aromatic hydrocarbons with

respect to animal systems, attention will be given to the nature of the

metabolites formed in the larval shrimp.

b. Marine fish:

(1) Experiments using carbon-14 labelled hydrocarbons:

The results with naphthalene-l-14C force-fed to coho salmon at 40C

and 1000C provided insight into the amount of hydrocarbon accumulation by

salmonids in relation to environmental temperature. Also, data was

acquired to evaluate the extent to which naphthalene is absorbed through

the digestive epithelium. Although some differences were observed in

relation to 40 and 10 C environments, the data generally indicate that

profound differences in hydrocarbon accumulation did not occur with

respect to temperature. Because less than 5% of the naphthalene was found
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in key organs and tissues, regardless of temperature, the digestive tract

appears to act as a major barrier to the incorporation of aromatic hydro-

carbons into salmonid tissues.

The findings, considered with respect to previous data, imply that the

small proportion of naphthalene absorbed through the intestine is rapidly

oxidized to metabolic products, although wide variations appear to exist

between individual animals. In salmonids, this process undoubtedly contri-

butes to the relatively rapid discharge of hydrocarbons from key tissues,

as was discussed earlier [see II (b)].

(2) Experiments with coho salmon using water-soluble

fractions (WSF) of Prudhoe Bay crude oil:

The experiments on the accumulation of water-soluble hydrocarbons in

coho salmon reveal that quantifiable amounts can accumulate in muscle in

about 2 weeks. It is of considerable interest, however, that the GLC

profiles become essentially the same as those obtained from control animals

when test fish were placed in oil-free sea water for one week. These data

imply that hydrocarbons, per se, are readily discharged from muscle tissue

of coho; however, previous studies with isotopically labelled aromatic

hydrocarbons (RU 74 quarterly report, April-June 1976, p 9) revealed that

aromatic hydrocarbons, (namely, benzene, naphthalene, and anthracene), are

actively converted to metabolites in salmonids. Thus, it is possible that

significanL levels of metabolic products exist in muscle tissue of the

exposed animals, despite the apparent absence of parent hydrocarbons. The

results with coho salmon will be compared with those obtained with starry

flounder subjected to comparable experimental conditions. A discussion of

this subject will be included in a later report.
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2. Trace metals

The data on cadmium indicate that substantial bioconcentrations of the

metal can occur in both coho salmon and starry flounder exposed to less

than 200 ppb in sea water. It is important to note that the kidney is

susceptible to continued infusion of cadmium from body fluids for at least

5 weeks after animals are transferred to clean environments. Data to be

presented later will show that similar results are found with lead. Thus,

tennination of exposure should not be interpreted to mean that metal levels

will necessarily remain constant or decline in the kidney, and possibly

other sites. It is of interest to note that in cases where a decline in

cadmium concentrations were observed (e.g., in gills), significant levels

still remained even after 5 weeks in clean environments. The strong

tendency to sequester cadmium in gills during uptake and depuration periods

raises questions about possible interference with osmoregulation and oxygen

consumption (Thurberg et al., 1973).

Generally, the findings indicate that ppb levels of cadmium and lead

(data to be reported later) in sea water can be translated to ppm levels in

key tissues of both coho salmon and starry flounder. This process leads to

metal deposition in important subcellular loci.

The subcellular distribution studies with cadmiun clearly show that the

metal accumulates in portions of the cell (e.g., cytosol and microsomes)

involved in important biochemical processes. Thus, the tendency to biocon-

centrate cadmium in certain tissues several fold over ppb levels in sea

water deserves further consideration.
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V. Problems Encountered/Recommended Changes

Detoxifying enzymes in biota from Norton Sound and Chukchi Sea.

The biochemical research chemist, who is to perform the enzyme

assays and carry out the dose-enzyme response studies with additional fish

species, has not yet been hired. Eight people from the Civil Service

Commission (CSC) listings and certifications have either declined to accept

the temporary position or did not reply to inquiries as to their availability.

We are continuing the search for an acceptable person by obtaining additional

lists of applicants from the CSC.

The lack of an additional research chemist has resulted in reorganizing

the sequence of experiments for the enzyme study. The additional dose-enzyme

response experiments must be either intermeshed with the baseline assays or

be performed after the samples collected in Alaska have been completely

assayed. The choice of alternatives depends on the availability of NMFS

personnel at the particular times involved.

VI. Estimate of Funds Expended

Estimated expenditures - July 1, 1975 to September 30, 1976

$ 74.7K
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OCSEAP FINAL REPORT - RU 75

I. Task Objectives

The intent was to prepare a literature review covering data on

effects of petroleum oil and its components (to include heavy metals) on

marine environments, organisms, and ecosystems, with special reference to

arctic and subarctic regions.

II. Activities

C. Methods

Literature was compiled primarily from existing bibliographies

or by use of OASIS, the NOAA computerized scientific information system, and

other systems. Direct examination of portions of the literature by hand

search through abstract journals was also employed. The literature review

was undertaken by appropriate specialists in the Environmental Conservation

Division, Northwest Fisheries Center, or other institutions. The reviews,

which roughly cover the literature through mid-1976, comprise a compilation

of information on the chemical and biological effects of petroleum on arctic

and subarctic environments. The subject of trace metals was discussed in

terms of those elements which are prominent constituents of petroleum and

which, by virtue of their innate toxicity, may alter the viability of

organisms and ecosystems.

E. Data collected

The material on hydrocarbons will be published in book form

shortly after termination date of the contract (October 1, 1976) and

submission of the package to OCSEAP. As a consequence, OCSEAP will treat the

detailed report as an administrative document with only limited distribution

within NOAA and BLM.
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It is not practical to attempt a synopsis of the material

covered in the literature review, per se, which comprises approximately

1,000 pages of detailed information; however, a comprehensive outline of

contents is provided to give an overview of the subjects and materials

included. A final, updated list of literature references is also included.

Although this list is quite voluminous (over 200 pages), it should be

emphasized that no attempt was made to insure that the list is a complete

one. Undoubtedly there are other references which are not included.

The review document for submission to OCSEAP includes sections

titled "Prospectus." These sections are included in chapters where a

relatively large amount of complex material is discussed. The "Prospectus"

represent the authors' overview of the subjects with respect to the implica-

tions of the work to OCSEAP.

IV. Preliminary Interpretation of Findings

Detailed coverage of the material is given in the report which

is presently in final typing stages. The report will be submitted as an

administrative document at the end of the contract year and published in a

book by Academic Press early in 1977.
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SECTION I

NATURE & FATE OF PETROLEUM

IN ARCTIC AND SUBARCTIC MARINE ENVIRONMENTS
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CHAPTER 1. PETROLEUM: PROPERTIES AND ANALYSES
IN BIOTIC AND ABIOTIC SYSTEMS

by

Robert C. Clark, Jr.
Environmental Conservation Division

Donald W. Brown
NOAA National Analytical Facility

I. PETROLEUM: GENERAL DESCRIPTION
A. Origin
B. Recovery
C. Refining
D. Historical uses

II. PHYSICAL CHARACTERISTICS OF PETROLEUM
A. Specific gravity
B. Viscosity
C. Pour point
D. Fractional distillation temperatures

III. CHEMICAL PROPERTIES OF PETROLEUM AND PETROLEUM PRODUCTS
A. Characteristics of petroleum

1. Hydrocarbon components
a. Paraffins
b. Naphthenes
c. Olefins
d. Aromatic compounds

2. Nonhydrocarbon components
a. Nitrogen compounds
b. Sulfur compounds
c. Oxygen compounds
d. Metals and organometallic compounds

B. Composition of crude petroleum
1. Prudhoe Bay crude oil
2. South Louisiana crude oil
3. Kuwait crude oil

C. Composition of refined petroleum products
1. No. 2 fuel oil

IV. METHODS OF ANALYSIS FOR PETROLEUM HYDROCARBONS
A. Sample collection and preservation

1. Laboratory aspects
a. Containers
b. Storage

2. Field aspects
a. Intertidal samples
b. Oceanic samples

(1) Research vessel operations
(2) Collecting small organisms with

plankton nets
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(3) Collecting large organisms
(4) Collecting sediment samples
(5) Collecting water samples

B. Extraction of the organic matter
1. Biological material
2. Sediment
3. Seawater

C. Separation
1. Gravimetric method
2. Ultraviolet absorption spectrophotometry
3. Fluorescence spectrometry
4. Infared spectroscopy
5. Gas chromatography
6. Mass spectrometry

V. DISTRIBUTION IN PETROLEUM AND MARINE ORGANISMS
A. Hydrocarbons

1. Volatile normal paraffinic
2. Volatile branched paraffinic
3. Non-volatile paraffinic
4. Naphthenic
5. Olefinic
6. Aromatic

B. Nonhydrocarbon components
C. Basic differences between abiotic and biotic systems

VI. PROSPECTUS

VII. REFERENCES

VIII. TABLES

IX. FIGURES
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CHAPTER 2. INPUTS, TRANSPORT MECHANISMS AND OBSERVED
CONCENTRATIONS OF PETROLEUM IN THE
MARINE ENVIRONMENT

by

Robert C. Clark, Jr.
Environmental Conservation Division

William D. MacLeod, Jr.
NOAA National Analytical Facility

I. POTENTIAL PETROLEUM HYDROCARBON INPUTS
A. Land-based discharges

1. Refineries
2. Waste oils, run-ff, and sewage

B. Marine operations
1. Tankers
2. Bilge discharges and bunkering
3. Accidents

C. Offshore production operations
D. Oil seeps
E. Atmospheric input

II. SPILL TRANSPORT AND RELATED MECHANISMS
A. Spreading
B. Evaporation
C. Dissolution
D. Emulsification
E. Agglomeration and sinking
F. Microbial modification
G. Photochemical modification
H. Biological ingestion and excretion
I. Tar ball formation
J. Interaction of ice with petroleum

III. PETROLEUM HYDROCARBON LEVELS IN THE MARINE ENVIRONMENT
A. Organisms

1. Unexposed baseline samples
2. Exposed samples
3. Laboratory exposed samples

B. Sediment
C. Seawater
D. Tar balls
E. Sea slicks

IV. PROSPECTUS

V. REFERENCES

VI. TABLES

VII. FIGURES
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CHAPTER 3. ALTERATIONS IN PETROLEUM
RESULTING FROM PHYSICO-CHEMICAL
AND MICROBIOLOGICAL FACTORS

by

Neva L. Karrick
Environmental Conservation Division

I. INTRODUCTION

II. PHYSICAL FACTORS
A. Environmental conditions

1. Water
2. Temperature
3. Wind
4. Oxygen

B. Physical processes
1. Spreading
2. Evaporation
3. Dissolution
4. Emulsification
5. Sedimentation

III. CHEMICAL FACTORS

IV. MICROBIOLOGICAL FACTORS
A. Distribution of microorganisms
B. Yeasts and fungi
C. Microbial processes

1. Role of temperature in microbial degradation
2. Role of other environmental factors in microbial degradation
3. Microbial activity

a. Sequence of organisms and degradation of substrates
b. Cooxidation
c. Extracellular activity

4. Microbial oxidation of hydrocarbons
a. Aliphatics
b. Non-benzoid cyclic hydrocarbons
c. Monoaromatic compounds
d. Naphthalene compounds
e. Polyaromatic compounds
f. Substituted aromatic compounds

5. Mathematical modeling
6. Microbial degradation of petroleum in sediments
7. Potential changes in petroleum under arctic and subarctic

conditions
a. Transformation of petroleum compounds
b. Studies in Alaskan coastal waters

(1) Beaufort Sea
(2) Cook Inlet
(3) Port Valdez

99



(4) Port Valdez, Point Barrow and Fletcher Ice Island
(5) Prudhoe Bay, Port Valdez and Arctic natural oil seeps
(6) Comparison of results from different Alaskan waters

D. Possible impact of petroleum on microorganisms
1. Morphology
2. Lipids
3. Chemotaxis

V. PROSPECTUS

VI. REFERENCES

VII. TABLES

100



SECTION II

BIOLOGICAL EFFECTS OF PETROLEUM: ALTERATIONS

IN LIFE PROCESSES AND IN COMMUNITY STRUCTURES

101



CHAPTER 4. ACUTE TOXIC EFFECTS OF PETROLEUM ON
ARCTIC AND SUBARCTIC MARINE ORGANISMS

by

Donovan R. Craddock
Environmental Conservation Division

I. INTRODUCTION
A. Importance
B. Scope
C. Limitations

II. ACUTE BIOASSAY TECHNIQUES
A. Test animals
B. Holding test fish
C. Dilution water
D. Test tanks
E. Test temperatures
F. Dissolved oxygen
G. Number of test animals
H. Testing procedure
I. Reporting test results

III. ACUTE TOXICITY OF OIL

IV. INTERPRETATION OF RESULTS

V. CONCLUSIONS

VI. PROSPECTUS

VII. REFERENCES

102



CHAPTER 5. BIOLOGICAL EFFECTS OF PETROLEUM
ON MARINE BIRDS

by

W,N. Holmes
Professor of Zoology

J. Cronshaw
Professor of Biology

University of California
Santa Barbara

I. INTRODUCTION

II. EFFECTS OF SPILLAGE ON MORTALITY
A. Total mortality
B. Vulnerability of species
C. Effects on future populations
D. Differential mortalities of species

III. PHYSICAL AND SYSTEMIC EFFECTS
A. Physical effects
B. Systemic effects

1. Effects on the developing embryos
2. Effects on juveniles

a. Response to dose
b. Changes in intestinal transfer

3. Effects on mature birds
a. Responses to environmental stress
b. Ovarian dysfunction

IV. PATHOLOGICAL EFFECTS

V. SCIENTIFIC NAMES OF BIRDS CITED

VI. ACKNOWLEDGEMENTS

VII. REFERENCES

103



CHAPTER 6. MARINE MAMMALS

by

Joseph Geraci
Ontario Veterinary College

University of Guelph
Guelph, Ontario

104



CHAPTER 7. PATHOLOGY

by

Harold 0. Hodgins, Bruce B. McCain & Joyce W. Hawkes
Environmental Conservation Division

I. INTRODUCTION

II. PRINCIPAL DISEASES OF ARCTIC AND SUBARCTIC MARINE SPECIES
A. Neoplasia

1. Fish
a. Oral tumors
b. Epidermal tumors
c. Epidermal erythrophoroma
d. Melanomas
e. Fibromas
f. Lipofibromas
g. Lipomas
h. Osteomas and osteosarcomas
i. Rhabdomyomas
j. Lymphosarcomas
k. Neural tumors
1. Miscellaenous tumors of internal organs

(1) Gastrointestinal tracts
(2) Kidney tumors

2. Invertebrates
a. Mesenchymal tumors
b. Leukemia-like "neoplasma"
c. Neoplasia in miscellaneous tissues

B. Bacterial diseases
1. Fish

a. Vibriosis
b. Pseudomonas infections
c. Aeromonas infections
d. Mycobacteriosis
e. Pasteurellosis
f. Cornebacteriosis
g. Myxobacteriosis

2. Invertebrates
a. Diseases caused by gram-negative bacteria
b. Disease-causing gram-positive bacteria

C. Viral diseases
1. Fish

a. Lymphocystis disease
b. Piscine erythrocytic necrosis virus
c. Infectious hematopoietic necrosis virus

2. Invertebrates
a. Herpes-type virus.
b. Unclassified viruses

105



D. Mycoses
1. Fish

a. Ichthyophonus sp.
b. Saprolegnia sp.
c. Dermocystidium sp.

2. Invertebrates
a. Lagenidium sp.
b. Dermocystidium sp.
c. Saprolegnia sp.
d. Miscellaneous fungal infections

E. Helminthiasis and other parasitic infestations
1. Fish
2. Invertebrates

F. Miscellaneous abnormalities of unknown etiology
1. Fish

a. Mass mortalities
b. Fin erosion
c. Ulcerative dermal necrosis
d. Ulcerative skin conditions of cod (G. macrocephalus)
e. Fused viscera of salmonids (Oncorhynchus sp.)

2. Invertebrates
a. Oyster mortalities

III. DISEASE RESISTANCE MECHANISMS OF VERTEBRATES AND INVERTEBRATES
A. Introduction
B. Innate immunity

1. Mechanisms in higher vertebrates
a. External
b. Internal

2. Mechanisms in lower vertebrates and invertebrates
a. External
b. Internal

C. Acquired immunity
1. Mechanisms in higher vertebrates

a. Humoral
b. Cellular

2. Mechanisms in lower vertebrates and invertebrates
a. Humoral
b. Cellular

D. Genetic and environmental influences

IV. EFFECTS OF PETROLEUM ON DISEASE AND DISEASE RESISTANCE
A. Petroleum and petroleum products implicated in neoplasia
B. Evidence for tissue and cellular damage resulting from

exposure to petroleum
C. Effects of petroleum hydrocarbons on immune responses

and disease resistance

V. PROSPECTUS

VI. REFERENCES

106



CHAPTER 8. SUBLETHAL BIOLOGICAL EFFECTS OF

PETROLEUM HYDROCARBON EXPOSURES:
BACTERIA, ALGAE AND INVERTEBRATES

by

Fred Johnson
Environmental Conservation Division

I. INTRODUCTION

II. BACTERIA
A. Behavior
B. Growth and reproduction

III. ALGAE
A. Physiology
B. Behavior
C. Growth and reproduction

IV. COELENTERATES
A. Behavior

V. ANNELIDS
A. Physiology
B. Behavior
C. Growth and reproduction

VI. ARTHROPODS
A. Physiology
B. Behavior
C. Growth and reproduction

VII. MOLLUSCS
A. Behavior (Gastropods)
B. Physiology, behavior, growth

and reproduction (Bivalves)

VIII. ECHINODERMS
A. Physiology
B. Behavior
C. Growth and reproduction

IX. CONCLUSIONS & PROSPECTUS
A. Physiology
R. Behavior
C. Growth, development and reproduction
D. Risk and the paucity of information problem

E. Alaskan oil operations and the critical concentration

X. REFERENCES

107



CHAPTER 9. LONG-TERM EFFECTS OF CONTAMINATION BY
PETROLEUM AND ITS DERIVATIVES ON FISH

by

Benjamin J. Patten
Environmental Conservation Division

I. INTRODUCTION

II. BIOLOGICAL EFFECTS
A. Behavior

1. Avoidance reaction
2. Cough response
3. Opercular movement
4. Locomotor and activity pattern
5. Summary

B. Physiology
1. Oxygen consumption
2. Tissue changes
3. Summary

C. Growth and latent effects
1. Development
2. Growth rate
3. Summary

D. Environmental influences
1. Water temperature
2. Salinity
3. Water chemistry
4. Summary

III. GENERAL SUMMARY

IV. PROSPECTUS

V. REFERENCES

108



CHAPTER 10. METABOLISM OF PETROLEUM HYDROCARBONS:
ACCUMULATION AND BIOTRANSFORMATIONS
IN MARINE ORGANISMS

by

Usha Varnasi & Donald C. Malins
Environmental Conservation Division

I. INTRODUCTION

II. UPTAKE, DISTRIBUTION AND DISCHARGE OF PETROLEUM AND CONSTITUENTS

A. Fractions of petroleum
1. Plankton and invertebrates

a. Field studies
b. Oil-water dispersion (OWD) studies
c. Water-soluble fractions (WSF) studies
d. Feeding studies

2. Marine fish
a. Water-soluble fractions (WSF) studies
b. Feeding studies
c. Summary

B. Select aliphatic and aromatic hydrocarbons
1. Plankton and invertebrates

a. Water-immersion studies
b. Feeding studies

2. Marine fish
a. Water-immersion studies
b. Feeding studies
c. Summary

III. ENZYME SYSTEMS GOVERNING THE METABOLISM OF AROMATIC HYDROCARBONS

IV. FORMATION AND STRUCTURE OF METABOLIC PRODUCTS

V. MISCELLANEOUS INTERACTIONS WITH MACROMOLECULES

VI. FOOD WEB MAGNIFICATION

VII. PROSPECTUS

VIII. REFERENCES

109



CHAPTER 11. HABITATS, POPULATIONS,
COMMUNITIES AND ECOSYSTEMS

by

Herbert R. Sanborn
Environmental Conservation Division

I. BACKGROUND
A. Type of oil spilled.
B. Oil dosage
C. Oceanographic conditions
D. Meteorological conditions
E. Biota of the area
F. Season
G. Previous exposure of the area to oil
H. Method of oil spill cleanup

II. HABITAT
A. Rocky intertidal
B. Sandy intertidal
C. Mud flats
D. Subtidal
E. Salt march

III. POPULATIONS AND COMMUNITIES
A. Plankton

1. Neuston
2. Nekton
3. Benthos

B. Salt march

IV. ECOSYSTEMS
A. Estuaries
B. Coastal areas
C. Open ocean

V. PROSPECTUS

VI. REFERENCES

110



CHAPTER 12. OBSERVED EFFECTS BASED ON TYPE
OF OIL AND TYPE OF ORGANISM

by

Robert C. Clark, Jr. & John S. Finley
Environmental Conservation Division

I. GENERAL EFFECTS BASED ON TYPE OF OIL AND TYPE OF ORGANISM
A. Petroleum

1. Crude oil
2. Refined products
3. Oil plus dispersants

B. Organisms
1. Bacteria and plankton
2. Finfish
3. Shellfish
4. Marine plants
5. Waterfowl and mammals

C. Habitat - sediments

II. MAJOR OIL SPILLS
A. Summary of biological impacts
B. Long-term studies

1. Tampico
2. Torrey Canyon
3. General M.C. Meigs
4. West Falmouth

III. ARCTIC AND SUBARCTIC SPILLS
A. Terrestrial
B. Marine

1. Arrow
2. Deception Bay
3. Alert Bay
4. Coastal Maine
5. Resolute Bay

IV. PROSPECTUS

V. REFERENCES

111



CHAPTER 13. FLAVORS IN FISH DERIVED FROM PETROLEUM

by

Maurice E. Stansby
Northwest Fisheries Center

I. INTRODUCTION

II. GENERAL DISCUSSION

III. APPLICATION TO ARCTIC CONDITIONS
A. Research need

IV. REFERENCES

112



SECTION III

ASSESSMENT OF INTRODUCTION OF ADDITIONAL

CADMIUM, LEAD, CHROMIUM, AND NICKEL

ON ARCTIC AND SUBARCTIC MARINE ENVIRONMENTS

INTRODUCTION Donald C. Malins

SOURCES & LEVELS OF TRACE METALS IN THE MARINE
ENVIRONMENT Robert C. Clark, Jr.

ACUTE TOXICITY OF HEAVY METALS Donovan R. Craddock

PATHOLOGY OF ARCTIC & SUBARCTIC MARINE SPECIES
AND EXPOSURE TO TRACE METALS ASSOCIATED WITH
PETROLEUM Harold O. Hodgins, Bruce B. McCain &
Joyce W. Hawkes

BIOACCUMULATIONS, BIOCHEMICAL TRANSFORMATIONS &
EXCRETIONS OF PETROLEUM AND ITS CONSTITUENTS BY
MARINE ORGANISMS Usha Varanasi & Donald C. Malins

EFFECTS OF METALS ON THE ECOSYSTEMS Herbert R. Sanborn

BEHAVIORAL & PHYSIOLOGICAL EFFECTS INDUCED BY
SUBLETHAL LEVELS OF HEAVY METALS William L. Reichert

113



SUBJECT CLASSIFIED LITERATURE REFERENCES

ON EFFECTS OF OIL POLLUTION

IN ARCTIC AND SUBARCTIC WATERS

Prepared by Maurice Stansby and Isabell Diamant, NWFC, as a part of
OCSEAP Research Unit 75, September 1976

Partial List of Sources of References

1. Marine Biological Association of the United Kingdom. Bibliography
on Marine and Estuarine Oil Pollution, June 1975.

2. OASIS computerized search.
3. American Petroleum Institute Annotated Bibliography of Selected

Literature on Fate of Oil in a Water Environment, November 1973.
4. Interim Reports, Beaufort Sea Project, Environment Canada,

December 1974.

5. Biological Oil Impact Literature Review. (Baseline Study Program,
North Puget Sound, October 1975)

6. Other miscellaneous reports.

Codes for the Above References

1. Numbers only.
2. "N" preceding number.
3. "A" preceding number.
4. "0" preceding number indicates miscellaneous items.
5. "P" preceding number.
S6. "0" preceding number indicates miscellaneous items.

114



PETROLEUM LITERATURE SUBJECT CATEGORY LIST

1. Ice and snow (oil under or on ice and snow, its physical movements, etc.,

and effects of biota).

2. General effects of cold (background information on effects of lowered

temperature on significant parameters).

3. Mortality effects (largely studies where the significant measurement was

whether the organism was living or dead; this category also includes general

effects and toxicity not specified in the title which may go beyond mortality).

4. Effects on reproduction and growth.

5. Effects on behavior (behavior includes wide range of phenomenon, mostly

those determinable by mere observation).

6. Effects on physiological processes (includes also unspecified sublethal effects).

7. Effects on biochemical processes (enzymes, metabolism, et al., also photo-

synthesis).

8. Effects on microorganisms and their activity (overlap in part - No. 11,

Weathering).

9. Pathological effects (disease, carcinogens).

10. Composition of oil (chemical composition of oil and emulsions; also spreading

action).

11. Weathering of oil (includes fate of oil studies).

12. Metabolites in oil.

13. Levels of oil components and degradation products (in biota and water; also

buildup and release).

14. Sediments, mud, silt (including oil and heavy metals therein, adsorption of

oil on silt, and geological aspects).

15. Taint as a flavor in fish from oil pickup.

16. General effects of trace metals (includes levels of trace metals, etc., like

13 for oil).

17. Description of spills and subsequent biota recovery.

18. Effects of oil drilling operations (also from refineries and from natural oil seeps).

19. Analytical methods (methods highly specific to pertinent problems; includes

bioassays and model systems for testing toxicity).

20. Miscellaneous (includes very general articles; e.g., ecological effects).

NOTE: There is considerable overlap from one category to another. The first

nine categories plus category 14 apply to both oil and trace metals.
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INTRODUCTION

Although the list of references compiled and classified in this

report is quite extensive, it is by no means a complete list of all

references in the field available in the literature. The list was

compiled for the purpose of giving a group of scientists at Northwest

Fisheries Center, some of whom were not completely familiar with the

literature in the oil pollution field, an introduction to some of the

important literature in this research area. These scientists were

participating in writing critical reviews of certain aspects of the

field of petroleum pollution and its impact on the marine environment.

In order to assemble this partial list of references in this field,

we leaned heavily upon existing recently-published bibliographical

reports. In this connection, the most useful general publication which

we found was the Marine Biological Association of the United Kingdom,

Bibliography on Marine and Estuarine Oil Pollution, which was current

up to April 1975 and contained about 2,300 references. Several other

bibliographies were included as well as a computerized search of

Biological Abstracts and Chemical Abstracts but covering only the recent

years which our Agency's OASIS records have covered in their

computerized data bank.

Special attention was paid to inclusion of current, new, important

literature. For example, Interim and Final Reports of Environment

Caiada's Beaufort Sea Project as they appeared during the compilation

of our report, have been added.

Nevertheless, this classified subject bibliography is definitely not

a complete one, and we have made no effort to make it so. Rather we have

left it up to our scientists involved in the OCSEAP RU-75 critical
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review preparation to seek for additional literature materials in their

respective fields of specializtion to be included in their published

reviews.

Originally, primarily because material in this report is not a

complete literature search and because it was intended merely as an

intermediate step toward another endeavor, we had no plan to reproduce

the material for use outside our own research group. There has, however,

been so much interest among scientists outside our group who have seen

the material and felt that such a report, even though not complete, would

be of considerable value that we are reproducing it in its present form.
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QUARTERLY REPORT

I. Task Objectives

Objectives for this quarter included hiring and overseeing a technician
for the hydrocarbon analyses. We have also tried to make arrangements
for scanning electron microscopy of control and experimental herring larvae.

II. Field and Laboratory Activities

Activities were confined to the laboratory. Laboratory procedures in-
volved extraction of both water samples and tissue samples. In addition,
we began gas chromatographic analysis of both tissue and water extracts.

III. Results

To date, most of the samples necessary for meaningful interpretation
have been run through the gas chromatograph. We have yet to quantify
the peaks on the chromatograph charts (the instrument doesn't integrate
for us). Arrangements have been made to have our larvae processed for
scanning EM. This activity will be completed in October.

IV. Problems Encountered

The only problems encountered in this quarter have been associated with
instrumentation. The GC has been "down" for a total of about two and
a half weeks.
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OCS COORDINATION OFFICE

University of Alaska

ENVIRONMENTAL DATA SUBMISSION SCHEDULE

DATE: September 30, 1976

CONTRACT NUMBER: 03-5-022-56 T/O NUMBER: 18 R.U. NUMBER: 123

PRINCIPAL INVESTIGATOR: Dr. R. L. Smith

No environmental data are to be taken by this task order as
indicated in the Data Management Pl n. A schedule of sub-
mission is therefore not applicable

NOTE: 1Data ManagementPlan has been approved and made contractual.NOTE: Data Management Plan has been approved and made contractual.
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RU# 183

&

RU# 305

NO REPORTS WERE RECEIVED

Final reports are expected next quarter

323





Quarterly Report

Contract
Research Unit 332
Reporting Period June-Sept 1976
Number of Pages 39
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Environmental Conservation Division
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Quarterly Report

I. Task Objectives

Task A-28. Determine by field and literature studies
the incidence and pathology of disease presently existing in fish,

shellfish, birds, and mammals for use in evaluating future impacts

of petroleum-related activity.

II. Field and Laboratory Activities

A. Ship Schedule

Vessel: NOAA Ship MILLER FREEMAN

Cruise: RP-4-MF-76B

Dates: Leg Is September 1 - 24, 1976

Leg II: September 29 to October 15, 1976

B. Scientific Party

1. Field Activities

Leg I and Leg II:

William D. Gronlund

NMFS, NOAA, NWFC

Roles Party Chief, Assisting in the

examination of fish and invertebrates for pathological conditions,

processing of biological data, autopsying of animals, and

preparation of the cruise report.

Katherine King

NMFS, NOAA, NWFC

Roles Invertebrate pathologist, concerned

primarily with the examination and autopsy of invertebrates for

abnormalities, and also participating in the processing of fish.

2. Laboratory Activities

Bruce B. McCain, PhD
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Cooperating Investigator

NMFS, NOAA, NWFC: and employed by the Department

of Pathology, School of Medicine, University of California (Davis)..

Role: Principal Investigator, coordinates field

and laboratory activities, participates in microbiological analyses,

and writes progress reports and manuscripts.

Mark S. Myers

Affiliation in the same as Dr. McCain

Roles Performs microbiological tests and

participates in data analysis and computer analyses.

S. R. Wellings, MD, PhD

Department of Pathology, School of Medicine,

University of California (Davis).

Role: Coordinates histopathological analyses

of tissue specimens.

Glen McCarn, PhD

Affiliation is the same as Dr. Wellings.

Roles Performs histopathological analyses

of tissue specimens.

C. Methods

1. Field procedures

During the present cruise of the NOAA ship

MILLER FREEMAN our personnel will be using the same procedures

for examining fish as described in our June 1976 Quarterly Report.
Because of our increased emphasis on invertebrates during this

cruise, some modifications in our protocol were made. Invertebrates

decompose rapidly, therefore special precautions are being taken

to keep animals alive until they can be examined. These precautions

include using aerators in cooled storage containers, and examining
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the most fragile organisms first. Also, new dimensions, such as

carapace and shell diameters, are replacing the length measurements

of fish.

In addition, invertebrates with no obvious pathological

conditions are being collected at various sampling sites and will

be returned to the laboratory for histological examination. This

procedure was necessitated by the fact that a large number of

abnormalities in invertebrates are detectable only by microscopic

examination of sectioned and stained tissue.

The protocol used by our personnel for handling and storing

specimens for enzyme studies, performed by OCSEAP RU 74, is

described in the Quarterly Report submitted by RU 74.

2. Laboratory Procedures

Specimens and data obtained during cruise M761

of the NOAA ship MILLER FREEMAN (March 28 to June 4, 1976) in the

Bering Sea have been subjected to three main laboratory procedures:

histopathological, microbiological, and data analysis.

Tissue specimens received for histopathological examination

were processed using standard procedures. Briefly, the blocked,

paraffin-embedded and sectioned tissues were stained by a variety

of techniques, including hematoxylin and eosin, Masson's trichrome,

Oil-Red-O, and the Fuelgen technique. These sections were examined

by at least three histopathologists, and the resulting interpretations

were a composite of their opinions.

The microbiological procedures performed were concerned

primarily with characterizing disease-specific bacteria isolated

from Pacific cod (Gadus macrocephalus) skin ulcers. Standard

taxonomic tests used included Gram stain, Kovac's oxidase test,

sugar utilization media, motility determinations, flagella stains,
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gelatin liquefaction, and pigment production on Trypticase Soy Agar.

Data analysis has consisted of preparing a data management

format for a computer program and corresponding data sheets,

transcribing all of our 1976 biological data to the new data sheets,

and the information on the data sheets was keypunched on computer

cards. In addition, a large portion of the data concerning fish

with pathological conditions was analyzed manually in order to

establish the geographical distribution of diseased fish, and to

determine the age and length frequencies and growth rates of fish

with abnormalities versus similar parameters for the total

population of fish of the same species captured in the same

general areas of the Bering Sea. Data for total populations

were obtained from the Resource Assessment and Conservation

Engineering Division (OCSEAP RU 175) NWFC, Seattle.

D. Sample Localities

The sampling stations used during cruises M761

and RP-4-MF-76B by the NOAA ship MILLER FREEMAN in the Bering Sea

were/are the same as RU 175.

E. Data collected or analyzed

1. Number and types of samples

The only new samples collected are those

fish and invertebrates presently being collected aboard the NOAA

ship MILLER FREEMAN in the Norton Sound and the Chukchi Sea.

2. Number and types of analyses

About 50 tissue samples have been examined

histologically, and 58 bacterial isolates were classified using

30 taxonomic criteria.

III. Results

A. Field activities
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Field activities aboard the NOAA ship MILLER FREEMAN

during cruise RP-4-MF-76B are presently underway and will not be

completed until around October 15, 1976.

We have continued to cooperate with Mr. Terry Bendock of the

Alaska Department of Fish and Game (OCSEAP RU 233) in his study of

fishes in the Beaufort Sea. In July 1976, he was sent a manual

describing the types of pathological conditions that might be

encountered in the Beaufort Sea and the procedures necessary for

preserving specimens and transporting them to our laboratory. The

manual contained both black and white and color prints of known

fish diseases. As yet, no samples have been received from Mr. Bendock.

B. Laboratory activities

As was mentioned in the previous Quarterly Report,

five main pathological conditions were found among demersal fishes

in the Bering Sea during the spring of 1976. The affected species,

associated pathological conditions, and the overall average

frequencies of each condition were as follows: Pacific cod,

pseudobranchial tumors, 8.7%; Pacific cod, skin lesions, 1.6%;

pollock (Theragra chalcopramma), pseudobranchial tumors, 1.7%;

yellowfin sole (Limanda aspera), lymphocystis, 2.8%; and rock sole

(Lepidopsetta bilineata), epidermal papillomas, 1.3%. The results

of laboratory analyses of these diseases to be described here will

be divided into histopathology, microbiology, and data analysis.

1. Histopathology

Pseudnbranchial tumors of cod. The gross

appearance of the cod tumors was the same as previously described

by us in the April 1976 Annual Report. Briefly, they ranged in

color from yellow, to pink, to brown. They were oval-shaped,

smooth-surfaced, extended into the pharyngeal cavity, and ranged
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in size from just larger than the normal pseudobranch to 50 x 30 x 20 mm.

With two possible exceptions, all of the tumors were bilateral.

Bilateral tumors usually had similar dimensions. The tumors often

had necrotic areas on the surface and normal-appearing pseudobranchial

tissue was located on the surface or in the interior of each tumor.

In one cod with bilateral tumors, a metastasized tumor was also

found attached to a gill filament. This tumor was oval, cream-

colored, about 5 mm in diameter. The identity of the metastisized

tumor was confirmed by histological examination (Figure 1).

The most common histopathological properties of the pseudo-

branchial tumors were the separation of normal-appearing pseudo-

branchial tissue from the tumor tissue by a connective tissue capsule,

and the presence of disease-specific cells known as X-cells, These

cells are also found in other marine fish tumors, and are characterized

by having a pale nucleus and a large intensely staining nucleolus.

The metastasized cod tumor also contained X-cells (Figure 2).

Pollock Pseudobranchial Tumors. The pollock

pseudobranchial tumors and the cod tumors were usually grossly

similar in color, shape and texture (Figure 3). However, the

pollock tumors were often less protruding, tending to extend up

into the roof of the pharynx; and six pollock had unilateral tumors.

Also, several pollock were found to have metastasized tumors in

the gills and in the peritoneal cavity. In general, the primary

tumors were smaller than cod tumors, ranging up to 35 x 20 x 10 mm.

The histological characteristics of the pollock tumors were often

similar to those described for cod (Figure 4). The primary tumors

were oft.on found to be invading the adjoining operculum. Both

primary and metastasized tumors contained X-cells.

Epidernal Papillomas of Rock Sole. The

epidrnnal papillomas of rock sole grossly and histologically
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resembled similar tumors described for several species of

pleuronectids along the western coast of North America (see April

1976 Annual Report). The tumors ranged in size from 3 x 3 x 2 mm

to 100 x 70 x 10 mm. They were brown to black, elevated, with a

papillary appearance. The tumors were located randomly on the

body surface, and frequently a tumor had extended to both sides of

a fish, with both sides being mirror images of each other. No

metastasized tumors were identified.

Lymphocystis of Yellowfin Sole. Lymphocystis

(a virus-caused disease) of yellowfin sole has been characterized

in previous reports as having variously shaped and colored growths

on fins and body surfaces. These growths, ranging in size from 1 mm

in diameter to 20 x 10 x 5 mm, were of three basic types:(1) single

or clusters of translucent, round bodies about 1 mm in diameter,

(2) small red sacs on the ends of fin rays, and (3) red to grey

amphous growths. All these types had in common the presence of

small round bodies, which, as will be mentioned below, are

hypertrophied fish cells. Fin erosion was associated with about

10% of the cases where lymphocystis growths were on fins. Most

growths were found on the "blind" side.

The histological properties of lymphocystis growths were

extensively described in the previous Annual Report. The growths

on yellowfin sole contained hypertrophied cells about 0.1,to 1.5 mm

in diameter. These cells contained cytoplasmic inclusion bodies

which were composed of hexagonally-shaped virionsabout 200 mm in diameter.

Skin Lesions of Pacific Cod. Two main types of

lesions were observed on Pacific cod, an ulcer (Figure 5) and a

ring-shaped lesion (Figure 6). The ulcers were roughly circular

and ranged in size from approximately 1 to 50 mm in diameter. The
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colors of the ulcers were either pale white or red (hemorrhagic)

with dark pigment concentrated in the margin of the surrounding

epidermis. Between 1 and 25 ulcers were observed for each affected

fish. The ring-shaped lesions were characterized by a 0.5 to 1 cm

wide, cream colored strip, sometimes having hemorrhagic foci,

around a normal-appearing circular patch of epidermis. These

lesions were about I to 4 cm in diameter. The number of ring-shaped

lesions per diseased fish ranged from 1 to 5.

Histological examinations of the skin ulcers revealed that in

most cases the epidermis, including scales, was absent from the

center of the lesion. Less often, portions of the dermis were also

gone. The white covering over some ulcers was residual necrotic

epidermis. The periphery of the lesions was hyperemic, hemorrhagic,

and contained numerous inflammatory cells (lymphocytes and

macrophages) and fibrous cells (Figure 7). Microorganisms have

not yet been observed histologically in the ulcers.

The ring-like lesions had very unusual, but as yet undefined,

histological properties. The epidermis and the stratum spongiosum

(tissue directly beneath the epidermis) were the only layers of

the skin obviously affected by this condition (Figure 8). In the

epidermis were large bodies, about four times the size of a normal

mucous cell, which contained a very basophilic center surrounded

by an eosinophilie margin (Figure 9). Small eosinophilic bodies

were observed in this margin and were distributed in the basophilic

center. Occasionally the large bodies were seen in the process of

releasing their contents into the spaces surrounding the epidermis

(Figure 9). At this time, the identity of the large bodies or the

eosinophlilic bodies is not known. In some cases, the stratum

spongiosum adjacent to the large bodies contained infiltrates of
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inflammatory cells, suggesting the bodies were infectious organisms.

2. Microbiology

Attempts were made to isolate bacteria and

fungi from all of the above mentioned pathological conditions, with

the exception of lymphocystis. The only condition from which

bacteria were routinely isolated was the skin ulcers of Pacific

cod. Ulcers from 7 different cod yielded bacterial isolates,

sometimes in pure culture, which so far have proven to be essentially

taxonomically identical. These isolates have in common the

following properties: they are Gram negative, motile by means of

a polar flagella, rod-shaped, generally unable to utilize sugars,

Kovac's oxidase positive, able to liquefy gelatin, and they produce

0.5 to 2 mm white colonies on agar media.

3. Biological Data Analysis

Three main types of analyses have so far

been performed on available data on the biological properties (age,

sex, length, etc.) of fish with pathological conditions and of fish

representing the total catches of each of the affected species.

These analyses include: the geographical distribution of each

condition, age frequency distribution and growth curves.

Geographical Distribution. The distributions

of each of the five major pathological conditions are plotted in

Figures 10 to 14. Pacific cod (Figure 10) and pollock (Figure 11)

with pseudobranchial tumors were captured over most of the area

where these species were present. The distribution of rock sole

with epidermal papillomas appeared to be depth related, with the

shallowst stations (47 to 55 meters) having the highest tumor

frcquencies (Figure 12). Yellowfin sole with lynphocystis were most

often captured in the southeastern Bering Sea, north of Unimak

Island (Figure 13). The highest prevalence-.of Pacific cod with skin
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ulcers was located northwest of Unimak Island (Figure 14).

Age Frequency Analyses. Figures 15 to 18

contain age frequency plots for pollock and Pacific cod with

psoudobranchial tumors, skin tumors of rock sole, and yellowfin

sole with lymphocystis. Similar data for Pacific cod with skin

lesions was not treated in this manner because the variety of

skin lesions found suggests that more than one type of disease

process may be present.

The patterns of age distribution for the total Pacific cod

population and tumor-bearing cod were similar, except that the

modal frequencies differed by one year (Figure 15). This difference

may simply reflect that the data for the tumor-bearing fish was

obtained in 1976 and the data for the general cod population was

taken in 1975.

Both male and female pollock in the total population had very

similar age distributions for fish 1 to 5 years old (Figure 16).

During this same period, however, 2.3 times more male pollock had

tumors than did female pollock. After age six, there were about

twice as many females as males in the total population, while the

relative numbers of tumor-bearing pollock of both sexes decreased

to very low levels. As will be discussed below, there are several

explanations for the difference between the numbers of male and

female pollock after age 6. One of these possibilities is that

most of the tumor-bearing male pollock. are removed from the general

population by age 6.

The age distribution among females in the total rock sole

population was bimodal in 1975, while males had a unimodal pattern

(Figure 17). Of interest is the fact that about 20 times more male

rock sole of ages 2 to 3 had epidermal papillomas than did females.

The implications of these findings will be mentioned later.
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Lymphocystis growths on yellowfin sole were detected on fish

5 years and older, Although the total population had a bimodal

distribution with peaks at 6 and 8 years, the diseased sole had a

single mode corresponding to a mode at 8 years for the total population.

Growth Analyses. Age versus the average

length of each age class was plotted for all of the diseases

except cod skin lesions (Figures 19 to 22). The data used to

prepare these plots are listed in Tables 2 to 5.

The growth of tumor-bearing cod appeared to be consistently

depressed for fish aged 2 to 4 years (Figure 19). After 4 years

of age, the difference in growth continued for females, but became

difficult to interpret for males. Determinations of significant

differences between the age/length characteristics of diseased

cod and the total cod samples have not been performed, pending

the arrival of the 1976 data on total cod samples and computer

analyses.

Because significant numbers of tumor-bearing pollock were

found only between the ages of 2 and 5 years, only the growth

characteristics during this period will be considered. The growth

rates of the total population and diseased pollock were quite

similar between 2 and 3 years of age (Figure 20). After 3 years

of age, however, an apparent depression in growth among fish with

tumors continued up through age 5.

The growth characteristics of the total population and rock

sole with skin tumors (Figure 21) and yellowfin sole with

lymphoyst.s (Figure 22) show no clear differences.

IV. Preliminary Interpretation of Results

The causes of all but possibly two of the pathological

conditions of demersal fishes found near the outer continental shelf
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of the Boring Sea are not known, The exceptions are lymphocystis

of yellowfin sole, which is caused by a virus, and the apparently

bacterially-caused skin ulcers of cod. The remaining conditions,

cod and pollock pseudabranchial tumors and epidermal papillomas

of rock sole, are neoplasia of unknown cause (s).

The age ranges of tumor-bearing cod and pollock were 2 to 5

years and 2 to 11 years, respectively. The upper age limit of the

tumor-bearing cod corresponds to that of the total cod sample.

Cod normally live to 10 years or older. Tumors were not found in

fish of both species younger than 2 years; this either suggests

that fish less than 2 years are not susceptible to the tumor-inducing

factor, or that tumors are not as easily detected in younger fish.

The latter possibility is favored.

Several cod and pollock with pseudobranchial tumors were

found to have secondary tumors. The existence of these metastasized

tumors indicates that the primary tumors should be called

pseudobranchial carcinomas. In addition, since secondary tumors

have been found associated with tissues besides the pseudobranchs,

the possibility exists that critical organs could be invaded and

their function impaired.

Therefore, the depressed growth rate observed for cod and

pollock with tumors could be brought about by the above-mentioned

effect of secondary tumors; by competition between tumor and normal

tissue for nutrients; by physical obstruction of the pharynx by

primary tumor.s; by the primary tumors, since they are often

necrotl.c, servi.ng as sites for invasion by bacteria and other

organisms; and by unknown physiological and toxicological effects

of tumors on their hosts.
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Another indication of the deleterious effects of pseudobranchial

tumors was suggested by the age frequency distributions. Twice as

many pollock males between the ages of 2 to 4 years had tumors

than did females of the same age. Correspondingly, twice as many

females as males between the ages of 6 and 14 years were captured.

Thus, pollock males may be predisposed to having the tumors at an

early age and may be subsequently removed from the population.

Other possible explanations for the reduced males may be the

following: (1) males may move away in greater numbers from the

sampling area,.(2) males may not live as long as females, and (3)

males may be more susceptible to certain environmental hazards.

Rock sole larvae are initially pelagic, then they settle onto

beaches. Gradually, as they grow older, they move into deeper

water. Therefore, since epidermal papillomas are most commonly

found on young fish, it was not surprising that two of the shallowest

stations sampled during 1976 yieldest rock sole with epidermal

papillomas at frequencies of 59 and 21%.

Approximately 20 times more rock sole males between 2 and 3

years of age had skin tumors than did females of the same age.

This result could be interpreted to mean that the rock sole males

are more predisposed to the papillomas, and may be partially

account for the decline in the number of males over 5 years old

as compared to females in the later age classes.

Lymphocystis was not detected on yellowfin sole younger than

age 5. Catch data from the Bering Sea from previous years indicate

that these fish do not join the characteristically dense schools

until approximately age 5. Thus, this crowding phenomenon may

facilitate the initiation and spread of the disease. In support of

this theory is the concentration of sampling stations yielding
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yellowfin sole with high disease frequencies north of Unimak

Island. This area corresponds to the location of such large

schools.

Cod skin ulcers were of two basic types: one type was white

and the other red and hemorrhagic. Both appear to be histogeni-

cally related, with the white ulcer being the earlier form of

the hemorrhagic lesion. A bacterial cause for this condition

is presently favored because identical bacteria were isolated

from similar ulcers on 7 different fish from separate hauls.

The ring-like lesions found on cod skin may or may not

be related to the skin ulcers. The large basophilic bodies

located in the epidermal portion of the rings appear to be

caused by an as yet unclassified protozoan parasite.

V. Problems encountered/recommended changes.

No significant problems were encountered.

VI. Estimate of funds expended

Subcontracted to the University of California (Davis)



Table I. Disease frequency data for eacl station plotted in
Figures 10 to 14.



Table 2
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Table 3



Table 4

Average fork length related to age in "Total Catch" of rock sole (Lepidopsetta bilineata) in the Bering Sea,and in rock soLe affected with epidermal papillomas from the same region.



Table 5

Average fork length related to age in "Total Catch" of yellowfin sole (Limanda aspera) in the Bering Sea,and yellowfin sole affected with lymphocystis in the same area.



Figure 1. Section of a secondary pseudobranchial tumor

attached to the gill filament of a cod.(Hematoxylin and Eosin)
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Figure 2. Higher magnification of the section shown in Figure 1.
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Figure 3. Bilateral pseudobranchial tumors (just above card)
in the pharynx of a pollock.
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Figure 4. Section of a pollock pseudobranchial tumor.
Numerous X-cells can be seen. (Hematoxylin and Eosin)
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Figure 5. Skin ulcers on the ventrolateral surface of a
Pacific cod.
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Figure 6. Two ring-like lesions near the caudal region of a
Pacific cod.
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Figure 7. Section of a skin ulcer on a Pacific cod.
Normal-appearing epidermis is on the right. The stratum
compactum contains extensive hyperemia and various
infiltrating cells.
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Figure 8. Low magnification photograph of the epidermis and
dermis of cod skin with a ring-like lesion.
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Figure 9. Section of a ring-like lesion of a cod with the
contents of a basophilic body emptying through the epi-
dermal surface.
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Figure 10. The distribution and frequencies of cod with
pseudobranchial tumors in the Bering Sea,

Figure 11. The distribution and frequencies of pollock with
pseudobranchial tumors in the Bering Sea.
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Figure 12. The distribution and frequencies of rock sole
with epidermal papillomas in the Bering Sea.

Figure 13. The distribution and frequencies of yellowfin
sole with lymphocystis in the Bering Sea.
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Figure 14. The distribution and frequencies of cod with skin
ulcers in the Bering Sea.
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Figure 15. Age distributions for normal Pacific cod and cod
with pseudobranchial tumors in the Bering Sea, Normal age data
was obtained from NMFS sampling programs in the Bering Sea in
1975.
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Figure 16. Age distributions for 1976 for normal pollock
and pollock with pseudobranchial tumors in the Bering 'Sea.
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Figure 17. Age distributions for normal rock sole and
rock sole with epidermal papillomas in the Bering Sea
Normal age data was obtained from NMFS sampling programs in the
Bering Sea in 1975.
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Figure 18. Age distributions for normal yellowfin sole and
yellowfin sole with lymphocystis disease in the Bering Sea.
Normal age data was obtained from NMFS sampling programs
in the Bering Sea in 1975.
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Fig. 19
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I. Task Objectives

A. To characterize marine microbiological communities in sufficient

detail to establish a baseline description of microbiological community

characteristics on a seasonal basis.

B. To determine the role of microorganisms in the biodegradation of

petroleum hydrocarbons.

II. Field and Laboratory Activities

A. Field Activities

1. Schedule - August 13 thru September 20

NARL, Barrow, Alaska

U.S.C.S. Glacier

2. Party - Mr. George Roubal

Mr. Craig Short

Department of Biology

University of Louisville

Louisville, Kentucky 40208

3. Methods - Water and sediment samples were collected as described

in previous reports. Samples were processed for enumeration of microorganisms

and for determination of oil biodegradation potential.

4. Locations - Sample locations have not yet been supplied by the

Chief Scientist.

5. Results - Enumeration procedures require incubation periods of

one month and will not be completed until early October.
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B. Laboratory Activities

1. Methods - Cluster analyses were performed on 625 microorganisms

isolated from the August-September sampling. These analyses were performed

using the GTP 2 clustering program at the National Institute of Health.

Both simple matching (Sm) and Jacquard coefficients (Sj) were calculated,

but only Sj's are included in this report.

Laboratory testing on an additional 1000 isolates from the April

sampling has: been completed. This testing included 300 taxonomic tests

for each organism. Data is being now processed for analysis.

14C02 released from 14C hexadecane spiked Prudhoe crude oil was quanti-

tated as a measure of oil biodegradation potential.

III. Results

Figures 1 an 2 show dendrograms of Sj for the 4 and 20 C isolates

respectively. Dendrograms are one graphic representation of the results of

a cluster analysis. Each of the dendrograms in this report occupy multiple

pages. In reading the dendrogram, the strain name is shown in the left column.

These strain names are the same ones used in reporting properties and sources

for the organisms in the last annual report. The vertical lines show at

what percent similarity level organisms are related. For example, strains

B00299L and B00117L are related at the 62% level. The scale for percent

similarity is shown at the top of the first page of the dendrograms. The

more closely organisms are related, the greater the percent similarity. As

one can see in examining the dendrograms, there are hierarchial arrangements

of the strains forming clusters of multiple strains related at a particular
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level. Although there is no absolute value, a cutoff of 70-80% was used

to determine the boundaries of a cluster. This level probably is equivalent

to the taxonomic level of a Genus in many cases.

Examination of the dendrograms and cluster triangles, a second type of

graphic representation of cluster analysis not shown in this report, showed

fifteen clusters for the 4 C isolates and 15 clusters for the 20 C isolates.

The clusters for the 4 C isolates were larger and better defined than for

the 20 C isolates. The larger the cluster the more predominant are the

organisms of that type in the environment sampled.

Further analysis of the clusters is now underway to determine the fea-

ture frequencies of the dominant organisms. Comparisons with known

organisms are planned to identify the isolated organisms. Feature frequency

analyses should be completed during the next quarter.

The results of 14CO2 biodegradation potential experiments for samples

collected in March are shown in Table I. Figure 3 shows a map of the sites

of sample collections. Data on the abiotic parameters and microbial popula-

tions of these samples has been included in previous reports. The biodegra-

dation potentials showed that 50% of the ice samples had a very limited

ability to biodegrade petroleum hydrocarbons. Water samples at Stations

14, 15 and 16 had very high biodegradation potentials. This may indicate

a history of prior exposure to petroleum hydrocarbons in this region. Several

sediment samples also showed high biodegradation potentials.

IV. Budget

It is expected that all funds will have been expended as of October 1.
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I. Task Objectives

A. To characterize marine microbiological communities in sufficient

detail to establish a baseline description- of microbiological community

characteristics on a seasonal basis.

B. To determine the role of microorganisms in the biodegradation of

petroleum hydrocarbons.

II. Field and Laboratory Activities

A. Field Activities - No sampling was done during this period.

B. Laboratory Activities

1. Methods - Cluster analyses were performed on 247 microorganisms

isolated from the October 1975 northwest Gulf of Alaska sampling. These

analyses were performed using the GTP 2 clustering program at the National

Institute of Health.

Laboratory testing on an additional 1000 isolates from the March north-

east Gulf of Alaska sampling have been completed. This testing included

300 taxonomic tests for each organism. Data is being processed for analysis.

Isolates from crab samples collected in March by the Alaska Department

of Fish and Game were also identified using the API identification system.

III. Results

Figure 1 shows a dendrogram for the organisms isolated at both 4 and

20 C during October 1975. Dendograms are graphic representations of the

results of a cluster analysis. The dendrogram in Fig. 1 was calculated for

Jacquard coefficients. Simple matching coefficients have also been calculated,
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isolated from crabs collected near and away from Kodiak Harbor, an area

of human population. Figure 2 shows the locations of the crab collections.

Table I for crabs collected in October was included, in part, in the last

annual report, but several new isolates from these crabs have now been

identified and included. As shown in both tables, the crabs collected near

Kodiak Lagoon had many more species of microorganisms associated with them

than the crabs collected away from this area. The isolates from the near

Kodiak Harbor crabs included some human pathogens and some associated with

fecal contamination. It would appear that these crabs have been contaminated

with sewage. The microorganisms associated with fecal contamination were

found in gill, gut and muscle tissues of the crabs collected in March.

IV. Budget

It is estimated that all funds will be expended as of October 1.
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but are not included in this report. Also, cluster triangles, another graphic

representation of a cluster analysis, have been prepared but are not included

in this report due to their large size.

In reading the.dendrogram, the strain name is shown in the left column.

These strain names are the same ones used in reporting the properties and

sources of these organisms in previous reports. The vertical lines of the

dendrogram show at what percent similarity level organisms are related. For

examle, strains G000258 and G000212 are related at the 64% level. The scale

for percent similarity is shown at the top of the first page of the dendrogram.

The more closely organisms are related, the greater the percent similarity.

As one can see in examining the dendrogram, there are hierarchial arrangements

of the strains forming clusters of multiple strains related at a particular

level. Although there is no absolute value for a cutoff, 70-80% was used

to determine the boundaries of a cluster. This level probably is equivalent

to the taxonomic level of a Genus in many cases. Examination of the dendro-

gram and cluster triangle showed 23 clusters. In all but five cases these

clusters were composed of less than 5 organisms each. Most strains failed

to cluster at any significant level. This indicates a very diverse microbial

community, not dominated by any one type of organism. Further analyses are

now underway to determine the feature frequencies, ie. characteristics of

the dominant organisms. Comparisons with known organisms are planned to

identify the isolated organisms. Feature frequency analyses should be

completed during the next quarter.

The identifications of microorganisms found to be associated with

commercial crabs are shown in Tables I and II. Both tables show microorganisms
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Table I

OCTOBER SAMPLES

ORGANISMS ISOLATED FROM TANNER CRABS TAKEN OUT OF

UGAK BAY AWAY FROM KODIAK HARBOR

402



Table II

MARCH SAMPLES

ORGANISMS ISOLATED FROM TANNER CRABS COLLECTED WITHIN
CHINIAK BAY NEAR KODIAK HARBOR
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I. TASK OBJECTIVES

The objectives of the work reported herein are threefold:

1) to serve as a quality assurance laboratory for hydrocarbon

analyses; 2) to demonstrate on "real" samples the liquid

chromatography-fluorescence procedures developed at NBS for

the analysis of polynuclear aromatic hydrocarbons (PAH's) in

the marine environment; and 3) to complete methodology develop-

ment for trace level hydrocarbons in marine tissue.

II. FIELD OR LABORATORY ACTIVITIES

A. Ship or Field Trip Schedule

There was one field trip during the period covered

by this report: May 30-June 4, 1976 - chartered helicopter from

Anchorage Helicopter Service.

B. Scientific Party

Willie E. May, National Bureau of Standards - principal

investigator;

Stephen A. Wise, National Bureau of Standards - research

chemist.

C. Methods

The results of methods development for trace hydrocarbons

in marine tissue are presented below (Section III. Results).

D. Sample Localities

For use in hydrocarbon intercomparison studies the

following sediment and Mytilus samples were collected: (a) 100

kg sediment from the Katalla River sampling site, (b) 100 kg

sediment from the Hinchinbrook Island sampling site, and (c) 25

kg Mytilus from Simpson Bay.

III. Results

A. Sediment Round Robin

Sediment samples have been sent to 12 laboratories for

participation in the first round robin. These laboratories

include the 4 NOAA hydrocarbon contract labs and 8 laboratories

involved in BLM, EPA and ASTM programs. Each laboratory received
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approximately 700 g each of Katalla and Hinchinbrook sediment.

The sediment samples were stored frozen until shortly before

homogenization. Both sediments were homogenized for three hours

in a cement mixer and then individual samples were bottled with

the mixer rotating. The samples were refrozen and shipped frozen

to participating laboratories.

Before homogenization the cement mixer was sandblasted

inside and out to remove the paint. The seams were then welded

and sandblasted again. The mixer was rinsed with concentrated

hydrochloric acid, hydrocarbon-free water, methanol,

distilled pentane and then allowed to dry 1 h before introducing

the sediment.

A sample letter indicating the parameters to which

participating laboratories are to respond is appended to the

report. The following investigators have received samples:

Dwight G. Ballinger - EPA, Cincinnati

John A. Calder - Florida State U.

Ronald A. Hites - M.I.T.

Isaac R. Kaplan - UCLA

C. Bruce Koons - Exxon, Houston

John L. Laseter - U. of New Orleans

William MacLeod - NOAA, Seattle

John McGuire - EPA, Athens

Steven J. Martin - Geochem Labs

Patrick L. Parker - U. of Texas

David Shaw - U. of Alaska

J. Scott Warner - Battelle Columbus

In addition, NBS is performing detailed analyses on both sediments.

As mentioned in the letter that accompanied the samples, analyses

are due back at NBS on October 1, 1976.

B. Liquid Chromatography (LC) - Fluorescence Analysis
for Polynuclear Aromatic Hydrocarbons (PAH's)
The Annual Report (April 1, 1976) gave the results

of methods development for LC-fluorescence analysis.
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Several sediment and tissue samples have now been
analyzed by this procedure. Sediment samples are analyzed by

Soxhlet or ultrasonic extraction and injection of the concentrated

extract directly into the LC system. Low level PAH's have been

identified in both Santa Barbara and a Bahama tanker facility

extracts. In the Bahamas extract benz(a)pyrene is the pre-

dominant peak, however it is a minor component coeluting with

the major component in the Santa Barbara extract. Katalla

River sediment extract gives four major peaks each of which

is fluorescent at 400 nm. None of these peaks have been identified

at present. Extracts of sediments taken from Siwash Bay, Wells

Bay and Hinchinbrook Island show no measurable PAH content.

Figure 1 is a chromatogram of an extract of "Elizabeth

River Oysters." LC-fluorescence has been used to identify

chrysene (compound 1) and benz(a)pyrene (compound 2). Extracts

of Alaskan Mytilus show no measurable PAH content.

C. Hydrocarbon Analysis in Tissue Matrix

An analytical method has been developed for the

determination of petroleum hydrocarbons in various marine tissue

samples. Initial efforts have been reported previously (Annual

Report 7/1/75-3/15/76); in short, the method involves dynamic

headspace sampling of the tissue homogenate followed by liquid

chromatographic removal of the biogenic polar components extracted

High resolution gas chromatography is then used for quantitation

of the petroleum hydrocarbons present after LC clean-up.

As previously reported (Annual Report 7/1/75-3/15/76),

aliphatic hydrocarbon recoveries for the headspace sampling of

tissue homogenate were much lower than for aromatic hydrocarbons.

Recovery data for aliphatic and aromatic internal standards are

compared in Table I. It was assumed that the aliphatic hydro-

carbons were being retained in the lipid fraction in the tissue

homogenate and the partition coefficient for these hydrocarbons

between the headspace sampling gas and the organophilic lipid

fraction was quite unfavorable. It was found that the addition
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of 2 M KOH and ~4 M KC1 to digest the tissue matrix also improved

the aliphatic recoveries slightly. By extending the headspace

sampling period from 4 hours (2 hours at room temperature and 2

hours at 70 °C) to ~16 hours at 70 °C, recoveries for the higher

aromatics and aliphatics from water were increased to nearly

100%. Recoveries from the mussel tissue homogenate for the ex-

tended headspace sampling period were also approximately 100%

for the aromatics but only ~30% for the aliphatic components.

Loss of the internal standard due to the LC clean-up was

previously discussed (Annual Report 3/15/76), and additional

data confirm that the losses are acceptable (see Table I).

The method which we presently employ for tissue analysis

involves the addition of 2 M NaOH or KOH to the homogenate to

aid in the disruption of the tissue matrix and subsequent headspace

sampling for ~16 hours at 70 °C. The LC clean-up and subsequent

quantitation by GC are carried out as previously described

(Annual Report, 3/15/76).

The effective removal of the more polar biogenic

components by LC using a µBondapak NH 2 column is illustrated

in Figure 2 (compare 2A and 2B). Figure 2C is the gas chromatogram

of the polar biogenic components after removal from the µBondapak

NH 2 column with methanol. A comparison of hydrocarbon levels

obtained with and without LC clean-up is given in Table II for

various tissue samples and a sediment sample. The data indicate

that the LC removal of the polar biogenic components is necessary

in order to accurately measure baseline hydrocarbon levels in

tissue. The LC data for the clams exposed to 1 ppm crude

oil indicate a level of ~100 ppb above that of the control

clams. This result is in line with previous experiments which

have shown that only ~10% of crude oil is in the gas chromatographic

range covered by headspace sampling. The difference between the

data for the control clams and those exposed to 10 ppm oil was

also found to be ~10% of the added level. The data for the

Katalla River sediment (a sediment with a low level hydrocarbon
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burden) indicate that the petroleum hydrocarbon level is, as

expected, unaffected by the LC clean-up. Figure 3 is a

concentration histogram of the control clams with (B) and

without (A) LC clean-up. The major components in the

gas chromatogram are not hydrocarbons as indicated by their

removal during the LC clean-up.

The results of initial analyses of Mytilus from various

sites in the Prince William Sound/Northeastern Gulf of Alaska

are listed in Table III. Work is continuing on the analyses

from these sites and additional sites in order to determine the

baseline hydrocarbon levels.

IV. PRELIMINARY INTERPRETATION OF RESULTS

Interpretation of the results of the first sediment round

robin will be included in the next quarterly report, since the

participating laboratories have not yet returned their analytical

data. Some FY 76 funds have been reserved for the round robin

evaluation.

V. PROBLEMS ENCOUNTERED/RECOMMENDED CHANGES

The only problem encountered is that we are not receiving

sample splits of 10% of the samples collected by the hydrocarbon

contract laboratories. We have received a copy of a letter from

Dr. Rice of Auke Bay to Dr. Warner at Battelle indicating that

samples are being transmitted to Battelle and also indicating

which samples are to be split with NBS.

A helicopter was used on our sampling trip for collection

of the intercalibration samples. When a few sites are to be

sampled (at considerable distances), the helicopter seems to

be by far the best means of transportation.

VI. ESTIMATE OF FUNDS EXPENDED

At the end of the transition quarter ~$20K remain for

use in analyzing and interpreting the sediment round robin

results.
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Table I. Internal Standard Recovery (%)



Table II

Comparison of Volatile Hydrocarbon Levels Obtained
with and without LC cleanup (µg/kg)
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Table III

Mytilus Tissue Analysis
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LC analysis of Elizabeth River oysters with UV (A) and fluorescence detection (C)
with identification by fluorescence spectra (B)

Figure 1



Figure 2. Gas chromatograms of headspace sampled Mytilus tissue
with 50 µg crude oil added without any LC cleanup of the
TENAX-GC pre-column (A) and with LC cleanup using a µBondapak
NH2 column (B). Numbered peaks correspond to the internal
standard compounds each added at the ~50 µg/kg level ( 1 =
2-methylundecane, 2 = naphthalene, 3 = 5-methyltetradecane,
4 = trimethylnaphthalene, 5 = 7-methylhexadecane, 6 =
phenanthrene, and 7 = 2-methyloctadecane). Gas chromatogram
of biogenic compounds removed from LC column with methanol
(c). 414



Figure 3. Concentration histogram generated from gas chromatogram
of control clams prior to LC clean-up (A) and with LC clean-up
(B). 415



August 27, 1976

Dr. David Shaw
Institute of Marine Sciences
University of Alaska
Fairbanks, AK 99701

Dear Dave:

We are sending out under separate cover four jars of frozen
sediment. These samples came from two different sites in
Alaska; one sample site is near a low-level oil seep (K-series
bottles) and the other site is considered pristine
(H-series bottles). Except for a 24 h period during which
each sample was homogenized, these samples have been frozen
since the time of collection. If you do not receive the
samples by Friday, Sept. 3, 1976, please call our lab:
301-921-2153 (FTS---921-2153).

For the purposes of intercomparison we are interested in
obtaining the following data:

1) total hydrocarbons in the GC elution range
(roughly C[subscript]10-C[subscript]30); please specify the exact
range you are reporting.

2) total extractable hydrocarbons.

3) pristane/phytane ratio and the amount of
each of these present.

4) % water.
5) identities and amounts of the three most

abundant aliphatic and the three most abundant
aromatic hydrocarDons.

6) total polynuclear aromatic hydrocarbon (PAH)
concentration.

7) identity and amount of the most abundant
PAH (4 rings or larger).

Please respond to as many of these categories as you can
and give results on a dry weight basis. Please report
precision data when replicate analyses are performed. Also,
please enclose as much of your raw data as possible.
Finally, intercomparison of results is facilitated if you
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Letter to Dr. Shaw August 27, 1976 Page 2

include a description of the methodology used in doing
the analyses.

We look forward to receiving your results as soon as possible
and we would like to have all results by October 1, 1976.

Sincerely yours,

Harry S. Hertz, Ph.D.
Research Chemist
Trace Organic Analysis Group
Bioorganic Standards Section

310.07 HSH:vm 8-27-76
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RU# 47

NO REPORT WAS RECEIVED

A final report is expected next quarter
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Semi-Annual Report

Research Unit: 153/155
Reporting Period: 1 July - 30 Sept. 1976
Number of Pages: 62

DISTRIBUTION OF LIGHT HYDROCARBONS, C[subscript]1-C[subscript]4,

IN THE NORTHEAST GULF OF ALASKA AND THE

SOUTHEASTERN BERING SHELF

Dr. Joel Cline

Dr. Richard Feely

Pacific Marine Environmental Laboratory
3711 - 15th Avenue N.E.
Seattle, Washington 98105

September 29, 1976

421



I. OBJECTIVES

The low molecular weight hydrocarbon program was initiated in the

OCS of Alaska in response to the environmental guidelines set forth in

the Environmental Study Plan for the Gulf of Alaska, Southeastern Bering

Sea and the Beaufort Seas (January, 1975). Briefly, the purpose was to

establish the spatial and temporal variations (seasonal and diurnal) in

the low molecular weight hydrocarbon fraction prior to exploration,

development and production of fossil fuel reserves in the proposed lease

areas. These components have proven to be valuable indicators of petro-

leum input arising from drilling, production, and transportation of crude

oil and refined products.

In support of the basic objectives, attention was given to natural

hydrocarbon sources, namely gas and oil seeps, production of hydrocarbons

from near-surface bottom sediments, and biogenic hydrocarbon sources

within the water column. Of particular importance is the ephemeral

nature of the low molecular weight hydrocarbon fraction arising from

local sources and their importance as reliable indicators of petroleum

accumulations.

The aliphatic components measured in this study include methane,

ethane, ethylene, propane, propylene, iso- and n-butanes. Chromatograms

also are scrutinized for pentanes, but the results are not quantitative.

II. FIELD ACTIVITIES

A. Field Schedule

During the reporting period July 1 thru September 30, 1976, we

participated on three cruises to the Alaskan OCS. The first was aboard

the R/V MOANA WAVE to southeastern Bering Sea (Bristol Bay). During
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transit from Kodiak to the Bering Sea, surface water samples were taken

approximately every two hours. However, the results of this surface

transect and others in the vicinity of the Pribilof Islands are not available

at this time because of lengthy delays in obtaining station positions.

These data will be reported in the next reporting period. The second

and third cruise was aboard the NOAA research vessel DISCOVERER to the

northeast Gulf of Alaska and Norton Sound (Bay) and Chukchi Sea, including

Kotzebue Sound. The results of this last field program will not be

reported here because of insufficient time to process and synthesize the

data. Below is a summary of our field activities for the reporting

period.

Cruise No. Research Vessel Dates

RP-4-MW-76B-8 MOANA WAVE June 25 - July 8, 1976
Bristol Bay (Charter)

RP-4-DI-76B-1 DISCOVERER July 19 - 31, 1976
NEGOA (NOAA)

RP-4-DI-76B-4 DISCOVERER Sept. 8 - 24, 1976
Norton Sound/ (NOAA)
Chukchi Sea

B. Scientific Party

The participants on the cruises were:

NEGOA Mr. Anthony Young, PMEL
Lt. Cmdr. Larry Keister (NOAA)
Mr. Charles Katz, University of Washington

Bristol Bay Dr. Joel Cline, PMEL
Ms. Susan Hamilton, University of Washington
Mr. Charles Katz, University of Washington

Norton Sound/
Chukchi Sea Dr. Joel Cline, PMEL

Ms. Marilyn Pizzello, PMEL
Mr. Charles Katz, University of Washington
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C. Field Sampling and Shipboard Analysis

Water was taken from either 5 or 10-liter Niskin samplers and

stored in 1-liter glass-stoppered bottles to which was added approximately

100 mg sodium azide (NaN 3) to retard microbial activity.

LMWH are stripped from 1 t volume of seawater using the procedure

recommended by Swinnerton and Linnenbom (1967). A diagram of the gas phase

equilibrator is shown in Figure 1. Although the system actually used in

these studies is somewhat simpler in detail than that shown in Figure 1,

the principle remains the same.

Hydrocarbons are removed in a stream of ultra-pure He (120 ml/min)

and condensed on an activated alumina trap maintained at -196 C. Approx-

imately 12 minutes of stripping are required to quantitatively remove

the hydrocarbons (>98%) from solution, after which time the trap is

warmed to 90-100 C and the absorbed gases are allowed to pass into the

gas chromatograph (GC).

The hydrocarbons were chromatographed on a column (3/16" x 4') of

Poropak Q, 50-80 mesh, and detected sequentially by flame ionization

(FID) as they emerged from the column. Enhanced separation of the olefins

(i.e., ethylene and propylene) was accomplished by supplementing the

above column with an activated alumina column (3/16" x 2") impregnated

with 1% silver nitrate by weight. Chromatographic analysis of saturates

and unsaturates requires approximately six minutes when columns are

temperature programmed from 110 - 140°C.

D. Cruise Tracks

The sampling grids for NEGOA, Bering Sea (Bristol Bay), Norton

Sound and Chukchi Sea are shown in Figures 2 - 5.
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E. Data Collected and Analyzed

The following table depicts a summary of individual cruise activities

during the reporting quarter. These activities include the number of

stations occupied, samples analyzed, quality control procedures, miles of

trackline and number of time series studies.

Stations O.ccupied

Miles Trackline

Samples Analyzed

Standard Analyzed

Reproducibility Studies
Number of Analyses

Time Series Station
Obs. Freq./Duration
No. Analysis

NEGOA

47

1354

276

55

3
12

0

BRISTOL BAY

55

2827 a

319 b

68

4
11

0
h

NORTON BAY/CHUKCHI S..

79

2440

339

125

8
32

2
2 hr./24 hr.

78

a) This figure includes approximately 600 miles of surface profiling
in the western Gulf between Kodiak and Unimak Pass.

b) This total includes 86 analyses performed during surface transects
in the Western Gulf and Western Bristol Bay near the.Pribilof Islands.

III. Results and Discussion

A. Bering Sea (Bristol Bay)

The spatial distribution of low molecular weight hydrocarbons (LMWH)

were determined during the month of July 1976 as a continuation of our

seasonal sampling program in the southeastern Bering Sea. These results

will be compared to our previous observations conducted last year during

the months of September and October.
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The sampling grid employed during the cruise is shown in Figure 2

and is similar to that used last year. Because of a shortage of time, most

of the EBB's stations were deleted as well as the time series stations.

1. Methane

The areal concentrations of methane in nl/1 (STP) are shown in

Figures 6 and 8 for the surface layers and 5 meters from the bottom.

Concentrations of methane in the surface layers are generally between

100 - 150 nl/l, except in the central portion of the basin and near

Herendeen Bay. The lowest values observed in the surface layers was

60 nl/l north of Unimak Pass, the highest concentration of methane was

nearly 1600 nl/l near the entrance to Herendeen Bay (Figure 6). Surface

values near Unimak Pass were generally in the range 100 - 200 nl/l.

In contrast, Figure 7 shows conditions as they existed in Sept. -

Oct. of 1975. Surface concentrations of methane were generally less than

80 nl/l except near Herendeen Bay, and presumably reflect atmospheric

equilibrium conditions.

The near-bottom concentrations of methane were little different from

those observed in the surface layers (Figure 8). As before the highest

values noted were near Herendeen Bay and Unimak Pass. In both regions,

the maximum concentration of methane was near 300 nl/l.

Conditions as they existed in 1975 are shown in Figure 9. The major

difference between the two seasons appears to be the high concentrations

of methane observed in the "Golden Triangle" region north of Unimak Pass

during 1975, where concentrations in excess of 700 nl/l were noted.

Concentrations of methane observed in July of this year in the central

basin were generally greaterthan 100 n/l, whereas they were less than this

amount in the Fall of 1975.
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In Figure 10 is shown the relative saturation values (C/C*) of

methane in the surface layers. Assuming that the surface layers should

be in equilibrium with the concentration of methane in the atmosphere,

the solubility data of Atkinson and Richards (1967) were used to compute

the equilibrium saturation value (C*). Although these solubilities are

not highly precise, it appears that much of the surface waters are super-

saturated with respect to methane. A small core of water north of

Unimak Pass appears to be undersaturated (% 20%) and may reflect our

uncertainty in the actual methane solubility or its local partial pressure.

Near Herendeen Bay, methane is supersaturated in the surface layers

approximately 20-fold.

2. Ethane and Ethylene

Surface and near-bottom concentrations of ethane are shown in

Figure 11 and 12. Concentrations of ethane in the surface layer were

generally greater than 1 nl/l over the entire region. Values less than

0.5 nl/l were usually observed in the central basin north of Unimak

Island and with the highest concentrations observed near Izembeck Lagoon

and Herendeen Bay.

The distribution of ethane in the surface layers is similar to that

observed in Fall of 1975, but the concentrations are regionally higher.

During Sept. - Oct. 1975 surface concentrations rarely exceeded 0.6 nl/l

in contrast to summer conditions where values in excess of 1 nl/l were

not uncommon (Cline and Feely, 1976). As before, Herendeen Bay and

Izembeck Lagoon appear to be sources of ethane as well as methane.

Near-bottom concentrations of ethane are shown in Figure 12.

Concentrations less than 1 nl/l generally were observed in the north near
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Nunivak Island increasing to values near 2 nl/l near the Alaskan Peninsula.

Concentrations in excess of 2nl/l were found near Izembeck Lagoon. During

Sept. - Oct. of 1975, near-bottom concentrations of ethane ranged from

0.5 - 1 nl/l (Cline and Feely, 1976).

The surface and near-bottom concentrations of ethylene are depicted

in Figures 13 and 14. In contrast to distributions observed in Fall of

1975, concentrations of ethylene were near 5 nl/l over most of eastern

Bristol Bay. It is suspected that the four-fold increase in the

concentration of ethylene is the result of elevated rates of primary

productivity. Although no carbon fixation rates were obtained during

this cruise, dark green water and enormous numbers of birds signified

vigorous organic productivity.

Apparent in both the surface and near-bottom areal distributions of

ethylene are strong depletions in the central basin area. This situation

presumably arises from the surface advection of ethylene-depleted waters

from the west. The distribution that emerges is in qualitative agreement

with general circulation patterns in Bristol Bay.

3. Propane, Propylene, iso- and n-Butanes

The areal distributions of propane are shown in Figures 15 and

16. Surface concentrations ranged from 0.2 - 0.8 nl/l except near the

Kuskokwim River, where a single value of 1.8 nl/l was observed. Ignoring

this as a possible spurious value, the highest concentrations were

observed near the boundaries of Bristol Bay followed by systematically

lower concentrations in the central basin area (0.2 - 0.3 nl/l).

Near bottom concentrations of propane ranged from 0.2 - 0.9 nl/l

with no discernible geographical pattern (Figure 16). Both the surface
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and near-bottom concentrations are similar to those observed in Sept. -

Oct. of 1975.

The distribution of propylene in the surface layers in shown in

Figure 17. Concentrations are nearly a factor of three greater than the

sum of propane plus propylene observed in Fall of 1975. The higher

concentrations of propylene are attributed to high levels of primary pro-

duction.

Unusually high concentrations of propylene were observed near the

Kuskokwim River. Concentrations in excess of 7 nl/l in the Kuskokwim

river plume are presumed to have originated from the river proper or

from processes in the estuary. The nature of the process resulting in

elevated concentrations of propylene not accompanied by similarly high

concentrations of ethylene is unknown.

The distribution of propylene near the bottom is similar to that

observed for ethylene (see Figure 14). Concentrations of propylene were

systematically higher than those observed in Sept. - Oct. 1976. Amounts

of propylene generally exceeded 1 nl/l near shore and less than 0.5 nl/l

in the central portion of the basin. This distribution is similar to

that observed for other low molecular weight hydrocarbons in Bristol Bay

and is believed to result from the intrusion of cold bottom water con-

taining low concentrations of propylene along the east-west axis of the

basin (cf. Figure 21).

The concentrations of iso- and n-butanes were near or below their

detection level. Normally the concentrations of the C4 hydrocarbons

ranged from a trace (0.03 nl/l) to approximately 0.1 nl/1.
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4. Discussion

The concentrations of most low molecular weight hydrocarbons

throughout the water column were greater than similar observations taken

in Sept. - Oct. of 1975. This is believed to be the result of increased

biological activity, both in the water column and in surficial sediments.

There is no question that components such as ethylene and propylene are

produced in the water column as the result of elevated biological activity,

but the specific source is not known at this time. It may be the direct

result of primary production or microbial degradation of organic material,

or zooplankton respiration and excretion products.

The source or sources of methane is not clearly discernible at

this time. While it is obvious that organic-rich sediments are a likely

source, production in the water column can't be ruled out at this time.

High surface concentrations observed this year in contrast to conditions

last fall suggest that significant quantities of methane may be produced

in the water column proper. Since methanogenesis is a strict anaerobic

process, we conclude that if methane is produced in the water column, it

probably has arisen from microbial degradation of fecal material.

A characteristic parameter used in the identification of hydrocarbon

sources is the ratio (R) of methane to ethane plus propane (Brooks and

Sackett, 1973). Because biological production of low molecular weight

hydrocarbon usually leads to a preponderance of methane relative to

other components, a low value of R is indicative of low temperature thermal

cracking of organic matter in sediments or the seepage of petroleum and/or

natural gas containing relatively high concentrations of ethane, propane,

butane, etc. We have formed the ratio from our analysis in Bristol Bay

and the results are depicted in Figure 19. It can be readily seen that
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the values range from a low of 13 near Nunivak Island to a high of 357

north of Unimak Pass. Ignoring the low values as being spurious, R values

now range from 40 to 357. According to Brooks and Sackett (1973), this

range of values is indicative of microbial production of light hydrocarbons.

In the final report, a detailed discussion of the applicability of the R

ratio to the OCS areas will be presented.

The surface and near-bottom distributions of the low molecular weight

hydrocarbons reveal a strong correlation with the distribution of

temperature (Figure 20 and 21). Concentrations of ethylene near the

bottom correlates well with temperature whereas similar comparisons with

methane are significantly poorer. From this we would conclude that the

bottom is probably a strong source for methane and a weak source of

ethylene. This fact also is borne out by the methane-ethylene relation-

ship shown in Figure 22b where the concentrations are reported for the

near-bottom waters only. Here methane production in bottom sediments

appears to be largely independent of ethylene production. It is concluded

that during periods of high productivity, the water column is probably

the major source of ethylene. Based on the methane concentrations observed

this summer, it would appear that significant quantities of methane are

produced in the water column and that its relationship to other low

molecular weight components is different than that observed arising from

sediments.

B. NEGOA

The spatial distribution of low molecular weight hydrocarbons was

determined in July of 1976 from observations conducted at the stations

shown in Figure 3. This survey is the last of three scheduled cruises
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to the region during the past year for the purpose of investigating

seasonal changes. In this report, only salient seasonal features will be

presented with an indepth analysis to follow in the final report.

Hopefully, studies to be conducted next year in Cook Inlet, on the Kodiak

Shelf and Tarr Bank will be useful in the identification of regional

sources and sinks of low molecular weight hydrocarbons.

1. Methane

Surface concentrations of methane are shown in Figure 23 for

the period July 1976. As stated previously, concentrations over the shelf

are everywhere greater than 100 nl/l diminishing to 70 - 80 nl/1 offshore.

Conditions observed offshore presumably represent near-equilibrium conditions

with the partial pressure of CH4 in the atmosphere. Of special note are

the enormous concentrations of methane detected in the surface layers near Icy

and Yakutat Bays. Station 9, at the entrance of Yakutat Bay, showed a

surface concentration of methane of nearly 1700 nl/l, a value approximately

20-fold over equilibrium saturation. Insomuch as bottom concentrations

are significantly lower in the region (cf. Figure 26), it is concluded

that these high surface values represent in-situ biological production or

entrainment of methane in surface water originating in Yakutat Bay. The

presence of elevated concentrations of ethane and propane (see below),

in addition to methane, strongly suggests that seep (s) in Yakutat Bay

may have been active during the time of the cruise. Estuarine flow would

have suppressed the subsurface distributions of these gases.

It is not known at this time whether the source of methane was

biological in nature or, as suggested above, the result of seep activity

in Yakutat Bay. Because ethane and propane concentrations were high
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whereas rather typical concentrations of ethylene and propylene were

found, a non-biological origin for the hydrocarbons (i.e., seeps, low

temperature thermal cracking) is suspected.

If the seep occurred in Yakutat Bay, the zonal distribution along

the coast would be explained by normal estuarine circulation out of

Yakutat Bay and the prevailing westerly surface drift along the coast.

What is difficult to conceive, however, is the persistence of excess

quantities of methane in surface waters, which are in direct contact

with the atmosphere. The plume extends about 200 km down the coast from

Yakutat Bay to Kayak Island.

In the Tarr Bank - Kayak Island area, surface concentrations of

methane are in the range of 100 - 300 nl/l, not unlike the conditions

observed in Oct. - Nov. 1975 and Aor. 1976 (Figures 24 and 25). In

all cases a surface divergence of waters rich in methane from depth is indicated.

Near-bottom concentrations of methane are depicted in Figure 26.

The highest concentrations of methane (>1500 nl/l) were observed over

and to the north of Tarr Bank, extending south through the Hinchinbrook

Sea Valley. Concentrations of methane exceed 600 nl/l over much of

the region. Another ridge of high methane concentrations exists to the

east of Kayak Island, where concentrations exceed 700 nl/l.

A common feature of the near-bottom methane distribution is its

variability. Comparison of Figure 26 with similar observation, taken in

Oct. - Nov. 1975 and April 1976 (Figures 27 and 28) reveal that both the

bottom sources and strengths appear to change with season. In April,

near-bottom concentrations of methane did not exceed 500 nl/l and were

nominally 200 - 400 nl/l (Figure 28). Strong bottom sources of methane

appear to exist in the fine-grained sediments found around the perimeter
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of Tarr Bank and to a lesser extent to the east of Kayak Island. The

strength of the sources may change with season (i.e., organic matter flux,

temperature, etc.), but local circulation probably plays a dominant role

in the seasonality of the distribution. (Compare Figures 26, 27, and 28).

2. Ethane and Ethylene

The areal distributions of ethane in the surface layers and

near the bottom is shown in Figures 29 and 30. Surface values in the

vicinity of Tarr Bank are 0.4 - 0.6 nl/l, increasing significantly to

concentrations in excess of 1 nl/l to the east of Kayak Island. Mentioned

previously, these high concentrations of ethane appear to arise from

Yakutat Bay and were found in association with high concentrations of

methane. The maximum concentration of ethane was 11.4 nl/l (Figure 29,

Station 9). Concentrations of ethane observed in Oct. -Nov. 1975 and

Apr. 1976 were uniformly in the range 0.2 - 0.4 nl/l, similar to the

aforementioned values obtained in the Tarr Bank area.

Near-bottom concentrations of ethane range from 0.2 - 1.3 nl/l, the

average being 0.4 ± 0.2 nl/l. The average near-bottom ethane concentration

observed in Oct. - Nov. 1975 was 0.5 ± 0.2 nl/l, and 0.3 ± 0.2 nl/l in

April of 1976.

With the exception of the observations taken near Yakutat Bay in

July, ethane shows little seasonal variability in the surface layers or

of depth.

The concentration of ethylene in the surface layers is shown in

Figure 31. It is rather uniform over most of the region, ranging from

a low of 1.5 nl/l near the Copper River to values in excess of 3 nl/l

in the region of Icy Bay and Yakutat Bay. The mean concentration of

ethylene is 2.6 ± 0.5 nl/l. This compares to an average surface value
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of 0.7 nl/l observed in Oct. - Nov. of 1975 (Cline and Feely, 1976).

These differences are attributable to seasonal variations in primary

productivity.

The near-bottom distribution of ethylene is reflected in Figure 32.

A core of relatively high concentrations of ethylene is found over Tarr

Bank and to the west of the Copper River delta. The average concentration

over the entire region is 1.1 ± 0.6 nl/l, which is the same mean observed

in Oct. - Nov. of 1975, but significantly higher than the average value

of 0.6 nl/l observed in April 1976. Whether the sources of ethylene are related to

processes occurring in the near bottom waters or in the surface layers of

the sediments, it appears that little change occurs seasonally.

3. Propane, Propylene, iso-, and n-Butane

The areal distributions of propane are reflected in Figures 33

and 34. Surface concentrations of propane are rather uniform in the Tarr

Bank - Kayak Island Area, but increase dramatically near Icy Bay and

Yakutat Bay. The high concentration (4.6 nl/l) observed at the entrance

to Yakutat Bay is correlative with anomalous concentrations of methane

and ethane, mentioned previously. Ignoring the high values along the

eastern extremities of the survey region (propane >= 1 nl/l), the average

concentration is 0.4 ± 0.1 nl/l, which compares to a mean of 0.2 nl/l

observed in Oct. - Nov. 1975. With the exception of the unusual occurrence

of propane observed near Icy and Yakutat Bays, the distribution of propane

in surface layers appears to be spatially and temporally uniform.

Areal distribution of propane near the bottom, shown in Figure 34,

also in spatially uniform. The average concentration is 0.25 ± 0.1 nl/l,

identical to the mean observed in Oct. - Nov. 1975.
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The surface distribution of propylene is shown in Figure 35. Concen-

trations over most of the region are in excess of 1 nl/l, averaging

1.3 ± 0.3 nl/l. The low value of 0.2 nl/l observed south of Icy Bay

was considered spurious and ignored in the calculation of the average.

In Fall of 1975, surface propylene concentrations were uniformly low

( < 0.3 nl/l), reflecting a significant increase in the production of

this olefin during the summer months. This is attributed to higher levels

of organic productivity occurring in the month of July, as compared to

other seasonal measurements.

Near-bottom concentrations of propylene are revealed in Figure 36.

Concentrations are uniform throughout the region, averaging 0.35 ± 0.16

nl/l. These levels are similar to concentrations observed in Oct. - Nov.

1975.

Concentrations of iso- and n-butane were everywhere below 0.1 nl/l.

Because of inherent low-level contamination of water samples, the uncer-

tainty in the concentration of butanes below 0.1 nl/1 is very large. In

most cases, the concentration of the C4 aliphatics, after correction for

blanks, was below the detection limit of 0.03 nl/l.

4. Discussion

The distribution of methane in the water column is highly

variable in both time and space. Comparison of results with past cruises

indicates that biological activity and local circulation are the major

processes responsible for the distribution of dissolved methane. The

fine-grained sediments surrounding Tarr Bank appear, as they have in the

past, to be a large source of methane, presumably biological in origin.

The effect of this source on the overlying water column is difficult to

interpret however. For example, comparison of Figures 26, 27, and 28
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indicates that the methane distribution just above the bottom is controlled

by circulation patterns, seasonal sources or both. If methane appearing

in the water column is the result of a diffusive flux from depth in the

sediments (eg. > 10cm), we would not expect strong seasonal changes in

the source of methane since processes at depth in the sediment are

relatively unaffected by temporal changes occurring at the sediment water

interface. On the other hand, if most of methane is generated at the

sediment-water interface, seasonal changes might well be predicted

because of temporal fluxes of organic matter to the bottom (e.g. fecal

material), or changes in bottom water temperatures.

From our studies to date, it appears that during late Fall and

probably winter, the major source of methane to the water column is from

the benthos. However, observations conducted this summer reveal a

significant number of local regions in which negative surface-to-bottom

gradients were observed. (See Figures 23 and 24). We conclude that

during periods of strong biological activity, methane appears to be

formed in the water column, presumably from the decay of organic matter

in microenvironments (e.g. fecal pellets).

Shown in Figures 37 and 38 are the horizontal distributions of

methane away from the coast near Resurrection Bay (Figure 37) and Yakutat

Bay (Figure 38). Also depicted as inserts are the isopycnal surfaces for

each transect. In both cases, the major source of methane appears to be

the bottom withdispersion along isentropic density surfaces. Both transects reveal

the influence of a surface current, low in methane, located over the shelf

break which has greatly modified the subsurface distribution. This is in

stark contrast to conditions observed in Oct. - Nov. of 1975, when a core

of methane-rich water penetrated to more than 100 km offshore (Figures 39

and 40). 437
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We have also attempted to characterize sources of low molecular

weight hydrocarbons by utilizing certain component ratios. Two of these

relationships are shown in Figures 41 and 42. The first diagram shows

the relationship of methane to ethane near-bottom samples only.

Assuming that the components observed in the lower water column have

arisen mainly from sediments, methane concentrations in excess of 200 nl/l

appear to be independent of ethane concentrations. If seep activity or

thermal cracking processes were operative in a dominant way, a linear

relationship between the concentrations of methane and ethane should

prevail. The three points lying above the general data grouping are all

from the Tarr Bank region (Figure 30), and conceivably might represent

input from petroleum or natural gas sources. This is purely speculative

at this point.

The relationship between ethane and ethylene for the near-bottom

samples is shown in Figure 42. As it was observed in Oct. - Nov. 1975,

a good correlation exists between these two variables and would suggest

a common source for both.

The ethane/ethylene ratio is near 0.5; most of the variation about

the regression being due to analytical uncertainty in both variables.

At the time of this writing, all of the data has not been synthesized.

R ratios (methane/ethane + propane) and equilibrium solubilities of

methane have not been computed, nor have ratio tests such as methane-

ethane for the surface layers been completed. It is our intent that prior

to the final report, work will be completed on the analysis of all survey

data and test parameters useful in distinguishing petroleum-derived

hydrocarbons. Their applicability to tracing of petroleum hydrocarbons

and as indicators of hydrocarbon accumulations will be emphasized.
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IV. PROBLEMS ENCOUNTERED AND RECOMMENDED CHANGES

During the initial phase of the program, numerous analytical and

shipboard contamination problems were encountered. The first of these

was resolved through intensive laboratory studies conducted last winter.

As a result, we now feel confident that we have a highly reliable field

procedure. Quantitative separation of all components has been significantly

enhanced, while at the same time chromatographic analysis has been reduced

from 15 minutes to under 6 minutes.

Hydrocarbon analysis and sampling aboard the NOAA vessel DISCOVERER

is still hampered by excessive emissions of oil and gases from the stacks.

To counteract these effects, we have initiated several precautions to

minimize hydrocarbon contamination. The first of these includes special

cleaning and deployment procedures of the rosette prior to and during

sampling. The second step taken was to include a TENAX-GC(R) absorbent

trap downstream from the aqueous stripper to eliminate all aliphatic and

aromatic hydrocarbons above C6 . This procedure has been highly successful,

although the recovery and analytical precision of C4 butanes have been

affected.

Analytical precision aboard the DISCOVERER also has been affected

adversely due to electrical noise in the 120 v a.c. power supplied to the

laboratory. Monitoring of the quality of a.c. power with an oscilloscope

revealed frequent voltage spiking, which can be quite severe and is related

to the degree of ship motion. Voltage spiking results in false peak

integrations. Since we believe that the quality of power supplied to

the laboratory should be at least equal to typical shore-based facilities,

we recommend that a separate power generation facility be supplied to the

ship's laboratory that might be used to house sensitive electronic hardware.
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In the meantime, we will initiate communications with Hewlett-Packard on

how we might best minimize the impact of less-than-optimum power quality

on our instrumentation.

V. ESTIMATE OF FUNDS EXPENDED THROUGH 30 JUNE 1976

Allocated Expended to Date Balance

Salaries and overhead 83.5K 81.3 2.0

Major equipment 27.3K 27.3 0

Expendable supplies 13.7K 12.4 1.3

Travel and per diem 7.5K 8.5 -1.2

Shipping 3.5K 3.0 0.5

Publications 2.OK 1.0 1.0
137.5K 133.5 4.0K

440



Figure 1.. Low molecular weight hydrocarbon extraction system (Swinnerton and Linnenbom, 1967).
The extraction system shown is a recent modification given to us by Mr. R. Lamontagne
of the Naval Research Laboratories, Washington D.C.



Figure 2. Station locations in the southeastern Bering Sea.



Figure 3. Station location in the northeastern Gulf of Alaska.



Figure 4. Station locations in Norton Sound.



Figure 5. Station locations in Chukchi Sea including
Kotzebue Sound.
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Figure 6. Surface distribution of methane in Bristol Bay in July 1976. Concentrationsare given in nl/l.



Figure 7. Surface distribution of methane in Bristol Bayin Sept.-Oct. 1975. Concentrations are givenin nl/l.
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Figure 8. Areal distribution of methane 5m from the bottom in Bristol Bay during July 1976.
Concentrations are given in n1/1.



Figure 9. Areal distribution of methane 5m from the bottom inBristol Bay during Sept. - Oct. 1975. Concentrationsare given in nl/1.
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Figure 10. Relative saturation concentrations (C/C*) of methane in the surface layer of Bristol Bay in July 1976. The
equilibrium concentration of methane (c*) was calculated from the Bunsen coefficients aiven by Atkinson and
Richards (1967).



Figure 11. Surface distribution of ethane in Bristol Bay in July 1976. Concentrations are given in nl/l.



Figure 12 Areal distribution of ethane 5m from the bottom in Bristol Bay in July 1976. Concentrations
are given in nl/l.



Figure 13. Surface distribution of ethylene in Bristol Bay in July 1976. Concentrations are given in nl/1.



igure 14. Areal distribution of ethylene 5m from the bottom in Bristol Bay in July 1976. Con-centrations are given in nl/l.



Figure 15. Surface distribution of propane in Bristol Bay in July 1976. Concentrations aregiven in nl/1.



Figure 16. Areal distribution of propane 5m from the bottom in July 1976. Concentrations are
given in nl/l.



Fiure 17. Surface distribution of propylene in Bristol Bay in July 1976. Concentrations are
given in nl/l.



Figure 18. Areal distribution of propylene 5m from the bottom in Bristol Bay in July 1976.
Concentrations are given in nl/l.



Figure 19. The ratio of the concentrations of methane to ethane plus propane (C1/C 2 + C3 ) 5m
from the bottom in Bristol Bay in July 1976.



Figure 20. Surface temperature distribution in Bristol Bay in July 1976.



Figure 21. Temperature distribution 5m from the bottom in Bristol Bay in July 1976.



Figure 22. a) A plot of methane versus ethane for all samples
taken 5m from the bottom.
b) A plot of methane versus ethylene for all samples
taken 5m from the bottom.
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Figure 23. Surface distribution of methane in the northeast Gulf of Alaska in July 1976.
Concentrations are given in nl/l.



Figure 24. Surface distribution of methane in the northeast Gulf of Alaska in Oct. - Nov. 1975.
Concentrations are given in nl/l.



Figure 25. Surface distribution of methane in the northeast Gulf of Alaska in April 1976.
Concentrations are given in nl/l.



Figure 26. Areal distribution of methane 5m from the bottom in the northeast Gulf of Alaska
in July 1976. Concentrations are given in nl/1.



Figure 27. Areal distribution of methane 5m from the bottom in the northeast Gulf of Alaska
in Oct. - Nov. 1975. Concentrations are given in nl/1.



Figure 28. Areal distribution of methane 5m from the bottom in the northeast Gulf of Alaska inApril 1976. Concentrations are given in nl/l.



Figure 29. Surface distribution of ethane in the northeast Gulf of Alaska in July 1976.
Concentrations are given in n1/l.



Figure 30. Areal distribution of ethane 5m from the bottom in the northeast Gulf of Alaska
in July 1976. Concentrations are given in nl/l.



Figure 31. Surface distribution of ethylene in the northeast Gulf of Alaska in July 1976. Concentrationsare given in nl/l.



Figure 32. Areal distribution of ethylene 5m from the bottom in the northeast Gulf of Alaska in
July 1976. Concentrations are given in nl/1.



Figure 33. Surface distribution of propane in the northeast Gulf of Alaska in July 1976. Concentrationsare given in nl/l.



Figure 34. Areal distribution of propane 5m from the bottom in the northeast Gulf of Alaska inJuly 1976. Concentrations are given in n1/l.



Figure 35. Surface distribution of propylene in the northeast Gulf of Alaska in July 1976.
Concentrations are given in nl/1.



Figure 36. Areal distribution of propylene 5m from the bottom in the northeast Gulf of Alaskain July 1976. Concentrations are given in nl/l.



Figure 37. The distribution of methane in July 1976 along a north-south transect originating in
Resurrection Bay. Isopleths of methane are given in nl/l. The inset shows the
corresponding density surfaces (ot) for the same transect.



Figure 38. The distribution of methane in July 1976 along a north-south transect originating
in Yakutat Bay. Isopleths of methane are given in nl/1. The inset shows the
corresponding density surfaces (a ) for the same transect.



Figure 39. The distribution of methane in Oct. - Nov. 1975 along a north-south transect
originating in Resurrection Bay. Isopleths of methane are given in nl/l.



Figure 40. The distribution of methane in Oct. - Nov. 1975 along a north-south
transect originating in Yakutat Bay. Isopleths of methane are given
in nl/l.



Figure 41. A plot of methane versus ethane for all near-bottom
samples taken in the northeast Gulf of Alaska, during July 1976.



Figure 42. A plot of ethane versus ethylene for all near-botton samples taken in the
northeast Gulf of Alaska during July 1976.
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I. TASK OBJECT IV l•

The pri!mary obiject:ive of tillsr program :Is to characterizc the trace metal

contents of scawatcr, sedimcut, ard selected indigenous an.imal and plant species

in the th:ire or igin-all]y specified study areas (Gulf of Alaska, S. Bering Sea,

Beaufort Sea) plus those regions added (Lower Cook Inlet, Norton Sound)

through later contract. rnodifications. This program also incorporates sediment

grain-s.i:-::, aialyi;s, clay mineralogy analysis, and "previous work" literature

searches as described in the original Work Statement.

II. FIELD AND LABORATIORY ACTIVITIES

A. Field Work

1. Lower Cook Inlet - R/V Acona cruise June 25 - July 2, 1976

A single1. 'iýhc• samnrpl.e was collected for us by the organic chemistry

group.

2. Beauf(rt S..: - C.G.C. Glace r eg I - first hIlf of August

Chemical. tecni::ciaen for Dr. Weiss's laboratory (Naval Under-Sea

Center, S-en Diego) part.icipatedc. Sedienct sa-i:ples col:lcted for

mer~cury -n Iysis. S,:ipler for water cct.]i l:,n di:d rt function

correctly. No cruise: r•..•ort rec;:;i'.v:d.

CG.C. ( C ".L.:.' 1 . IT .-- 2 3 Aui.., - 3 ,Sep:e-. r 1 76

P r 'oi ,. T. Cos .k :.n G' . Landrt',. :

t';it Io' .. : -it.•: e a.r"; ' -hown o0 th ie acco .' i•n!; ' • tigu.'-r e, Nuntber

lind t (.y 1'" suL 'I i- t , :-; 1-1 s'idimcn. 1 "- 'pl' ta'-ken; with the

.p.'-; (:c ;:o;"; .01or s, did i tP.," ext.'n.'K ex t ,,jd ,c.::v .. .n a'l; . s-.S \'ork;

I 't , C ' . t x . .. I .di '. I -'c -- ''. ] aid".. -V22 '.:; i,[:1pl ti'ikp1;n for -;)ip; i;.tr d c ;S Cr a I Iy'8. Addi-

i .. .; : '. o I : I lso i' .- ie solut. T h\crvy
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Precise locations to be supplied by the chief
scienlist•, Dr. Rita llornar, along w¶ith sairnii:y
and temperature time data and station depth data.
Eleven stations - 3, 4, 5, 7, 11, 12, A, B, C, D, and Y
were occupied.



2. (Continued)

metal analylis program. Unfortunately, the trace-metal free water

sampl.er required for this wor w were apparently damaged in transit

to Long Beach s;o that :it was necessary to utilize ship-provided

sampler. It is likely, therefore, that these samples will be

contamina ted and no data will result.

.3. Gulf of Alaska - R/V Acona cruise September 11-15, 1976

Personnel: D. C. Burre31

A reconlnaissance survey of Icy Bay. Approximately 10 miles of

bathymetric track were taken and two hydrographic station:; occupied.

4. N. Bering Sea (Norton Sound) - O.S.S. D,.scove'rer - Mid-September

Participant: T. Manson

Haps core and water column samples to be collected. Cruise in

progress at the time of writing this report.

B. Scientific Parties

As noted above.

C. Field Collection liethodc

Sample collection and storage methods have been essentially as

described in the Annual Report. Specific deviations are noted

in. the following scction.

D. Sample Loc;Ilitioc

Ex:cept for the single ota samiple from I:. 'er Cook Inlet noted

abolve, and tihe Pjeaufortr: F•ea st.at.jons; shown in the previo.us f ig~rc,

all•m;i mpl e hvcŽ bea ta.i .n at the standaord t. at tons given in the

A.nal R.h'port . Coo.'dinit:487s of the intcrtida bonthic anpl inf
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I. (Cuon I :ni cd)

localities referrn: i to by n;1 m in t0l is; and previous quartl rly

reports, arc given in Tobies I - IV for the N.E. and N.W. Gulf

of Alaska, Kodiak Isi T'.lnd, and the S. Bering Sea respectively.

E. Laboratory Analysis Programs

1. Voltan-I' try (Dr. D. C. Burrell):

Free zinc data, as determined voltanimctrically in filtered water

samples at pl 8 (see discussion in previous quarterly report) are

given in Table V and Table.s VI an::: VIT for the N.E. and N.i . Gulf

of Alaska, respectively. With the exception of some nickel data

this set of data completes this portion of the contractural program.

2. Flame-less atomiic spectrometry (Dr. D. C. Burrell): Efforts are

continuing to calibrate filament and furnaces atom-iic absorption

spectrometric analytical procedures with the voltanmmetry data.

A progress report on this work will be includ-d in the next

quarterly report.

3. Neuton Activation Analysi'. (Dr. D. E. Robertson): The maivi effort

during thi 'period centIr:d 'Cu . aalysi of sus,.id ded sedi• .ent

sanmples•. This woihk has involved "rabbit" ir:adiajLions, using the

WZ.ishingtou S tate Un-iver; y reac tor, for the mo .- surement of both

major :rnd trai.e elerentiH; hlav:ing short lived activation products.

Dc ta finr o)uc: imi .jor cor :.itcuIi.' t - -l .; ri'i..Iut i- fa e given in TabU)!C VII I

throu g,h X for the N..E. fid N.W. Gulf of AU]a sla imd the S. B•ri.ng

S .'. rspectiv .ly, Data .e for- tih::, tramce hl,'avy ine-t:; m:anga: se ;and

v;n;.i:imd a :;- ;: ' iv . :i ' b.) ' X; XI - )X TT rc:;p tiv :'ly for -the saOiK1

:ca(.'a h;ic :.'. ,. ; . 'Thie vi lu's givc' :i1 Teib.L s V i r4 tl8ro ! '! 1

Irr' 1')" thie i ',' !..1 c-on t [. ; ::U o of tl..; is:; ci t• nt.; I i 5;;::;)i. 0;r. ' {..1 ':1 r 'tl- ..
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TABLE TI

N.W. GULF F AILASKA

Localities of intertidal bentlos sanples.

TABLE III

KODI.AK. ISLAND

Localities of intertidal benthos samples.
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TABLE IV

S. BERING SEA

Localitics of in vertidal benthos samples.

49
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TALE 'T V

N.i. G-ILF OF A.LA'KA
DL)co<:o.'r Leg JII 23 Novuier2• - 2 Dcc•-riber 1975

Free zinc co.ta;e•v-ts cat pH 8 in fill.tred (0.4 p!m) water.

492



TABLE, VI

N... GULF. OF ALA:,KA
D.i. con: . ' 8-16 OctLob•r J.975

Free zinc conte.Int.s itI p11 8 in filt1eCred (0.4 ipm) w toir) (CJg/).
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TAPLE, V I

N.,'. GULFj OF ALAS/KA
Lsc.v.:'cv.' Leg IIIc 23 Nvemb!er - 2 Dece;mbe:r 197.5

Free zinr contents at pli 8 in fi.ltered (0,4 .in) water.
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T• iLEI VI 1 i

N.E. (GULF OF ALASKA.
)i^s K)).(-]rt t '2 1.og I (I 23 Novenmb o r - 2 Dc cemb- ir 1.975

0. E. Ruiertsoi-n, An.lyst

'J.'otal m ]ajor catioi cn-o Ln.t..t'. of s1 I:;pended Sec]ilnt.
(:0.4 ipm; 9 ig/,)
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TAL) TX

N. V CUL . ' O ALASKA
D'isovrcr Leg IV 8-16 Oc:t:;lci 1973

D. E. Robert co'n, Analyst

To-tal ni- jor cat::i.on con ttent( of su:-;iF; .ded sedintenT .
(>0.4 p1;:; ! g/-.)
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'i'A.B.L IX.

(Con:nt 9ned)
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TAB.LE X

S. BEE NC fSEA
Di.:.:co :vcj7.:, 2--.9 Jun_ 1975

D. E. Robert l: s i ., Anal ystr

Toi! ina.l major cat.ion cointnftis of stu'.l:n3e d s(diTe-nt.

(>0.4 i in; Ji g !, )
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TAIILE XI

N. E. (GUt.L' OF ALAS'KA
t/;coo;0.'2reP' Leg I 1I 23 Novemw r - 2 December 1'.975

1). E,. ob-c.rton, Analyst

'T'otal heavy miet.al contents of suspended. sediment.
(>0.4 )m; pg/,)
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TAB'• ]. XI

(Cont-iu0d)
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T'ABLI X!1.

N.,W. GULF OF AAiS.3LA
D, ct.o r '.'.:'' L .', IV 8-36 Oc tob,.r 1.97.5

D). Ef. ohie)rt..s'', An i 1 vS ,t

Tot: t;l heavy metal . roin-ent. of)t sii;penclI(d s;cd i.nicint:s.
(>0.4 iim; .i;, )
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.TAiBL E XII'

(Coll i' ntin d)
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TABLE XIT II

S. B!RING SEA
Dij o•v.c'r ;2-J 9 June 1975

D. E. Robertson, Analyst;

Ttal iheavy metal cont.ents of suspended sediimerit.
(>0.4 prn; pg//)
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"Ltrt.tin r[ etainI.ed oln a 0.4 om meullnT'.oe filter, present(.d in units

0i Mi;;g of el.umeunt pu:r it1er of sawaiter pased t:hrougb the filtor.

As always;, station mnujbers are for the standavd stations s given in

thul. Anual Report,.

4. Cas chromatography (Dr. T. A. Go.i.k): Data for chrorium and

seleni-.um in both ul Tnilctred and fi.ltered (0.4 •!i) water sa:;nles

collected in the Beaufort Sea are given in '1ab'le XIV.

Analyses of sedir:ent extracts for chropmiut: for the saum; lease

area are given in Table XV. These are the archived sedWiient:

samples which were discussed in the Annual Report. This latter

source also gives station localities. Approximately 12 additional.

values for sediment collected on the above refter:ncced a5,Ctii:>i

cruise will be given i.n tlhe next quarterly report:

Tables XVI - XVIII contain data for chroikrui for sediment •e•'xt.ua,:trS

from the N.E. Gulf of AlMa:O;., Lower Cook Inlet., and the S. erirn••;

Sea, respectxi.vOly. St.ation localitis are sit.:ndard. (See: acc'•'y !i

figure for the N.W. Gulf.)

These- set;s of data now comropl.ete L cont r.',titu;a• l requ s;ents

for water; t•• sediment prograz,. is arp'rox.•roi.ely 90;1 comnplet- .

5. Heavy metal contents L f msediment extracts MCr. D). C. ;Bu.rrel.):

ie.':avy metal M-co tents (.nr /kg) for ;i•ma ntc e t::ra ts. from a .le.-

collected! in thWe N.F. (Clf of A:•sk;a : T, ;;n :i.:en i lseT XIX.

'' so :am..I :';•' / .er c io '. ted us;.: ; he : ; co r on I .;

in the f;t .!,. of 197'. i O a'tion 1 .O'.it. ; :,..: iv.. n in h;' p cco:--

P[ y; .1'], : :n e!.' ! -. ;:: * M"n for.e and Noi; for e: ;K :;-;,. ! , . ." (;: o
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T >.,!,; '.9' 1.9 6

T. A. G i; , A. n.i y:•

Cr: mU i tn uiUt.rcci ced and fi. .ered (u.4 iTm) water ( / ".).
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TABL V XiV

(CoaLinuiid)
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I, U O* !' SEA

AL ;ch.lv.'. ] d n y:.. t Sc l'-"e:s.:; (sr 'c3 /n u . Rpt-'. t)

C,:( om'::i :1 coi-' cit cn ; <'t -i -;(tdi- " IIt: Uxt.r-'ii t:s;

(i;:j/S ;; 2 oi: 3 an.lys.. petr sa!le) .
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TAI. :, XV I ! .

S .Z.•:• , ,: 3.1. Ai l - 17 S, Un. , "t i1

Clu:.c;;i.L m c .i t,..ltn :  ;• ;c:.l n met , t'...i'. . ... ('* r /k ;)

507
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TA LI.:: XV I

Maana h5oc i2Larci 31 -Li, .] 15, "976
J. A. Gosainj, Analysb

Clhroni i'.;n;. cont(nlts of a et ;.imnt exracts (ng/kg)
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TAiF ,: :V:!

SA. i ; • :l.NG SEA•
Dis'ov'Yy' 2-19 June. 1975

T . A . Ga;;.L;! , A. Jl NLI.

:C-iro< ;.mi1I to)i tL:iiUS .!: r jdim rtint extract&.
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JTA L ,• ;: ! ,

N.Ei. ( F;' 0' ATL.\ASKA
S':/.. ; B!:,n 31 5 A_ .... i - 17 Sept w'. r 1. 75
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SUtas z cit. August 31 to September 17, 1975 - Iaps core stations.



S cI .: :c i l Ji O .

S, 0.i.- ; :.. : , . i Ta l' C1 7. T_55 l er v-.I -cu1t C' r

. !'r ot .c :77 a'n,'; :-! ".- e.-n:. ; :iv;i'; 7 in1 te pr .vio .s fL:.l c;.•.t.url .y rn po'r- .; i i

Ti' ext(:' •': t o : it Lcc'in•.pC' u1.1ed f1 or•: i.hi ]Iro'r;.7 I hlas been :fu_.

discu;iS n:::d 1in 1:}h.'e- AnnultI] Repo-vL.

6. AtomI.c :; -.:p:;lC.o, biot.: .naly;..,:; (Dr. D. C . B.i ,rrell): 'otal. U.s-va

'ta.l conte;.L of L; u. r cra.b s l;'_ tal'. n fro) the S. -.ri'.n S_

ar I iv(n in Tab-l" X I. Th stCtin lo(C. liti-i for thsc;; sa'lcs

were I.I.vc i t:hi- evjio'us (June) qvarter]. r-p]ort. Data for a

recent ,:curr test5 are giren in Table XXII.

"t1 p t t "s.7 "'i'-,'.:ie.n-, i . 1 ni..',^ [_',,';:.,. 'iro: ; :g i (.::. . S. S3 i., ... .u ) : As T'e:n tiort•:' in ^ii!,

I.;,.: -, qu:.i .i:.r<:,'fl_ r ,port. ( ;.'ine 1.- ].r')i'.:,n sri': F:L"'. anaiy s s on di2d-;";^'.\,;;:

oi . h''.e G:,.L . -' .*; ..-:• 'lo ve r-e_ r. co:.:pl.t:ed ; -per th;e contract

•st:ipu _i.:.'ri:. Ov, j: a .id • .bo".e • i .. " rual.y '- tht L - :e p01om :ed:

9 a.,d:.t;:I.oq:i]_ anal -.s:- h.'ve bee . co ',ducte';. lRes-ults: of the sm .; '.-

Canal.y;";-', i.ch I1¾C,-1':.' ;. '' b'(,.5n t o.rc tc' d e,'.': .C.A.T) are be.i.g, .p:-ejp m t'_,

inii T.:.!- ITI.

.. C. y ., 'i . : ,il 5*.
1 .... p ; .':;e r: (./_: t. A . S ..- ..... . id ) ,ihiri ,,.p th:i-. J ily -

S.,.'* ,T -iS , -. , - - !; : - 514i. : ! of A) .. ... e. i .n s\,I, , •,_ co } ! i : ;,n ;';• ' id a th :. d t. it' a '.*:'1  :.,. !'. ". ' ' i f ic_._- . To i .dd :fi t. I 1'.) to le t

:ib .' 0, :. , i o . t C-, : .--r 2...', (l .f;"; .ic' a: t -ci .y "s ont t. Ae on--

St. , . .. J " :i--,. , .: c i 5 1 : 1 din > >4 U' .51
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8. (C n t; .. i.r, ' * )

ha,. bi'n c iomp] t,.d nd 'qpiu:. i :i,1 ( c 're rdin;, to the co0ntr1 act s t.:ipuil;z--

ti ;:;, eycept- 8 t re i- _i.n.: ti.o t •e he a lt:, tr oat nt[L of the clays.

The 1;Ittrc work i.. n the p'roce:•s of being jgatheti i•c now. X-ray

diff" ract ion patttcIrns on the <1 mi.' si.z.c f';racI icne; of the S. Ber-.ut.g Sen

sedjimnnts, 2 k:icch *. were sepcrao.ted ear:.lier. w wer run under untreated

and gl yco.lat:ed ci .cnd"itions. The exrpar'i:Aible, ill ite, and the

kaon.i;lctec pjus, chl.orite hcent:;its have been- quantiiied on the

latt eCr sa-mples (Table XXITV). "It would sreem hat ornl.y a few suamples

from the <1 m] . sizte fract:ion of the S. lB:;ring Sea clays may be

available for detailed stLudie. (Ji..e., subseciuent to I and Ig'

sati:11It:i.on and iea: tretatm:-ent) as: there is .si overall dearth of

this size fr.acti-n in tie edrnts . X--ray diiffraction pat:tern on

the K and g -satura.ed smle,. as .vel, as on samples subj ' ct d.

to stop-dise 1i-.t treati.ent, on tihe <2 iiiI fraction of the southeast

Bering Sea sedi:n-ts arc being conduc:ted now.

Five uplits of a Gulf of Alasha Esduincmt hIave been taken and

seprat. ely su' e. .ed to clay mie aral anal,.yss for tlie purpose of

establ.i:shing oi: ar.:-.1iyt.l ', prccci.-' .. . T<is ,n lysi s has ben

conVl-...td; hl ,a ewver, t- percent cocff: c ient of vari.iation - a matncl tre

of preci'-ion - has not b-n calcl.nted as of this riport su'mi''i1.on.

9. Bearvfort S£':i sdi ' t yeoc'c'cr.isry (Dr. A. S. N•:du): As of this.

rc'port .wr.ting ;'. cI' 'i l a;a:- y;:, '• stipulai'd by the contrac

have b:, - copltt'd -and t.1 :: -r .u. l- have b'cn qn::c .if ie: d ai.i. t.i'ui--

la.t d. ,Duri t e la t qi rter, N:i A,:;; .n d y a o .to a .orpt i !: ;

L 'i i 'c.t 5 9 ( : ; . . '
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TA'BLE• XX TV

S. BERING SA.
Disc::o&•ir 2-19 Jul_ 1.975

. A. S. Na.du, analyst

Clay mi.ur.lcyov of < 1 pmn (o.s.d.) glycolatIed sediment
fraction (7 we..ighed peak areas).
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9. (Conl t •.!,.d)

n'Iumuo.ir of .t.nl.ysi. inc II.. fe dc " lictte an0 lysist , whCich was

on..;uct(d ior pi rec Li:on cal Iula ti.on. It adldil ion to Ni, V 7:1w

anna yz fro 28 lez;ci;te. samniples by Ne•ultron' activattion aniii.lysis,

us:in; the iso':ope d.il,.Lion technlique. The latter work was accomp-'

lished usirn t:1 , laboratory and 1Triga Reactoi rL f .cil.ities at the

Navral Under-F :; Centre, San Di••;'o rnad the Univc-:rsi.ty of Irving,

respectively. In the followiiing table arc shown the concentrations

of Ni and V in the l groýs saed.rmerits nud the nont-lithogenous (relacively

more "mobile") phase of the Beaufori- Sra sediitents

Av C ;:&'::iX perIO ceii ::
Average c'onii. noni.h.i. JI i e no . •r -

Number of Average conc. noni :ithogenous com"2po;.en, . in
E.lel:rnt saples analyzed in gross sediiments component gros:: sed:; :nt

Ni 36 44 4 9

V 28 108 9 8

From the above data it wvould seaem that bulk of the Ni and V

are part:t1tio0-nd in t'h]c torri.: enous sd: :,.:;,nt co':tpornCr:t -and .re

iatt .ice,-held in the detrit'i- crystsal gre.irins.

XI R. ,ES U J.TS

Results i.Lti.&;iicd u'! i t i qcui'. 'r, Vic ,'.re ,nvail,'ible to hlle principlc'.

.inv's :i : '' by Snept:m r 15, h,'v , rn ivn in Tables V tl o•:u:h XXIV.

IV. Prl3 I,].!L 1 ,::. I t" ' j'tIE, • \A"ION II ii ;JLTS'

1.. C , C,', Ni., ' ; , . . b.irr l.l): A , ': , fr;- a

A d i.;'' . i:; ) . e d:il i '. b:- C i . u . ii i LI ot521a.L r<'
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.: .. . .. 3. 3 ; . !d ;'' 3 i).." * ..'.t : ;::. i' -! ' " ;: T:.p 7: 3 d ?i n s (D r . i) 1

1R,.41r3 ' 5(3 : NCIo J y' >3..! 4ii a oi.i3;1 ': ; w:r, 1' nL ed a L(or the:

thro"i ( ar; ':-, buu1 .i. 1as ob-s -frvl ..i t.h ti i.5:,;:t. . si'. LiL: III. .al coiii'c.:en--

trati;;n3.4 in 4e';' t.r- -. iV nIsr lt 7 t' fi cor . w -re ali:4ost alw71&ys;

ij.g. i 3 c . in ...... 1 ... ... . *) . . , T. if) .p.L'.. T..ia.. V .. J .C s theI n " sC 2) uCc

o .. •• -.. i l t tur7 .. *: c_:.rr'nit. 1ne(i1 th}e C...o. r ,' hi res :isped.ds botto

bott , \ :.ters. Co(• , .. o op)_n OC.C. : t.i"s t.he l els of JMn T -) A"

r' c : '1 ti e ly v4--ry ,'-i... Al thouth .n u cii'h .ata e 'xists in the litera--

tui:re. to coiapre with th1. vai-adiui level i s(; pcndd parLtic aLt mnater,

it appears tlat I r'culat' vr.nu.di" in iTh Alcskan nCS watlrs is ver ,

low. Ri.ey .ii'an T'.yl-or (196.) report 3.1. -,.,/ o, .solubl4- v;-n;'.di :n in

:-iltsri'd Irish Ss:'^ coast:.t ,_.-'1 rs n_ vai d.. Si-: ,1: a7 nd D;os (1974)

'reort 1.27 ;nd 1.82 3 ' va-radiu :ir. entrifu-ed seawater co'il le3td

off 1oll..1 nd. I: th.re.'or :.; app',.' TS t .at l.ss - " . .. 0./ of thse v ni-.dia_:

in A l's.: coas tal ater'-; i" presen! i'n 4 pos t: c1t.i :e form. An rcC.irAen

part i:..a. . / l.,- i.ou'_le rit :o wi..i., be o tl:1: ,in cd whe un , ;.-pi:!.:- ' ' s.' fil te'r,-i

:3. O:Z;;v re•'( J " T..; . nts c" :iL7 (D-. C. C. 'ur-.-.1.) A l r -ienr c "

A. nn. .. ._. Rep.r...

'i. S :;. ; ' Cr ( 7 ; y,?.} *.,: ; ( I. a. In Co .ink): I h e : .; ; ] trg : iity s>-

i 'n . : ' ,. i. ' . ;. . J :" : i .;;. ' i . - . . il ( ' l ' to Ei
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4. (Co itii: '.ujy )

quantitio:. o? d;ork co.lo ored .t; :.toria.: ., h] C 'liev 2'd to hbr chi ori)'hyi cion--

q a.inng i I c i( 1 .

S.rfac.e waters vcae' .. notcibl.v criLched in both So ;nd Cr over the

botLLcm w t:r "t . t thos'o st ti.onT whn tl cy -. ert:: ( CctO ccted,

5. Sedi.e'. c..t.r c draL,' (Dr . . C, -<u', .l ): A i.'. amouni- cf Lhc's.

data arc in ',w be'inl acct.umul.. d. Ind ] :-,p ro. ;]ti.:[on is imt7:O sib.e rntil

all. the grai,-,-size ana. ysiH :::.t : r e ai;, i.l :-.b .

6. Clay mineral na.ysis pr..,rax (lr. A. S. Naid .: At thre 27th Alaska

Science Confer•nce, he.1l i.n Tairbooks in Auuist 1976, a paper. was

presented by us (N::.u ct.: 1-., 1976) on the r.,;:T ry Irneral romposition:-

of the Gulf: o Alt;; k..,.e i.ime" cs. An abst:r ct o. the papsr is appei]!dc-1

with this rcport, wl•i.clh sur--ariS the h.ighli.ht of o0r obsrvatio,.

Result or'; tho.. south:_.e.s o .Sertng r oa serdiTrmenTts h.-ave not bc n evalu.tc:i

comipl-tel-y :..c-Iuse of a lack of additional -n:.ytical data. ?vowcve-r,

i.. may be c'f :inte•-esL to note thiSt o the ;asTiL s of s-Imp.. grycola.ted

sa .pl.e a t sis of th. <2 .n: and <1 .;: (e s.d. ) s '; f';eac "ioo s, it

would s- ' l- at th,-'e are .c.t:bl i ::: (-'. ti of, c .. v .. _r'"ls :in IL

c."ay-.i:'i.,! ipati--c . The <2 ;: size nfr ctio.n has r .'la vavly le-1  of,

the exp• .:,., co p ',:n_.t . nd cm' e of il.lit tC :n the r*- ' 0i;-i e

'r,-tion. "ro ium:ibhly t::. is re.ated to the iW.tn.'L nt C-:a:ac .r.5 of.

±ini pj i'_:.al . . ir, :: n t,:T.:al ad/ a : o .. c ho : '1 _: - .r 01 wo' t 'ar .d i'lit.- i..
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A. Tisi; p io'. r i.s neo-; .'o oi , f ully tihe e1f fects o i the ci rastic reductions

or ed or Y'" 77 7. Al thoh we av to orp thi oi.inay

ipro;:> ('St; plpinU proT , it s:3 elnt.Pir21 unclefar to 1- how much analysi.e

work wil be poss :ibe.L These di.fficultries were noted :'lso in the pre-

V:iLO!jT r3oniort.

B. Bcc;ýus.;, -2 wre ;rc .. bl(e to persIdlc, the re! event autlhor :ities to schedule

; stop for the !7•lr::. in S.E. or S. C'ntral Ala.s:a on it.s way north,

we .ere farcad to sn:::d much of our eqi.ps:.nt to Iong Beatch, This undoubteit.-i.y

result:cd :n tlhe d,,rge to the. water sTamiplrs noted prc.vio :ly, thus

ruining a large pa'r of the planned chelSristry progra:- in the Be;iufort Sei.

C, Due to a. strike a1,mong craftsmen at: tihe ý .i-rford site the Hanford "N"

reactor Jiin whichl our seol7 ater nerut.ron a•cti.'r:t:on analyl.iv : :is to :e: ptir-

forned 1:-: bee, shut down. This is the Conl ractor po- se;n the

necessary high,'y-ther.a lized neutron .fli--. to ,er- it: dir ct, instll r-nt l

neutro-n aciv' tion nualy -js ofy se' .' salt-. It i I hoped Lthat r ter this

s Cu~.'ar th r ac-tor will re2•s oper: ti lons.
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Ab: . .; ', p;,:'l' ; > " 0: ' ; . 0 0 , i. .......- . : . l", e" , 
1

' ' c:.''e C(o l.tn .: " .' ce..

(A tgi 1 t. ..1 ) '.ovcr.irn; i R < - : ; by'' .. t p U !.
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A . S. '.d. d 1r<.ii ;

':i n , A:;.; 9 7

and.

] 2 . CL . Mo§2 7:

. SU . n e . orf N• e C.1 .Anch- ra';:, .'., Al £ as;!:-a 99310

(< 2 v q .,.2• "- .p ri.:"_1 d i.~a•t•~• 1J Y-.- s i..':2:,s) C.22..205D Q. ' r-"' C Ce

of i. ;

(40 t: o 0. ) :d .: . i.ic ( 0 io ..:0 ) co p neT : , wi.h a subon (.2". :i l:2 (gener. ly

< _10.) c: *w,. ,.n. '-:: ! . p' .:;: ;-,.d only oc*•''a;:-ional t.rac-s O. ,.of *i.itc. ,L;.i _

rer ci. . . t

t i.: r, . i. -,: ,;.3 f,_1 , ! i ::<i..; .l ':: .' .; [ ,. i2 2: . -.'-) .t'V.i l 1 ' ; .o
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-r ... ;. )-X- ._ra.y dt ... 
t

i'; ti n .:ni ..yt.; ts o.f tim alol . c1.t y';; s 'l;w '.; .. i to .K i;.] MI_,

s t!lu r a t i.o n , .-; :ii - t: -i i , ..! . . p o rt.l- L :;. ('.: i '!(. ' .:;!i)JlI ;j %:>'!.. ] : U:!jl:T 7'r; .:l c o r.i) Ti'j. l ts

a•r': dc'.gra< d illit.te..

Add itJi.o1'; , v work. is i ,'ii p 'ro r': , Ie.d .- or.:'':; to c'h.rac.t:.ri. tlhe cl-y minCL.i.-]

componets i t.re thor ough Ily, in honpe, of "in.icr I. 3, 7 our .i.un..erLanding ofd . the

s-(id ment log.ic inii i _ralo ic _a g ocl 'ica'. r ].t:io.i';«:L]j. .n t c. 1o i - ois of"r

the continet. shelf of Alsk;.

NOTE: The nappuend! r sh,)7 ,. ar- of _tudy and ilte lociaticn's of

sedi imrnt samp.le . Data prLeen? erd in Tab .1 XV support t:h.; 'iew ithat -lIrmost

all of the expndable co:.i:po!e'irt jin the clay--sied .::rtic.lls alr degraded

(depot-.asiccated) iillites a.nd not secit.te.
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DAT.CE: ,_,ep ;:. ha 30.,, ._7',

D l..... •' "'"-;; L . .',!:•',: (-tS-" q ""• •G :17 "' ....... 
1

:'• :. "
L 9/ 0 7 N e •COft ii (3.13- _ .' U/ : 7i. 1:O. U. NU> ' ::

16 2/.6 :. / 2 3 / 1

PR-[lj :..K[ I reei 7 . 8/ !'6/75 0 ! :i';[-. D. C. uii *:cii ILnV

Diie; )K: L;', tIT /2/75 l//75 ' J/ NoI

N o..-... I. "2 .' " .' . ... -

J1..") /3. '0. , .l... C i..53,. . 7 /2''. . N"/ 3:' 7- :9

... ... - ..
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-n n .0 : E'' , * ' . A ''A 7 i :

5h 7 U

> o i L: .. A, ,/7 6/1 None No e "Nr

CDX;'s }'.i. i..,, ... $ 1 8/i'3 /7' 9/.I / .i ' NOn)e Non.- None.- HNio'.

D:i cov.'::r L' J.V ". ,// //5 1.0/16/75 .' None None

.Mi.l.ir r.<...n 8/:1i'.. (/7 1 0/20/75 None Lor t 9/30/7

D .o .r L.. . .. 0 /12/7I' 10/3/75 Nne * None Non

N. c 4/2~5/' 8/7/7 Non:e Lost TLos Lo.s

In rL• .!.. : .: 1975 None Noni'

Dis. C.ovrcr 016 11/23/75 1.2/75 1 5 None None N no

Cotartl: 03 5-022- 3 Last year o 'o * *

t 1_ .: . 0 /23 7/3/71

. .....- ... A DTth) ,s, .... i A A,.4 .. .-..- -... . A
1F0r T" ch 1

FT? >1 7 ':'1 71

Di.i.;o,.T : .,<. -Le. . i 07S 6/2/73 6/19/75 * *

. 1:t. ..,.: 'r . .. -. 8/31/73 o/1 .4/75 *

:. :c.o' \,'.. A '.. :T IV A..']. .. 10. . 10 7 0/16/75 9/ A30/76

N .r -,..- . 8,/: 6/7."'; ,0/. 0t. none "o

Ti ' ;.. e. . I.. 1 . 9/',:$'./7>- 10/3/75 nofnl:' none1 t

.No i'. ... : .C 4/. 5/7 T/ //75 non, n,"ne

Al : . ' L " ... , , ' lion4." .i.'O.'7;).;.C..A'lo' .. - 1 97A5 , o n ,A
11 / ..... . 2/ 7.

('4:.._ . , .:' ./ 7:.' ./ { ' none"

7e A/7 
T/1 777n53
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I. Task Objectives

A. General nature and scope of study

Our objective was to study the baseline levels of microbial activity
in the Beaufort Sea and Gulf of Alaska during both the summer and winter
seasons. In addition, we were to evaluate the effects of crude oil
on microbial activity and to analyze the process of hydrocarbon degrada-
tion by psychrophilic hydrocarbon utilizing bacteria isolated from the
Beaufort Sea.

B. Specific objectives

1. Determination of the relative heterotrophic potential in
natural marine microbial populations (task number A-27). Studies include
representitive samples of both water and sediments in different geological
locations and under contrasting seasonal conditions. These studies were
to be designed to give an estimate of the natural variations to be
expected in microbial activity in the waters and sediments of the Beaufort
Sea and Gulf of Alaska.

2. Isolation and characterization of psychrophilic hydrocarbon
utilizing marine bacteria which are capable of degrading and/or emulsifying
crude oil at relatively high rates under the conditions found in the
Beaufort Sea (task number B-9). Strains of bacteria having the above
characteristics were to be isolated from crude oil enrichment cultures
using natural samples taken from the Beaufort Sea as the inoculum.
After isolation and purification, the strains were to be subjected to a
number of basic physiological studies which would determine the function
of these organisms under the conditions found in the Beaufort Sea.

3. Determination of the acute effects of crude oil on the heterotrophic
activity of the natural microbial populations found in the Beaufort Sea
(task number C-2). These studies were to be supplemented with longer term
studies which would be designed to obtain information about how crude oil
affects the natural population and how, in turn, the natural population
alters the crude oil.

4. Coordination of our studies with the microbial studies of Dr.
Atlas and his associates to obtain the most comprehensive data possible
on the role of marine bacteria in the marine ecosystems in both the
Beaufort Sea and the Gulf of Alaska. To accomplish this end, our base-
line studies were to be made using the same samples. In addition, a
close liaison was to be established to insure the least possible duplica-
tion of effort. In addition, we were to collect subsamples to be analyzed
for inorganic nutrient concentrations by Dr. Alexander.

C. Suggested-objectives for future research

1. Potential in situ rates of crude oil degradation and emulsifi-
cation by microbial processes.

To date, there have been very few studies of crude oil biodegradation
in polar marine ecosystems. This information is absolutely required if
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informed managerial decisions are to be made concerning the best possible
course of action to take in the event of an oil spill and to properly
assess the potential long term effects of a spill under a given set of
circumstances. These types of data are currently being collected by our
research team but a great deal more must be learned before a comprehensive
picture is obtained.

2. The effects of crude oil on the bacteria involved in nutrient
and geochemical cycles.

Bacteria are the single most important factor in the recycling of
sulfur, phosphorous, nitrogen, and carbon in the marine ecosystem. It
is also important in such vital functions as nitrogen fixatipn and the
degradation of relatively recalcitrant compounds such as chitin. At the
present time, very little is known about the effects of crude oil on the
function of the bacteria involved in these transformations. It is
possible that crude oil may perturb one or more of these vital functions
which would, in turn, greatly affect the potential recovery of the
entire ecosystem. Without information about these vital functions, long
term effects of crude oil spills on primary productivity and biological
activity at the higher trophic levels will be impossible to assess.

3. Assessment of the long term effects of crude oil pollution on
restricted ecosystems.

An interdisciplinary study of the potential long term impact of
crude oil on a well defined representative ecosystem should be attempted.
Since the function of bacteria in such a system is basic to what will
eventually occur at higher trophic levels, an assessment of bacterial
function must be made.

II. Field and Laboratory Activities

A. Field trip schedule

1. During this period, we participated in a field trip in the
Beaufort Sea. This consisted of a cruise on board the US Coast Guard
ship Glacier from August 22 to September 5, 1976.

B. Scientific party

1. All of the personnel involved in this project are in the
Department of Microbiology, Oregon State University. Dr. Griffiths and
Mr. McNamara participated in the field trip mentioned above and conducted
related laboratory studies at Oregon State University.

2. Personnel:

Dr. Robert P. Griffiths, Co-Investigator
Mr. Thomas McNamara, Technician
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C. Methods

1. Sampling procedures

a. Discoverer cruise (March, 1976)

The water samples were taken in sterile Niskin plastic water
sample bags fitted on Niskin "butterfly" water samplers. All samples
were taken within two meters of the surface and were processed within
two hours after they were collected.

All sediment samples except the beach samples taken at stations a,
b, d and f were taken with a Van Veen grab. Approximately 150 grams of
surface sediment were taken as a representitive sample at each station.

,b. Beaufort Sea field trip (April, 1976)

Nine inch holes were drilled through the ice using a power
head and 9 inch auger. Water samples were taken using the Niskin
"butterfly" water samplers in all but four samples (#BW101, 102, 103 and
104). These four samples were taken using a sterile vacuum flask sampler
(our own design). The water samples were kept in an ice chest from
the time they were taken to the time they were received at NARL for
processing. This procedure prevented the samples from freezing while
enroute to the laboratory. All samples were processed within four hours
after they were taken.

The sediment samples were taken with a Kahl scientific mud snapper.
One or two grap samples were taken at the same time and location and
combined with the seawater within the grab. These samples were placed
into sterile 250 ml wide mouth glass sample bottles for transport to the
laboratory. All samples were maintained at or slightly below the in
situ temperature during sampling and transport.

Ice samples were taken from the ice shavings that resulted from
drilling the hole through the ice. These samples were placed into
sterile sample bags for transport to and storage at the laboratory. The
ice samples were melted at 5 C for 24 hours prior to processing.

c. Glacier Cruise (August, 1976) The same sampling methods were
used that are described for the Discoverer cruise.

2. Heterotrophic potential studies

The techniques used in this study were basically those of Hobbie
and Crawford (1969) as further modified by Harrison, Wright, and Morita
(197114 This procedure involves the addition of different concentrations
of U- C labeled substrate to identical subsamples. After addition of
the subsample, the 50 ml serum bottles that were used for reaction
vessels were sealed with rubber serum bottle caps fitted with plastic
rod and cup assemblies (Kontes Glass Co., Vineland, N.J.:K-882320)
containing 25 x 50 mm strips of fluted Whatman #1 chromatography paper.
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The samples were incubated in the dark within 0.5 C of the in situ
temperature. After the incubation period, the bottles were injected
through the septy with 0.2 ml of 5N H2SO4 in order to stop the reaction
and release the CO . After the addition of the acid, 0.15 ml of the
CO2 absorbent, B-phenethylamine, was injected onto the filter paper.
The bottles were then shaken on a rotary shaker at 200 rpm for at least
45 minutes at room temperaturf4to facilitate the absorption of CO2. The
filter papers containing the CO2 were removed from the cup assemblies
and added to scintillation vials containing 10 ml of toleune based
scintillation fluor (Omnifluor, New England Nuclear).

The subsamples were filtered through a 0.45 um membrane filter
(Millipore). The trapped cells on the filter were washed with three 10
ml portions of seawater at 0-3 C. The filters were dried and then added
to scintillation vials containing 10 ml of the above mentioned fluor.
The vials were counted in a Beckman model LS-100 C liquid scintillation
counter located in the field laboratory or they were counted on a Nuclear
Chicago Mark I liquid scintillation counter located in our laboratory at
Oregon State University.

In the sediment samples, a 1.0 ml subsample was diluted with a 32
o/oo (w/v) solution of sterile artificial seawater. After dilution, the
sediment sample was treated the same way as a water sample. Duplicate
one ml subsamples of the sediment slurry were dried and weighed to
determine the dry weights. These dry weights were used to calculate the
V values in terms of grams dry weight of sediment.max

During the Discoverer cruise, (U- C) L-glutamic acid with a specific
activity of 230 mCi/mmole (New England Nuclear) was used in all water
samples. The range of glutamic acid concentrations in the reaction
vessels was from 0.6 pg/liter to 4.6 pg/liter. With the exception of
sediment sample number 101GB, all sediment samples were exposed to
glutamic nid concentrations in the range of 10.5 pg/liter to 84 pg/liter
using (U- C) L-glutamic acid with a specific activity of 10 mCi/mmole.
Duplicate subsamples were used at each of four substrate concentrations.
The average incubation temperature used during the cruise was 4 C which
was within 1 C of the in situ surface water temperature. The length of
incubation varied from 9 to 12 hours.

During the Beaufort Sea study, all sediment and water samples were
exposed to glutamic acid with a specific activity of 230 mCi/mmole.
The range of glutamic acid concentrations in the reaction vessels was
from 0.6 pg/liter to 4.6 pg/liter. The average incubation temperature
used was -1.0 C and the length of incubation varied from 8 to 11 hours.
All samples were incubated in the dark.

During the Glacier cruise, the heterotrophic potential determinations
Swater and sediment samples were made using the same concentrations of
C glutamic acid that were used during the Discoverer cruise. In addition,

the uptake and respiration of algal protein hydrolysate and glucose were
monitored in both seawater and sediment samples. One concentration of4
each of these substrates were used in these determinations (38 ng of C
glucose or 0.9 ng At. carbon of algal protein hydrolysate were added
per 10 ml subsample). The average incubation temperature was 0 C and the
incubation times ranged from 8 to 12 hrs.
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3. Calculations

Calculation of the kinetic parameters was made from the relationship:

Cut Kt + n A
c V V

max max

14where c = radioactivity assimulated plus that respired as CO2 by the
heterotrophic population in disintegrations/min; S = the natural sub-
strate congentratioY4 in ug/liter; A = e added substrate in pg/liter; C
= 2.2 x 10 pCi of C; u = amount of C labeled substrate added/sample
bottle in pCi; t = incubation time in hours; V = the maximum velocity
of uptake in pg x liter x h ; and K = the transport constant in
pg/liter. From this equation can also be calculated the time (T ) in
hours required by the natural microbial population to utilize the natural
substrate in the seawater sample. For the derivation of this equation
and the assumptions on which it is based, see Wright and Hobbie (1966).
Saturation curves were converted to the best fitting straight line using
least squares and a modified Lineweaver-Burk equation.

The percent respired was calculated by dividing the amount of
labeled carbon associated with the CO2 fractionlby the total amount of
substrate taken up by the cells (both cell and CO2 radioactivity) and
multiplying this ratio by 100.

4. Microbial activity changes with time in oil enrichment cultures

A series of three experiments were conducted. The first experiment
(#l) was designed to measure the variations found between two "identical"
subsamples neither of which were exposed to crude oil. In thi experiment,
the uptake of C labeled algal protein hydrolysate and D (U- C) glucose
was measured at one substrate concentration. These factors were measured
in addition to those mentioned below. The algal protein hydrolysate had
a specific activity of 55 mCi/m atom carbon and a final concentration in
the reaction vessel of 0.95 pg atom carbon/liter. The D (U- C) glucose
had a specific activity of 284 mCi/mmole with a final substrate concen-
tration of 0.33 pg/liter. The other two experiments, (#2 and 3) were
designed to measure the effects of crude oil on the natural micrbbial
population found in the seawater samples.

Twenty gallon samples were taken from Yaquina Bay, Oregon and trans-
ported to our laboratory at Oregon State University. Within two hours
after the samples were taken, they were split into two equal portions
which were placed into 15 gallon aquaria fitted with an aeration system.
Forty ml of Prudhoe Bay crude oil was added to one aquarium and nothing
was added to the control. The water samples were incubated in the dark with
aeration at 8 C (the water sample temperature in situ). At various times,
subsamples were removed via a syphon system which allowed crude oil free
samples to be collected from the system. These subsamples were used to
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make mesurements of relative microbial activity and percent respiration
using C-labeled glutamic acid and sodium acetate. They were also used
to measure the bacterial concentrations using epifluorescent microscopy,
Lib X agar plates (Baross, Hanus, and Morita, 1974) and crude oil agar
plates (Atlas and Bartha, 1972).

The agar plates were incubated in the dark at 8 C. Colonies were
counted in the Lib X agar plates after incubating one week and the colonies
on the crude oil plates were counted after 6 weeks incubation.

The relative microbial activity and percent respiration was deter-
mined using the techniques described under "heterotrophic potential
studies". The subsamples were incubajed in the dark for two hours at
8 C. The same two concentrations of C-labeled glutamic aci~ 4were used
in these experiments as were used in the field studies. The C-
labeled acetate (New England Nuclear) used had a specific activity of
either 54 or 8.7 uCi/uMole. The concentration ranges used were either
from 2 to 32 pg/liter or 6 to 100 pg/liter.

5. Direct Cell Counts

Ten ml of seawater was fixed in the field laboratory by adding it
to 0.6 ml of membrane (0.45 pm) filtered formaldehyde (37%). The vials
containing the fixed water samples were sealed and stored until they
could be counted in our laboratory at Oregon State University. In the
sediment studies, the final dilution of the sediments in the heterotrophic
potential studies was used and treated the same as the seawater samples.

From 5 to 17 ml of sample were filtered through a 0.2 pm Nuclepore
filter. When a relatively high number of organisms was present, the
samples were diluted with membrane filtered artificial seawater. The
number of organisms per field was kept within acceptable limits and the
volume filtered was kept above 5 ml. Controls were run using filtered
artificial seawater and all of the reagents used in the staining and
mounting procedure. These counts were no more than 5% of those found in
the samples and were considered insignificant.

The staining procedure used was that of Zimmermann and Meyer-Reil
(1974). This procedure involves staining the cells trapped on the
membrane filter with acridine orange and then destaining with isopropyl
alcohol. The membranes were dried and mounted on microscopic slides.

The bacterial cells were counted using a Zeiss IV Fl epi-fluorescence
condenser microscope fitted with filters KP 500, KP 490, FT 510, and LP
520. The eyepiece used was Kpt W 12.5 x and the objective was plan 100
x. Approximately 50 restriction fields were counted per sample. Represen-
tative fields were counted from the center of the membrane filter to the
outside edge of the filtration circle.

Only bodies with distinct fluorescence (either orange or green),
clear outline and recognizable bacterial shape were counted as being
bacterial cells.
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D. Sample Locations

The locations and sampling dates for all work in the Gulf of Alaska
are given in Table 1 and Figure 1 in the 5th quarterly report.

The sample locations and dates for work conducted during April, 1976
in the Beaufort Sea area are given in Table 5 and Figure 2 in the 5th
quarterly report.

E. Data collected

During the Gulf of Alaska cruise, we measured heterotrophic potential
and bacterial concentrations in 27 water samples and 20 sediment samples.
Of these samples 7 water samples and 4 sediment samples were taken along
the beach.

During the Beaufort Sea study, 23 water and 14 sediment samples
were studied. In addition, three ice melt samples were analyzed.

During the Glacier cruise, 18 water and 13 sediment samples were
analyzed. The results of these experiments will be presented in the next
report.
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III. Results

A. Field Studies

The data given in Table 1-3 were collected during our March cruise

on the Discoverer and during our April field study period in the Beaufort

Sea. The balance of the data collected during these studies was reported

in our fifth quarterly report.

Table 1 shows the total bacterial concentrations in seawater

samples taken from both the Gulf of Alaska and the Beaufort Sea as

determined by direct microscopic counts. Twenty seven water samples

were analyzed in the Gulf of Alaska. The observed values varied from5
1.2 x 10 to 2.7 x 10 cells per ml with an average value of 1.9 x 10

cells per ml. This is roughly ½ of the average bacterial concentration
observed in the Beaufort Sea during our summer 1975 field study period.

The bacterial concentrations in seawater and ice melt observed in the

Beaufort Sea during our April, 1976 studies are also given in Table 1.

The average figure was 1.5 x 10 cells/ml for the seawater samples

studied. This is roughly the same as the average concentration of cells

found in the Gulf of Alaska and about the same as the average bacterial

count observed in the three ice melt samples tested. The average con-

centration of bacteria in the Beaufort Sea and the Gulf of Alaska water

samples do not reflect the same trends that were observed in the V

data observed in the same samples. The average V value was rougnly

twice as high in the Beaufort Sea as in the Gulf moXAlaska even though

the average incubation was 5 C lower in the Beaufort Sea samples. The

average concentration of bacteria; however, was about the same in both

regions (Table 1).

The bacterial concentrations found in twenty Gulf of Alaska sediment

samples are given in Table 2. The range of values observed was from 1 x

10 to 3.1 10 cells per gram dry weight sediment. The average value

of 1.5 x 10 9 cells per gram was somewhat higher than the average figure

of 0.74 x 10 cells per gram observed in the Beaufort Sea during the

summer of 1975 and slightly higher than the average figure of 1.0 x 10
cells per gram observed in the Beaufort Sea during the April, 1976 study

(Table 3). The maximum potential rate of glutamic acid uptake (V )
values for the same sediment samples are also given in Table 2. TIese

values ranged f om 0.1 to 27.5 pg glutamic acid x gra2 dry yeight

sediment x hr . The average value was 4.5 ug x gr x hr . This

value is significantly higher than that observed in the Beaufort Sea in

the summer of 1975 when an average value of 0.52 ug x gr x hr was

observed and it is approximately two orders of magnitude higher than

that observed in the April Beaufort Sea study (Table 3).

The bacterial concentrations and V values observed in 15 sediment
max

samples taken from the Beaufort Sea are given in able 3. The observed -

V values ranged from 0.4 x 10 to 17.8 x 10 ug x gram dry weight x hrS-2
wih an average value of 5.0 x 10.
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The average bacterial concentration observed in the Beaufort Sea
sediments was9l.0 x 10 cejls/gram dry weight sediment. The range was
from 0.5 x 10 to 1.7 x 10 cells/gram dry weight (Table 3).

The results from the data collected during the Glacier cruise will
be given in the next quarterly report.

B. Laboratory studies

Two experiments were conducted to determine the effects of crude
oil on the potential rates of glutamic acid and acetate uptake and the
present respiration of these two substrates in natural microbial popu-
lations (experiments 2 and 3). In addition to these factors, bacterial
cell counts on Lib X agar plates and crude oil plates and total bacterial
concentrations were measured using direct microscopic observations. These
same factors were also measured in a control experiment designed to deter-
mine the variations found in two identical subsamples that had not been
perturbed with crude oil (experiment #1).

The results of the glutamic acid uptake studies in the three experi-
ments are given in Figures 1, 2, and 3. The percent respiration of glutamic
acid taken up is given in Figures 7, 8, and 9. The results of the acetate
uptake studies are given in Figures 4, 5, and 6. The percent respiration
of acetate taken up is given in Figures 10, 11, and 12. The concentration
of bacteria per ml was also followed during the course of these three
experiments. "Total" bacterial counts were made using Lib X agar plates;
these results are reported in Figures 13, 14, and 15. The concentration
of crude oil degrading bacteria was determined by plate counts on crude
oil agar plates; these results are reported in Figures 16, 17, and 18.

During the course of experiment #1, the uptake of a 1C-labeled algal
protein hydrolysate was also followed at one substrate concentration;
these resul s are reported in Figure 19. During this experiment, the
uptake of C-labeled glucose was also measured at one substrate concen-
tration; these data are reported in Figure 20.

Bacterial concentrations were also measured during the course of these
experiments; these data will be reported in the next quarterly report.

The results of observations made during the Glacier cruise in the
Beaufort Sea (August, 1976) will be presented in the next quarterly report
since there has been insufficient time to prepare and analyze these data.
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Table 1. Total numbers of bacteria found in seawater samples taken from the
Gulf of Alaska and the Beaufort Sea as determined by direct
microscopic observation.
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Table 2. Total number of bacteria found in sediment samples taken from the
Gulf of Alaska using direct microscopic observation and the maximum

potential velocity for glutamic acid uptake (Vma) in the same
samples.
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Table 3. Total number of bacteria found in sediment samples taken from the
Beaufort Sea using direct microscopic observation and the maximum
potential velocity for glutamic acid uptake (V max) in the same
sample.
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Figure 1. Vax of glutamic acid uptake in both seawater samples. Experiment #1.



Figure 2. V of glutamic acid uptake in both the control and oil enrichment cultures.Experiment 2.
EXbperiment &2.



Figure 3. Vx of glutamic acid uptake in both the control and oil enrichment cultures.
Experiment #5.



Figure 4. Vax of acetate uptake in both the water samples tested. Experiment #1.max



Figure 5. V of acetate uptake in both the control and oil enrichment cultures. Experiment #2.max



Figure 6. Vax of acetate uptake in both the control and oil enrichment cultures. Experiment #5.



Figure 7. Percent respiration of glutamic acid utilization in both seawater samples. Experiment #1.



Figure 8.Percent respiration of glutamic acid utilization in both the control and oil enrichment
cultures. Experiment #2.



Figure 9. Percent respiration of glutamic acid utilization in both the control and oil enrichment
cultures. Experiment i5.



Figure 10. Percent respiration of acetate utilization in both seawater samples. Experiment # 1.



Figure 11.Percent respiration of acetate utilization in both the control and oil enrichment cultures.
Experiment #.



Figure 12. Percent respiration of acetate utilization in both the control and oil enrichment

cultures. Experiment # 3.



Figure 13. Total number of bacteria per ml as determined by plate counts on Lib X agar plates.
Experiment #1



Figure 14. Log of total bacterial cell numbers per ml as measured on "Lib X" agar plates.
Experiment # 2.



Figure 15. Log of total bacterial cell numbers per ml as measured on "Lib X" agar plates.
Experiment # 3.



Figure 16 Log of hydrocarbon utilizing bacteria per ml as measured on crude oil agar
plates. Experiment # 1.



Figure 17. Log of hydrocarbon utilizing bacteria per ml as measured on crude oil agar plates.
Experiment # 2.



Figure 18. Log of hydrocarbon utilizing bacteria per ml as measured on crude oil plates.
Experiment # 3.



Figure 19. Algal protein hydrolysate uptake in both seawater samples reported as DPM per hour
incubation. Experiment #1.



Figure 20. Glucose uptake in both seawater samples reported in DPM / hour incubation .
Experiment #1.



34

IV. Preliminary interpretation of results

A. Field studies

1. As we have observed before, there appears to be very little
difference between the bacterial cell concentrations found in the sea-
water and ice melt.

2. There was little difference in the bacterial concentration
found in seawater samples analyzed in the Gulf of Alaska and those
analyzed from the Beaufort Sea. There was, however, a significant
difference between the potential microbial activity observed in these
two regions; the average activity in the Beaufort Sea being roughly
twice that found in the Gulf of Alaska.

3. The situation was reversed for potential activity observed
in the sediments i.e., the sediments in the Gulf of Alaska showed
potential activities roughly two orders of magnitude higher than that
found in the Beaufort Sea even though the cell concentrations were about
the same.

4. When comparing the Beaufort Sea data taken in the summer and
winter sampling periods, there were also some interesting trends. The
average cell concentration in the sediments did not vary much but the
average relative activity observed in April was about one order of
magnitude less than that observed during the previous September. In the
water samples tested, the cell concentration decreased by about a third
and the potential activity decreased by about an order of magnitude
during the same period.

B. Laboratory studies (oil enrichment experiments)

Three experiments were conducted; the first was designed to determine
the variation that might be expected between two "identical" subsamples
neither of which had been perturbed by crude oil. The second and third
experiments were designed to show the effects of crude oil on microbial
function and cell concentrations in natural seawater samples.

If the V data for glutamic acid uptake in the three experiments
are compared,m e variations seen in experiment 1 would account for the
differences seen between the oil and nonoil controls in experiments 2 and
3. When the differences in the percent respiration for glutamic'acid
in the nonoil and control aquaria are compared, there was a significant
difference seen in experiment 2 but not in experiment 3 (Figures 7, 8 and
9).

A similar analysis of the acetate uptake data (Figures 4, 5 and 6)
reveals that there might be a positive effect of crude oil on the V
of acetate uptake in the early stages of incubation before the 10thmaxy;
however, the data presented in Figure 4 (experiment #1) are only rough
estimates of the true values so that not much weight can be given to
relative comparison with experiments #2 and #3. It can thus be stated
at this time that crude oil might have a positive effect on acetate V

maxin the early stages of exposure to crude oil.
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When the effect of crude oil on the percent of acetate respiration
was studied (Figures 10, 11, and 12), there was no significant consistent
effect observed. The same was true of the effect of crude oil on the
relative levels of "total" bacterial numbers as determined by plate
counts on Lib X agar plates (Figures 13, 14 and 15). In contrast to
these data are the results of the effects of crude oil on hydrocarbon
utilizing bacteria as determined by plate counts on crude oil plates.
The results of both experiments 2 and 3 show that the levels of hydrocarbon
utilizing bacteria were higher in the crude oil enrichments than in the
control after about two weeks incubation (Figures 16, 17 and 18).

During the course of experiment #1, the uptake of algal protein
hydrolysate and glucose at one substrate concentration was also followed
(Figures 19 and 20). These data suggest that it might be profitable
to include similar measurements into the routine analysis of sediment
and water samples taken in the field. Although these types of data do
not generate information about the maximum potential rates of substrate
uptake, they do produce percent respiration data and may produce useful
information about relative uptake rates of a complex substrate in various
natural populations. The glucose data generated patterns of substrate
utilization which were different from any of the other substrates tested.
It is quite possible that these uptake patterns reflect the metabolism
of a different population than that measured using the other substrates.
This difference was especially noticable at time 13 days.

In view of these results, we will start measuring glucose uptake at
one substrate concentration on all samples taken in the field. These data,
along with the uptake of algal protein hydrolysate and glutamic acid
uptake kinetics should give us a more complete picture of relative hetero-
trophic potential in seawater and sediment samples taken during future
field studies.

In summary, this series of experiments showed that of the parameters
that we studied, only the concentration of hydrocarbon utilizing bacteria
in the seawater samples appeared to be significantly altered in both
experiments. It should not be concluded on the basis of these results
that crude oil has no effect on the heterotrophic populations found in
seawater in general for the following reasons: (1) the number of factors
measured were few relative to all functions in heterotrophic bacterial
populations (2) the variability between two "identical" subsamples was
relatively large; thus there might have been effects that we were not able
to measure using the two aquaria system (3) the system that we studied
was a highly artifical one in that the seawater samples were contained
within a vessel; this is a condition which is known to greatly alter
bacterial populations because of surface effects, the accumulation of
metabolic byproducts and the depletion of nutrients (4) the water
samples were taken from temperate bay waters which may not be typical
of colder, less perturbed waters.
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V. Problems encountered, recommended changes and acknowledgments

A. Problem areas

Due to the problems of ice and fog encountered during the Glacier
cruise, roughly ½ of the planned stations were occupied. Since weather
conditions did not permit trips to shore, no beach samples were taken.

B. Recommended changes

1. We still recommend that certain representative sampling sties
be established and that interdisciplinary studies be planned which would
continue without interruption for 2 to 3 years. As an integral part of
these experiments, a controlled oil spill should be studied to determine
the long term in situ effects of a crude oil spill on that environment.
This would require continuous year round monitoring of those parameters
which are most subject to rapid change.

2. In addition to the above studies, we strongly recommend that
more funds be made available for laboratory studies on the biodegradation
and emulsification of crude oil by bacterial isolates taken from Arctic
and Subarctic marine environments. These studies would produce information
about the effects of physical and chemical factors on the biodegradation
process. From these data, some estimate of potential crude oil degradation
rates could be made for a specific set of environmental conditions. With-
out this information, informed managerial decisions can not be made on
how best to cope with an oil spill under all of the environmental
conditions that might be encountered in Arctic and Subarctic marine waters.

C. Acknowledgments

We would like to extend a special thanks to the officers and crew
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VI. Estimate of funds expended through September 30, 1976.

Salaries and Wages $ 46,276
Other Payroll Expenses 6,942
Supplies 15,768
Travel 6,143
Equipment 29,998
Indirect Costs 18,300

Total $123,427
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Quarterly Report

I. Task Objectives

The primary objectives of this program are to produce data on the kinds

and amounts of hydrocarbon in waters, biota and sediments of the Alaskan

OCS areas and to develop a quantitative understanding of factors that

control those distributions.

II. Field and Laboratory Activities

A. Field

1. Surface water samples (14) were collected during a cruise of

the USCGC Glacier in the Beaufort Sea during the month of August.
Ice and weather conditions prevented the collection of seston or

benthic biota on this cruise.

2. As this report is being transmitted, surface water and seston are.

being collected during a cruise of the USNOSS Discoveror in

Norton Sound and the Chukchi Sea.

B. Laboratory

Analysis of biota, water and seston have proceeded smoothly and

steadily during this quarter.

C. Program development

In concert with other chemistry principal investigators and OCSEAP

management staff the development of research plans for a group of

site specific studies have been begun. The present tentative plan
is to study the physical transport of pollutants at Icy Bay, the
migration of pollutants through intertidal biological communities
at Kachemak Bay and the migration of pollutants through pelagic
communities in the "golden triangle" region of the Bering Sea.
The need for a coastal study in the Beaufort Sea is recognized; how-
ever, further reconnaissance work is required before a sound plan
can be developed.

III. Results

Analyses of water, biota, sediment and seston from Lower Cook Inlet show
hydrocarbon patterns and abundances comparable with the open Gulf of
Alaska. Petroleum was not detected even in Kamishak Bay, an area of
reported natural oil seeps.

IV. Subcontractor Activities

A quarterly report describing I. R. Kaplan's progress in sediment collection
and analysis will be forwarded when available.
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OCS COORDINATION OFFICE

University of Alaska

ENVIRONMENTAL DATA SUBMISSION SCHEDULE

DATE: September 30, 1976

CONTRACT NUMBER: 03-5-022-56 T/O NUMBER: 5 R.U. NUMBER: 275/276/294

PRINCIPAL INVESTIGATOR: Dr. D. G. Shaw

Submission dates are estimated only and will be updated, if

necessary, each quarter. Data batches refer to data as ident-

ified in the data management plan.

Cruise/Field Operation Collection Dates Estimated Submission Dates

From To Batch 1 2 3

Silas Bent Leg I #811 8/31/75 9/14/75 None submitted submitted

Discoverer Leg III #810 9/12/75 10/3/75 None None submitted

Discoverer Leg IV #812 10/3/75 10/16/75 9/30/76 None submitted

Surveyor #814 10/28/75 11/17/75 None submitted None

North Pacific 4/25/75 8/7/75 submitted None None

Contract 03-5-022-34 Last Year submitted submitted submitted

Moana Wave MW 001 2/21/76 3/5/76 None 9/30/76 9/30/76

Miller Freeman 5/17/76 6/4/76 9/30/76 None None

Glacier - - None (a) None

Discoverer 9/10/76 9/24/76 None (a) (a)

Note: Data Management plan has been approved and made contractual.

(a) Data will be processed and submitted in FY '77, contingent upon
receiving funding for Fy '77.
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I. Objectives

The general objective of this research unit is to provide long-term
Eulerian time series of currents at selected locations on the outer shelf
and the slope of the Beaufort Sea, so as to describe and understand the cir-
culation and dynamics of the outer shelf and slope.

II. Field activities

A. Field trip schedule

1. 2-6 September 1976
2. U.S.C.G.C. Glacier with helicopters

B. Scientific party

1. Knut Aagaard, Department of Oceanography, University of Washington,
principal investigator.

C. Methods

1. This was an attempt to retrieve from aboard ship the current
meter moorings deployed last April in outer Barrow Canyon and
north of Oliktok.

D. Sample localities

As per previous quarterly report.

E. Data collected

The current meters are recording temperature, current speed, and
direction.

III. Results

Heavy ice precluded any attempts to retrieve the moorings north of
Oliktok from aboard ship. Helicopter reconnaissance over the Barrow Canyon
area showed relatively high ice concentrations as late as 5 September, and
it was deemed inadvisable to attempt recovery from the Glacier.

IV. Preliminary interpretation

None.

V. Problems encountered

A heavy ice year has thus precluded shipboard recovery of the moor-
ings and we shall have to do it in October, using a helicopter and working
through the ice. The preparations for this work are underway.

In regard to deployment of instruments during the coming fiscal year,
there have been some further construction and testing delays in the telemetry
modules. These have been detailed in a letter to Dr. Weller from Dean Haugen,
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APL, dated 13 September 1976. In order to ensure deployment of the current
meters themselves during the critical early months of rapid freezing, we have
suggested the following procedural changes to Dr. Weller. We plan to deploy
the two moorings in October-November as planned, but without the telemetry
modules. Instead, we'll use transponding acoustic releases and recover the
moorings in late winter (February-March) through the ice, using a helicopter.
At that time we would then deploy new moorings with the telemetry modules and
carry on as per our original plan. This procedure seems to optimize the
situation; Dr. Weller concurs.

VI. Estimate of funds expended (31 August 1976)

A. Original allocation
1. Aagaard, Oceanography $ 74,651
2. Haugen, APL 100,349
3. Total 175,000

B. Expended: Aagaard
1. Salaries 6,508
2. Benefits 776
3. Indirect costs 2,851
4. Supplies and other direct costs 16,734
5. Equipment 34,334
6. Travel 1,387

Total 62,590

Remaining balance 12,061

C. Expended: Haugen
1. Salaries 39,400
2. Benefits and indirect costs 39,400
3. Purchases, travel and supplies 21,165

Fee 3,758

Total 103,723

Remaining balance -3,374
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QUARTERLY REPORT

I. Activities

We have asked for a non-additional funding three month extension
to December 31, 1976. All our present effort is aimed at producing
the final report.

II. Results

Results will be presented in the final report as soon as it is
available.

III. Problems Encountered

None.
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OCS COORDINATION OFFICE

University of Alaska

ENVIRONMENTAL DATA SUBMISSION SCHEDULE

DATE: September 30, 1976

CONTRACT NUMBER: 03-5-022-56 T/O NUMBER: 4 R.U. NUMBER: 111

PRINCIPAL INVESTIGATOR: Dr. Robert F. Carlson

No environmental data are to be taken by this task order as

indicated in the Data Management Plan. A schedule of sub-

mission is therefore not applicable.

NOTE: Data Management Plan has been approved and made contractual.
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I. TASK OBJECTIVES

- Eulerian measurements of the velocity field at several positions and

levels

- Measurement of the along- and cross-shelf sea surface slope

- Process study to understand the interrelations among the velocity

field, the bottom pressure gradient, the density field, and the wind

field in order to determine the dynamics of the circulation on the

continental shelf.

II. FIELD OR LABORATORY ACTIVITIES

A. Cruises:

1. R/V MOANA WAVE Leg 3, 18-27 August 1976

See attached cruise report.

B. Methods:

Plessey 9040 CTD

Plessey 8400 Digital Data Logger

Aanderaa RCM-4 current meters

PTG pressure temperature gauges

AMF releases

III. RESULTS

These new data sets are being processed and analyzed. Results of

previous analyses are contained in the appended manuscript.
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R/V MOANA WAVE OCSEAP LEG 3 18-27 AUGUST 1976

Cruise Report

Dr. S. P. Hayes

Objective:

This cruise was one of several which have as their principal objective

the study of the physical oceanographic regime in the Northeast Gulf of

Alaska. In particular, the oceanic circulation west of Kayak Island and in

the region near Icy Bay were the focal points for this cruise. The Kayak

Island study was designed to investigate the semipermanent gyre which had

previously been detected in this region. The Icy Bay work is part of a con-

tinuing study aimed at understanding the barotropic response of the ocean

currents to wind forcing.

Narrative:

The R/V Moana Wave departed Kodiak at 0600Q 18 August enroute to the

Kayak Island moored array. We arrived on station #69 at 0800Q 19 August.

Mooring recoveries began and were completed by 1600Q. A test CTD lowering

was conducted and the system performed satisfactorially.

We proceeded to the Icy Bay region and began CTD work at 0100Q 20 August.

A line of CTD stations were taken perpendicular to the coast. At daybreak

attempts were made to interrogate mooring SLS-12. These were unsuccessful.

Similarly, SLS-11 and STATION 62 failed to respond to interrogation. At

SLS-10, it was decided to attempt to release the mooring in spite of the

failure of the interrogation. The mooring came up about 200 m from the ship.

The problem in the interrogation mode was traced to the AMF Model 301
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Release Deck Set. We requested a Model 200 Deck Set to be sent to Yakutat.

Arrangements were made to pick up the gear on Sunday 22 August.

21 August was a clear calm day. We decided to continue mooring re-

trieval. All remaining moorings (SLS-11, 12, STA 62) were recovered and

all redeployments were completed.

On Sunday 22 August we went into Yakutat to pick up the release deck

unit. By 2100Q we were back in the work area, and the night was spent

taking CTD casts.

At daybreak on 23 August'we maneuvered into position to drag for SLS-7.

The next two days were spent unsuccessfully dragging for this mooring.

Similarly, we attempted to drag for ICY-2 with no success.

At 2300Q 25 August we abandoned the dragging operation due to increas-

ing sea state and lack of results. We headed back to Kodiak. We arrived

at the Kodiak Coast Guard Base at 0930Q 27 August.

Accomplishments:

Moorings recovered:

69A 590 49.2'N 1450 43'W

60C 600 06.9'N 1450 48.6'W

61C 590 32.6'N 1450 49.7'W

SLS-10 590 59'N 1420 17'W

SLS-11 590 52.2'N 1420 24.6'W

62H 590 38.1'N 1420 05.0'W

SLS-12 590 43.3'N 1420 34.6'W
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Moorings deployed:

SLS-16 590 59.0'N 1420 19.0'W 52.4 m

SLS-17 590 49.5'N 1420 31.3'W 98.5 m

SLS-18 590 42.1 N 1420 41.9 W 262 m

621 590 38.1'N 1420 04.0'W 190 m

STD: A total of 15 CTD stations were taken in the Icy Bay region.

All mooring operations were successful and a total of 14 current meters

and three pressure gauges were recovered. While the dragging operations were

not successful, such work is difficult at best. Perhaps a line drag using

two fishing vessels would be useful for SLS-7.

Personnel:

Dr. Stanley P. Hayes PMEL Chief Scientist

John Glenn PMEL Electronics Technician

Rick Miller U.W. Mooring Technician

Dave Pashinski PMEL Mooring Engineer

Dean Dale PMEL Data Recorder

Andrew Anschell U.W. Mammal Observer

Acknowledgements:

The cooperation of the officers and crew of the R/V MOANA WAVE is greatly

appreciated. The advice and abilities of Capt. Willis were especially help-

ful.
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Extreme Value Analysis Applied to Current Meter Data

R. L. Charnell

J. D. Schumacher

C. A. Pearson *

Pacific Marine Environmental Laboratory

3711 15th Avenue N.E.

Seattle, Washington 98105

Abstract

The statistical method of extreme value analysis is applied to 15 month

current meter observations on the continental shelf in the Northeast Gulf of

Alaska. The technique is used to characterize the data and suggests the utility

of extrapolating data to obtain estimates of extreme flow over time periods in

excess of the observation period. For the data at 50 m, a maximum speed of over

112 cm/sec probably will occur in an observation period of 5000 days (13.7 yr).

A model is presented that allows extrapolation of the data to other levels in

the water column. By comparison, at 10 m and for the same 5000 days, an extreme

speed of 155 cm/sec would occur.

Introduction

During 1974, NOAA's Pacific Marine Environmental Laboratory (PMEL) began

a series of direct current measurements on the continental shelf in the Northeast

Gulf of Alaska. These measurements are in support of a multi-discipline effort

to predict and assess the environmental impacts of oil exploration and develop-

ment in shelf waters. Since so few direct current measurements have been made in

*employed by NOAA's National Ocean Survey and assigned to PMEL
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this area, one objective of the PMEL program was to obtain a long time series

with which to examine seasonal variations in the flow and determine the typical

range of speeds. These data are useful for estimating transport of pollutants

as well as establishing design criteria for offshore structures. Since beginning

the project, PMEL has continuously occupied a single subsurface taut-wire mooring

on the Alaskan Shelf that has yielded nearly continuous .records from four depths.

We have used these data to characterize flow at this site with emphasis on

occurance of extreme flow events. This paper discusses the application of the

technique of extreme value analysis to current meter data; the appropriateness

of the technique is borne out by the consistency of projected extreme estimates.

Further we present a technique that allows extrapolation of extreme flow informa-

tion for other levels.throughout the water column.

The Alaska data were chosen as an example of the technique's-usefulness.

The station is located in an area within the Gulf of Alaska circulation which is

dominated by the Alaska Stream. The Stream is formed as the North Pacific Cur-

rent splits at the North American land mass; the Northwestward flowing limb forms

a counterclockwise gyre in-the Northeast Gulf and develops.into a strong westward

flowing current along the continental shelf break intensifying to the west (Dodi-

mead et al., 1963). Description of the water mass structure and its seasonal

variation can be found in such reviews as Dodimead and Pickard (1967) and Royer

(1975).

Current meter observations

The long time series station, #62 used for this study is located just

off Icy Bay at 590 34'N and 142 1O!'W (Figure 1). It has been maintained con-

tinuously since 17 August 1974. The most recent record from this station was

recovered in May 1976; the station will continue to be occupied until the

summer, 1977. The array consists of a large (1.1 meter diam) sub-surface
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float approximately 17 m below the surface and four Aanderaa RCM-4 Savo-

nious-Rotor current meters. Nominal depths for the meters have been 20,

50, 100 and 175 m below the surface in 185 m of water. These current me-

ters record an instantaneous flow direction with an integrated speed over

a 20 minute time interval. During winter when it was not feasible to oc-

cupy the station as often as during summer, the sampling time interval was

increased to 30 minutes. To remove very high frequency noise, the current

data was processed with a 2.9 hr low pass filter. This filter has an ener-

gy response such that less than 0.1% of the energy is passed at a period

of 2 hours and greater than 99% of the energy is passed at a period of 5

hours. Theoretically, the data should still include all the observed ti-

dal and wind induced flow components.

No record was complete for the entire period of observation; but for

the 50 m and 100 m depths there are continuous records over 15 months long.

Figure 2 shows the 5-day mean speeds over the entire available record

lengths. The 5-day mean speeds for the 20 m observations range from 9-57

cm/sec while for the 180 m observation the mean ranges from 8-28 cm/sec.

The data clearly show the marked seasonal behavior of flow associated with

the annual variation in storm activity described by Royer (1975). The da-

ta from the 50 and 100 m levels show an increase in the very low frequency

flow from a mean of about 15 cm/sec in summer to a mean of over 25 cm/sec in

winter; variation about this mean in winter is considerably higher than dur-

ing summer. This low frequency flow is due to the effect of the Alaska

Stream on shelf water. Response of shelf water to the passage of storm e-

vents during winter at this site is the subject of Hayes and Schumacher (1976).

The ensemble averaged energy spectra for all available data at each of the

four depths are shown in Figure 3. Tidal and inertial periods are indicated.

Data from all levels show marked tidal peaks. However, the proportion of
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diurnal tidal energy is barely above background energy at the 20 meter

level but increases with depth. Only the 20 m data show significant ener-

gy at the inertial frequency, although most of this occurred during the

winter of 1974-75 when the records from the other levels were incomplete.

Local topography greatly controls the direction of flow; flow tends to

parallel isobaths at this location. While there are seasonal as well as

higher frequency variations in these trends the mean is stable and vari-

ations small. Generally, flow strongly adheres to this bathymetric con-

straint and tends to have a mean direction of around 315 0 T. Variation of

maximum flow about this axis is apparently quite low since mean speed values

along this axis for the 50 m data are only 5 percent less than those using

mean speed alone. This direction stability allows analysis of extreme flow

events to be carried out on a scalar rather than a vector quantity; conse-

quently, subsequent discussion is related to extreme speeds.

Extreme speeds

It is desirable to summarize these data in some manner that allows a

characterization of significant flow events. A promising technique is that

of extreme value analysis. This technique has been used successfully

on other environmental data sets and has a large volume of litera-

ture describing its application. Gumbel (1954) presents the technique in

detail and can be used readily for application. The theory supposes that

the magnitude of extreme flow events increases with the logarithm of observa-

tion time. Such a distribution fit through observed data allows the defini-

tion of a return period for extreme values. This concept does not state

that the specific value is the largest value to be obtained at a certain time,

but only that it is the most probable largest value to be obtained within a
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certain time and gives limits within which this value may be expected to

lie, with a certain probability.

The procedure is to section the record into N segments of length AT,

select the largest value of each segment and order the new set by increas-

ing magnitude. For this new data set a mean cumulative probability func-

tion, P(s ), is calculated for each ranked speed, s ;

P(s ) m
m) N+1 (1)

The probability of the mth speed equaling or exceeding other speeds of the

set thus is equal to P(s ). A return period, TR, may be defined for the

mth speed as:

AT
TRSm) = (1-P(s )) (2)

Significance of the return period is such that on the average, a speed sm

or greater will occur once every TR(s ) days. Assuming the data follow the

proposed logarithmic distribution, extreme speeds should vary linearly with

a logarithmic function of P(s ). Gumbel's model for the logarithmic func-

tion is called the reduced variate, Y:

Y = -In(-ln(P(s))) (3)

A straight line can be fit through these data using least squares methods;

from the equation for that line, expected extreme speed as a function of re-

turn period and segment length can be calculated:

s = A+B-Y = A+B-(-ln(-In(1-AT/TR))) (4)

A measure of the fit of these data to the probability distribution can be

determined from the calculated linear correlation coefficient, r. The per-

centage of the total variation of the expected speeds that is accounted for

by the linear relationship with the observed speeds can be estimated as

100 r 2 . Further, the confidence intervals can be computed using Stu-
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dent's t distribution. For our data the confidence interval was chosen for

a 95% level of significance.

There are several important restrictions to the technique that require

attention and make interpretation of the analysis for a small data set such

as represented by the Alaska current meter data, somewhat tentative. The

application of statistical theory of extreme values is ideally suited to a

large data set covering many years such as occurance of flood conditions in

streams. For the Alaska current meter data we have one year of data with

many storm events producing extreme flow during that year. The question

immediately arises about the representativeness of the extremes in this

year. While conclusions based on one year of data offer guidelines, it must

be remembered that additional data may modify actual values somewhat. Since

obtaining long time series of current meter data is at best difficult, it is

worth stretching this technique to the limit to examine the typical ranges

likely to be encountered in further observations.

Another important restriction is that the data extremes represent inde-

pendent events. Since extremes are likely to result from storm events this

restriction can be ameliorated by examining the extremes in segments of the

record coincident with storm frequency. Major storm activity during this

period in the Gulf of Alaska is reported to have an average period of rough-

ly 5 days (Hayes and Schumacher, 1976). In application, the technique is

fairly insensitive to the segment length, and our analysis shows almost no

difference using 3, 4, 5 or 7 day elements.

With these restrictions in mind, extreme value analysis was applied to

the Gulf of Alaska data. Figure.4 shows the speed data for levels 50 m and
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100 m cf station 62 in such a representation. Extreme values are along the

ordinate with return period in days along the abscissa. The fit of each

line has a correlation greater than 0.99. Since these levels had records

longer than 12 months, stability of these data fits were examined by vary-

ing the record length from 9 to 15 months and moving the start times. For

records less than 11 months the distribution became unstable with discrep-

ancies introduced in the slope and intercept of the fitted curves induced

by changing record length or start time. This suggests that an observation

covering an entire year is fairly representative of the extreme conditions.

If one remembers the limitations imposed by representativeness of. the sam-

ple and proper interpretation of the return period concept it is possible to

extrapolate these data and estimate the extreme values likely to occur over

longer periods. For example, the data at the 50 m level suggest that with

a return period 5000 days we are likely to observe an extreme speed of a-

round 112.2 cm/sec within + 2.4 cm/sec. Similarly, extreme flow at 100 m

is likely to be 99.6 cm/sec + 1.9 cm/sec for the same period of 5000 days.

Depth dependence

Webster (1969) suggested that the vertical profile of mean speed has a

power law dependence on depth. Were this situation universal, extreme

speeds might similarly show this power law dependence. Unfortunately, re-

cords from the 20 m and 175 m levels were not continuous for an entire

year. However, by comparing the sections of those records which were con-

current with the records from the 50 m and 100 m levels, an approximation

of the differences in the slopes.and intercepts of the respective lines was

obtained. It was then possible to estimate what slopes and intercepts of

the top and bottom records may have been, had they been concurrent with the

records from the 50 m and 100 m levels for an entire year. Once these esti-
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mates were made, it was possible to examine the behavior of the entire wa-

ter column to extreme flow events.

To test the hypothesis of power law depth dependence, logarithms of the

slopes (coefficients A), and similarly intercepts (coefficients B), of the

observed and estimated straight lines, fit through the year long records

of extreme values of all four measured levels, were plotted versus the

logarithm of depth of that observation. These data and the least square

fit lines through them are shown in the upper left inset of figure 4. The

fit of each line through its four points is good with a correlation coef-

ficient of greater than 0.99.

This suggests that the power law dependence-proposed for mean speed can

be extended to extreme values as well. Further, a station with two current

meters maintained at a site for a year might be usable to predict extreme

events at other levels of the water column as well as projected extreme

values solely at the level of observation. This uniform behavior is likely

to break down near the surface and bottom boundaries where external forces

become important.

The data from station 62 allows calculation of the coefficients of

equation 4:

A = 83 Z-°-22 ; B = 23 Z-°- 18

where Z is the depth in meters. Using this model then, for a return period

of 5000 days, the expected extreme value at 10 m would be 155 cm/sec. This

estimate is made for data beyond the period of observation and at a level

where no observations were made. Consequently, the error limits on this

value are larger than for the previous estimates. A confidence interval

may be estimated by vectorially summing the confidence intervals of the A

and B coefficients. For a 95% confidence interval this gives an upper bound
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of 175 cm/sec and a lower bound of 138 cm/sec.

Conclusions

Extreme value analysis can be used to characterize current meter observa-

tions that are comprised of records for a year or longer. Further, the tech-

nique allows estimates of extreme flows probable in longer time intervals and

thus allows practical estimates of extreme flow ranges.

Extreme flow appears to have a power law dependence with depth. Using

a simple model of this behavior it may be possible to characterize the range

of flow throughout most of the water column from data at two observation

levels.
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Figure 1. Location of current meter station 62 in the
Northeast Gulf of Alaska.
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Figure 2. Five-day speeds for all available data from
station 62 from August 1974 through May 1976.
Data from the 50 m and 100 m current meters
were continuous from February 1975 through
May 1976. Mean speeds were higher in winter
than in summer.
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Figure 3. Ensemble averaged energy spectra for the sta-
tion 62 data. Tidal and inertial frequencies
are denoted. Energy is given by logarithm of
periodogram variance.
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Figure 4. Fits of the ranked extreme.speeds for 12 months
of the 50 m and 100 m data to the "reduced vari-
ate" Y, where Y is a function of return period
(see text). The inset shows fits of the observed
and estimated coefficients.A (intercept) and B
(slope) of with the four observed depths on a log-
log scale.
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Task Title: BRISTOL BAY OCEANOGRAPHIC PROCESSES (B-BOP)

PI: Dr. James D. Schumacher
NOAA/PMEL
3711 15th Avenue N.E.
Seattle, WA 98105

Dr. L.K. Coachman
Department of Oceanography
University of Washington
Seattle, WA 98195

Report Period 1 July - 30 September 1976

I. Task Objectives:

1) Determine spatial and temporal variability in the velocity-field
and obtain indications of spatial coherence at various length
scales across Bristol Bay.

2) Determination of sea level perturbation time and length scales.
3) Examination of meteorological factors related to observed pulses

in mean flow.
4) Characterization of temporal and spatial variability of hydro-

graphic properties.

II. Field and Laboratory Activities:

A. Cruises: See attached cruise reports.

III. Results:

Data from mooring BC-3B (3/16/76-5/29/76) have been processed
and sent to the OCSEAP Juneau Project Office.

IV. Preliminary Interpretation of Results:

A scientific paper titled, "Fine Structure Instability in Outer
Bristol Bay" by L.K. Coachman and R.L. Charnell, based on the 10-23
March 1976 CTD data has been submitted to Deep Sea Research for publica-
tion (see attachment).
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Cruise Report RP-4-MW-76C - Leg II

MOANA WAVE

I. Itinerary

8/3 - 1800 Departed Kodiak
8/5 - 2000 Arrived working area
8/7 - Electrical problems began
8/9 - Electrical and navigational problems had become severe enough

that return to Kodiak was ordered.
8/12 - 1015 Arrived in Kodiak

II. Narrative

The success of the cruise was marred by the problems which developed.
Apparently a number of them were corrected by the time the ship arrived
in Kodiak. However, the technicians working on the problems were still
finding some although I do not know the seriousness of them.

It appeared that the magnetic tape containing the CTD data could
not be read because of parity errors occurring on records made early
in the cruise. However, Scott Raaum of PMEL has been able to recover
nearly all the data on the tape.

III. Personnel

Andrew Anschell Mammal Observer NMF and WS
Steven Harding Technician U of W
James Haslett Chief Scientist PMEL
Dale Ripley Technician U of W
Kevin Uhlinger Technician U of W

IV. Attachments

1. List of CTD stations occupied.
2. Chartlet of B-BOP grid showing cruise track.
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B-BOP Station Grid

25 54-29 165-47 75 57-07 166-27

26 54-42 166-10 76 57-21 167-16

27 54-57 166-38 77 57-29 168-06

28 55-11 167-03 78 57-54 168-31

29 55-24 167-26

30 55-37 167-54 88 58-18 168-00

31 55-49 168-19

36 54-52 165-44 98 58-39 167-34

37 55-03 166-05 108 58-57 167-08

38 55-17 166-28 137 58-05 169-04

39 55-30 166-53 138 58-32 168-42

40 55-44 167-18 139 58-58 168-19

41 55-56 167-46

47 55-08 165-16

59 55-23 164-31

68 57-31 169-02

71 55-46 163-54

72 56-04 164-14

73 56-24 164-56

74 56-50 165-40
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BRISTOL BAY OCEANOGRAPHIC PROCESSES (B-BOP)

1. Objectives

This study is a joint program with the Pacific Marine Environmental Lab-

oratory (PMEL), Environmental Research Laboratories (ERL), NOAA to provide

water mass and circulation information over the southeastern Bering Sea Shelf

region for the Outer Continental Shelf Environmental Assessment Program

(OCSEAP). Originally, the specific objective of the mid-summer field program

was to occupy all stations on the B-BOP grid quasi-synoptically using two

ships. However, limited ship time precluded adequate coverage of the entire

area. Instead, the boundary region between Bering Sea Water (AS) and Shelf

Water (CW) (see, e.g., B-BOP Annual Report by J. D. Schumacher and L. K.

Coachman, 1976) was intensively surveyed by R/V Acona Fnd R/V Moana Wave.

Because the historical and B-BOP data indicate that this boundary lies along

the soutnern continental shelf, long transits to and from Unimak Pass (or

Dutch Harbor) were avoided and the limited ship time could be utilized

efficiently.

2. Cruise Track and Narrative

The scientific party arrived at Dutch Harbor, Alaska at about 2300

2 August 1976 and departed about 1240 3 August 1976 aboard R/V Acona. (All

times herein are GMT.) The first STD station (B-BOP grid number 15) was

occupied at 1330 3 August. The STD grid was covered as shown in the Figure

without interruption until the last station (designated B-BOP 60.18) at 1056

10 August; thence Acona departed the Bering Sea via Unimak Pass and arrived in

Seward, Alaska at 1730 13 August where the scientific party debarked.

In order to provide increased spatial resolution, stations between B-BOP

grid points were occupied and designated with the same number as the previous
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B-BOP station, plus a decimal. Thus, if two intermediate stations were

occupied after B-BOP station 42, they would be designated 42.1 and 42.2.

Stations were occupied in the same sequence as listed in the Table (also see

Figure).

3. Methods

Each STD station consisted of a cast to within 3 m of the bottom (or as

close as the sea state and bottom slope would permit) with a Model 9040

Bissett-Berman STD. Data was recorded by a Plessey Model 8114 Digitizer on

seven-track magnetic tape for processing in Seattle. A Nansen bottle with

two protected reversing thermometers was attached above the STD sensors for

calibration on each cast. Replicate salinity samples were analyzed on board

using either an Autosal Model 8400 or a Bissett-Berman Model 6230N salinometer.

4. Personnel

L. K. Coachman Professor, Chief Scientist UW

T. H. Kinder Student UW

B. J. Glantz Student Helper UW

J. D. Severn Student Helper UW

F. L. Waite Marine Technician IMS*

K. R. Turner Master R/V Acona

*Institue of Marine Science, University of Alaska

5. Summary

STD Stations Occupied 85

Salinity Samples 184
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FINESTRUCTURE IN OUTER BRISTOL BAY, ALASKA

L. K. Coachman
University of Washington

Seattle, Washington

and

R. L. Charnell
NOAA/Pacific Marine Environmental Laboratory

Seattle, Washington

ABSTRACT

An STD cruise in Bristol Bay in the Bering Sea during March,
1976 showed the existence of a subsurface layer with large
density inversions. This finestructure layer, which covered
a horizontal distance of some 100 km, showed a maximum neg-
ative density gradient of 55 x 10-6m- 1 . Stations showing
these inversions were located in the zone of interaction be-
tween Bering Sea water and the shelf water of Bristol Bay.
The layer appears to form when Bering Sea water, driven by
the general circulation of the area and the baroclinic shear
across the pycnocline intrudes within the Bristol Bay water
near the top of the pycnocline. Calculations using the sta-
tion data from the area, suggest that these finestructure
inversions are in fact dynamically stable and are not
greatly altered by vertical diffusion of heat and salt for
considerable periods of time.

INTRODUCTION

Several STD cruises have been made in Bristol Bay, Alaska as part of an
investigation of transport processes on the continental shelves of Alaska.
Data from one such cruise, in March 1976, indicated the existence of an ap-
parently unstable subsurface layer, about 10 m thick, that covered a distance
of at least 100 km. This layer, depicted by a density inversion, occurred

in the region of interaction between oceanic water at the western edge of
the Bristol Bay shelf and coastal water of the Bay itself. We feel that the
layer is a clue to the regional exchange processes; description of the layer
and its implication are the subjects of this paper.
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Gravitational instabilities in the density-stratified ocean, away from

the immediate surface layers, are rarely observed. Prior to development of

continuous vertical profiling systems, vertical sample spacing from serial

oceanographic stations on which to base stability calculations was order

10 m and greater. Based on such data, persistent, large negative values of

108 E (E = 1 6 p. Hesselberg, 1918) were reported only from shallow (50 m)

sub-tropical regions and from near-surface waters of other regions in winter

(see, e.g., Neumann and Pierson, 1966). n other than the surface layer, where

exchange can modify water properties, Serial observations which show

instabilities are considered suspect. Cooper (1967), in an investigation of

the interaction of Mediterranean water with North Atlantic water in the

Bay of Biscay, used a sampling interval of 3 m. He reported temperature and

salinity steps with potential density inversions amounting to 0.003-0.010o0 ,
but, as pointed out by Pingree (1969), these water columns were still stable

over the scale of observation because Ps,t,p actually increased across the

steps.

Development of C-T-D and S-T-D systems has allowed measurement of

temperature and salinity on finer vertical scales. Oceanographic literature

of the last decade includes numerous reports of vertical'profiles with resolu-
tions < 1 m, and with special instrumentation, resolutions of several mm

has been achieved (cf. Gregg and Cox, 1971). Fulfilling a prophecy of Cooper

(op. cit.), the ocean'has been found to contain a great deal of "structure,"

viz., over scales of 10 to 10-2m relatively abrupt changes in values of

temperature and/or salinity are frequently observed. Structure has the form

of "steps" or even inversions in property values, and is most frequently en-
countered in regions of strong property gradients (thermocline and halocline

regions) or where two water masses with diverse property values interact.

Osborn and Cox (1972) termed the structure with larger (> 1 m) scales

"finestructure" and that with vertical scales < 1 m, "microstructure".

Static instabilities in microstructure layers are common. For example,
Gregg and Cox (1972) reported a station from the San Diego trough in which

8% of the record over the layer containing microstructure was unstable at

separations of 84 m. Gregg (1976) also reported a number of microstructure

records at stations from the equatorial Pacific. In addition to numerous

instabilities in the microstructure, one ~80 m vertical section of uniform

temperature and low stratification (termed the "thermostad") evidenced
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numerous instabilities of 1 m scale, though well stratified over scales of

10 m. The reported data are not suitable for estimating the scales greater

than 1 m over which the instabilities may have extended. In all the reports

we located only two stations with static instabilities extending over layers

significantly > 1 m, both reported in Gregg and Cox (1972). In a personal

communication, M. C. Gregg informs us he has found three or four other cases.

The statistics of the most unstable published case, a station from the San

Diego trough, are:

The oceanographic setting for the station was not reported, so we cannot

interpret whether this instability was due to a strong lateral advective

intrusion of a different water mass or an unusual vertical extension of what

is normally microstructure activity. The unstable layer was immediately

underlain by a layer of water markedly warmer and more saline.

In cases where the structure is larger than 1 m and clearly due to

lateral advection, layers always appear to be density-compensated. For

example, in the classic example of Mediterranean water interaction with

Atlantic water there are numerous temperature and salinity inversions trace-

able over 10's of km, but they are always density-compensated on scales > 1 m

such that the water columns are stable (Pingree, 1971; Howe and Tait, 1972;

Elliott, Howe and Tait, 1974). We have found only one case, in an embayment,

which evidenced a significant instability based on a static criterion.

Ebbesmeyer (1973) documented the formation and subsequent history of extra-

dense parcels of water intruding into Dabob Bay, Washington. The larger

*We will throughout approximate 108 E by 105 G t which is sufficiently
accurate for the shallow depths and large values oQzinstability with which
we are dealing (Sverdrup, et al., 1942).
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parcels (vertical scales of 30-40 in) showed, on a finer scale (1-10 m),

frequent instabilities of 0.01-0.02 ot. The largest observed instability

was -0.1 ot over 10 m, equivalent to 108 E = -1000 m- 1 , and persisted for

order of one week.

Vertical structure seemingly can be caused by a variety of processes.

One possibility is breaking internal waves (Garrett and Munk, 1972). Hayes,

Joyce and Millard (1975), in an examination of finestructure in MODE data,

noted that on scales smaller than 10 m in the main thermocline the charac-

teristic signatures of sheets and layers began to appear. Spectral analysis

showed the probable causal agent to be high wave number internal waves. Hart

(1971) hypothesized, based on model experiments, that internal waves propa-

gating over a slope might form layers with inverted density gradients on

scales different from those created by viscous action, especially if the

slope is a characteristic for the internal wave. Another proposed mechanism

is an active turbulence phenomenon termed "billow" turbulence (Woods and

Wiley, 1972) in which energy is presumably derived from a shear other than

that associated with a wave motion.

In the open ocean away from direct bathymetric influences, finestructure

frequently occurs where water masses of diverse characteristics interact.

Lateral advection along isopycnal surfaces appears to be a dominant process

(Hayes, 1975). Possible combinations of water masses that could produce

finestructure laminae were postulated by Stommel and Fedorov (1967), and

one case was added by Pingree (1969). These all involve lateral advection

and interleaving of various combinations of warm, saline and cool, less saline

water. In most reported cases the horizontal extent does not appear to be

great (a few km at the greatest, see Roden, 1971; Gargett, 1975). The laminae

of 5- to 10- m thickness reported by Stommel and Fedorov (1967) from the

South Pacific with a total range of 20 km and certain layers in the Mediter-

ranean outflow continuous over -50 km (Elliott, et al., 1974) appear to be

relatively rare exceptions.

In the smaller vertical scale range, various other phenomena can be

responsible for structure, all of which are tending to smooth gradients and

dissipate turbulence. Examples are double-diffusive phenomena like salt-

fingering (see, e.g., Turner, 1967; Tait and Howe, 1968; Johannessen and Lee,

1974) and its inverse (cool water above warm and more saline water; Neshyba,

et al., 1971; Gregg and Cox, 1972).
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We conclude that there is a physical basis for Osborn and Cox's (1972)

separation of structure into "finestructure" and "microstructure". As

noted by Roden (1971), at low wave numbers buoyancy forces dominate and the

vertical density stratification tends to remain stable even after disturbance

by internal waves and other types of motion, whereas at high wave numbers

the buoyancy forces become subordinate to heat and salt diffusion effects.

The boundary is the approximate maximum vertical range of influence of the

dissipative phenomena. Gargett (1976) concluded from analysis of many data

from a towed vehicle that there was such a break-over point, and it was

"roughly a meter". Even though much structure is created of order 1-10 m

this is gravitationally stable, and it is only after the layers and laminae

have begun to breakdown, utilizing in part energy derived from vertical shear

(internal wave or other) or even horizontal shear (Pingree and Plevin, 1972)

are significant instabilities observed, and then the vertical scales are only

rarely greater than 1 m.

The criterion normally used to decide the state of stability is E ' 0,

the static criterion. Lord Rayleigh (1916) pointed out that dynamic regimes

with E < 0 could be stable, and Neumann (1948) developed the criterion

AoA2-E > AoA2

to define neutral stability, where Ao = 1.1 x 103, A2 is the product of the

eddy viscosity and eddy conductivity, and h the layer thickness. Table 2

presents values of 108E based on this criterion for vertical separations of

1 to 5 m and eddy coefficients of 1, 10 and 100 c.g.s.
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In dynamic regimes with vigorous eddy fluxes, iO0 E for neutral stabili-

ty, particularly at smaller vertical separations, could take on large nega-

tive values. Or, in other words, the regime could support large negative

density gradients (inversions) without being unstable. We conclude that the

microstructure-sized phenomena frequently reported unstable based on a static

stability criterion may well be dynamically stable. It also seems possible

that, if Neumann's criterion has validity, laminae, layers or patches of fine-

structure scales which show appreciable gravitational instability but are

dynamically stable could be formed under oceanic conditions. However, with

the exception of Dabob Bay, we cannot find any reports of significant fine-

structure-sized density inversions.

OCEANOGRAPHIC SETTING

It is apparent from the foregoing that large density inversions are rare

in the world's oceans. Existence of large density inversions in Bristol Bay

suggest that this may be a region where a particular combination of factors

leadsto significantly unstable water columns persistant over large distances

and long times. To describe formation and persistance of the layer it is

necessary to understand the oceanography of outer Bristol Bay.

Bristol Bay is the southeasternmost portion of the very large continental

shelf of the eastern Bering Sea (Figure 1). It is bounded on the south by

the Alaska Peninsula and on the east by the Alaskan Coast north to Nunivak

Island. A line connecting Nunivak Island with the Pribilofs makes a con-

venient northern boundary. The western (seaward) boundary is the shelf break

and slope, which runs northwest from Unimak Pass, the easternmost pass in the

Aleutian chain, to the Pribilofs. The observation area in this paper is outer

Bristol Bay, extending from Unimak Pass to the Pribilofs and onto the shelf

approximately 200 km.

The shelf of outer Bristol Bay is very flat and uniform, with only a
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gradual deepening seaward to the 150 m isobath. The positions of the 150-

and 200 m isobaths mark the shelf break, seaward of which lies an abrupt

continental slope. The slope shows two indentations: the northerly one,

immediately south of St. George Island (southernmost of the Pribilofs), is

Pribilof Submarine Canyon, and the southern one, just north of Unimak Pass,

is Bering Canyon. These are two of the world's largest known slope valleys

(Scholl, et al., 1970) but their presence is evidenced only in the deeper

bathymetry; no trace of Bering Canyon can be seen landward of the 150 m iso-

bath.

Water masses in Bering Sea were classified by Takenouti and Ohtani (1974).

Data used for classification were from continuing cruises of the Oshoro Maru,

which every June and July since the 1950's has occupied stations on the Bering

Sea shelf (Data Record of Oceanographic Observations and Exploratory Fishing,

Fac. of Fisheries, Hokkaido University). Though areal coverage has not been

systematic and stations have generally been widely spaced (>50 km), the data

are suitable for defining water masses, their gross features and distributions.

Three water masses occupy Bristol Bay. Their distribution is shown in

Figure 2. They are:

(AS): a relatively saline (32 to 330/oo) source water from the Alaskan

Stream via Unimak Pass and/or the southeasternmost corner of the deep Bering

Sea Basin. At its coldest this water is always relatively warm (3-4°C);

(CA): the resident shelf water of slightly lower salinity (32.0 + 0.5/00),

which in summer shows little salinity stratification but is strongly thermally

stratified. Temperature of the bottom layer varies considerably year to year

(-1° to +2° in June data) but is always the lowest of all water on the shelf;

and

(CW): a coastal water, of lowest salinity (<31.6 0 /oo) indicating a direct

influence of coastal run-off, and typically either stratified in both tempera-

ture and salinity in two layers (warm and fresher above, cold and more saline

below) or, in shallow water (<20 m), isothermal and isohaline.

Circulation deduced by Takenouti and Ohtani is denoted in Figure 2 by ar-

rows. Also shown is the approximate position of the southern limit of ice in

winter, and an approximate mean position of the 32 /oo isohaline in the bottom

water (from Maeda, et al., 1968). We have examined all the Oshoro Maru data,

as well as other, and though we do not agree with their every detail, the

general conclusions about water masses and deduced circulation in our area of
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interest seem correct. In general, Bristol Bay is the site of a more or less
continuous influx of a relatively saline and warm source water from the
Alaska Stream and the southeast corner of the deep Bering Sea. This water
does not enter uniformly across the bay mouth, but rather primarily across
the central and southern parts of the entrance. It then progresses toward the
head of the bay approximately parallel to the Alaska Peninsula, interacting
with resident shelf water enroute. The source water also appears at times to
penetrate onto the shelf east of the Pribilofs, but this seems to be an inter-
mittent event.

Interaction of Bering Sea source water with shelf water, the primary
physical process occurring in our area of interest, is illustrated by use of
data from the cruise of USCGT Redwing, 12-26 July 1940 (Favorite, et al.,
1961), as this cruise provided the most comprehensive coverage of the outer
bay. Location of these stations and the current program's stations are shown
in Figure 3. The Redwing data were checked against Oshoro Maru data from 1963
through 1973 and were found to exhibit representative values of temperature and
salinity for summer.

The T-S relationships of selected Redwing stations are presented in Figure
4. One envelope was constructed from all stations from the south and central
portions of the bay mouth (stas. 2-4, 67-70, and sta. 71 close to Unimak Pass
is shown separately). This envelope illustrates the character of pure source
water to the bay. The deepest layers of the water column (>100 m) are close
to 330/oo and 4.5°C (in June of other years the deep temperatures were closer
to 4°C). The columns then grade upward quite uniformly, without sharp kinks
or steps, to surface salinities of ~320/oo and 8-10°C temperatures. Thus, the
source water columns do not have strong pycnoclines, and relatively uniform
vertical mixing throughout is suggested. It is interesting to note, however,
that the columns do not reflect simple linear mixtures of salt and heat from
surface to deep, rather, the station T-S plots from this water mass are almost
always curved in the T-S plane in the sense clearly indicated by the envelope
(cf. also stas. 5,6). This curvature would seem to be characteristic of this
water mass, as it is confirmed in all the appropriate Oshoro Maru data. We
hypothesize that the curvilinear characteristic prevails because of a slightly
more rapid vertical diffusion of heat than of salt. Salt is introduced at the
bottom (the deeper, more saline water of the deep Bering Sea) and the source of
heat is at the surface (climatic warming in summer). If the vertical flux of
heat down is more rapid than the upward salt flux, intermediate points in a
T-S presentation will be displaced from positions on the straight line connect-
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ing source characteristics toward cooler and less saline values.

The shelf water envelope of Figure 4 was constructed from stations on the

central shelf that showed no direct influence of either coastal water (a

trend toward the left in the T-S plane in the near-surface layers) or Bering

Sea source water. These water columns are each nearly isohaline, and the to-

tal salinity range of the envelope (~0.5 /oo) is due to the differing posi-

tions of the stations in relation to the general cross-shelf salinity gradi-

ent (sta. 52 S ~31.5°/oosta. 65 S ~32.0 0 /oo).

Redwing stations 9-11 are plotted in Figure 4 to illustrate the nature

of interaction between these water masses in summer. The hook shape is evi-

dence of layering and preferential lateral mixing, analogous to the inter-

action in the Gulf of Anadyr of Bering Sea water with shelf water (described

and modeled in Coachman, et al., 1975). The denser deep source water tends

to layer at the bottom, and its characteristics dominate there, while the less

dense bottom shelf water tends to layer above (where its characteristics pre-

dominate).

The area over which the two water masses actively interact is not large.

In Figure 5 are plotted all stations from Redwing, 1940, and Oshoro Maru,

1963 through 1973, at which the characteristic hook.shape T-S curve was ob-

served. The available data are not sufficient to provide a detailed de-
we get the impression that

scription of the interaction zone, but the zone appears much like a front

oriented in a generally E-W direction across the central outer bay from about

the 100 m depth contour to Pribilof Canyon, that it does not have great width

(<100 km), but is quite variable in .location depending on the amounts and de-

gree of penetration of the Bering Sea source water. Even though'Bering Sea

water penetrates much further into the bay with the general circulation, it

has lost any identifying T-S trace by blending into the resident shelf water,

probably because Bering Sea source water is always in limited supply compared

with the resident water.

OBSERVED FINESTRUCTURE

For the present project, the temperature and salinity data which exhibit

the marked finestructure in outer Bristol Bay were collected during March, 1976,

aboard the R/V Moana Wave. The data were obtained with a Plessey model 9040,
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5800 series, CSTD. This system samples 5 times a second for simultaneous value

of conductivity, temperature and depth. Data were recorded from the down cast

using a lowering rate of 30 m per minute. Water samples were collected on each

cast to provide salinity calibration data.

To calculate salinity a correction was applied to compensate for differing

response times of the conductivity and temperature sensors. For this process,

we adopted the Scarlet (1975) method using a time constant of 0.3 sec. This

value for time constant is larger than might be considered necessary for the

specified equipment but was chosen to eliminate all possibility of spurious sa-

linity (and hence density) excursions. Additionally, this larger value was a-

dopted to offset any possibility of increased lowering rates due to ship-roll.

Comparisons were made using several time constants, and showed that for the

selected value microstructure spikes were reduced but not eliminated and that

finestructure gradients were only slightly reduced.

Following salinity calculations, calibration data were applied, sigma-t

values calculated, and data sets, which increased monotonically in depth, were

created by eliminating temperature, salinity and sigma-t values associated with

intermediate decreases in depth. These were then reduced to 1 m value data

sets by interpolating a value of each parameter from the values immediately

preceding and immediately following the nominal depth.

The effect of the averaging procedure on the data is illustrated in Figure

6, which shows a selected portion of sta. 20 containing large finestructure

density inversions. Choosing a curve of the 1 m values eliminates microstruc-

ture but preserves the major inversion of the finestructure; however, numeri-
Act

cal values of t for vertical separations close to the break-over scale sizeAZ
(i.e., 1 m) are notably reduced. We choose to adopt this procedure because

(1) the finestructure feature of greatest interest is still well described by

the smoothed data and (2) we feel somewhat uncertain about the accuracy of

the data at microstructure scales. Even though we tend to believe the cor-

rected individual data points the instrument used was a stock model CTD not

designed for microstructure sampling.

The March cruise data from the outer bay are plotted in a T-S diagram

in Figure 7. Points from depths <250 m from all stations in water deeper

than 100 m are included in the envelope (stas. 5, 14, 16-31; for locations,

see Fig. 3). Stations in depths <100 m were practically isothermal and iso-

haline (cf. stas. 6, 11) though stas. 12, 13, 15, just north of Unimak Island

and close to the 100 m contour, evidenced some thermal stratification. We de-

duce (from the relatively dense station coverage in the central and southern
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outer bay) that the envelope exposes the basic T-S characteristic of Bering

Sea source water mass in March: surface values of S~330/oo T~l + 0.50 C

grade downward to bottom values of S~330/oo T~30 C.

Also included in Fig. 7 are data from five stations from a November,

1975 , cruise on R/V Miller Freeman (locations shown in Fig. 3) which charac-

terize the Bering Sea source water mass in autumn. The seasonal cycling of

this water mass is now clear. There appears to be little variation in salini-

ty, the water columns being salinity stratified at all seasons between ~320/oo

and ~33.1o/oo. Surface temperature values cycle widely, from 8-10 0 C in summer

to <10 C in winter, while the bottom water cycles over a much narrower range:

~4.5°C in summer to ~3° C in winter.

The March T-S envelope shows a lobe protruding from the main envelope

toward warmer and slightly less saline values (labelled A). This lobe is

created by points from 5 stations (19-23), portions of which are shown in an

expanded-scale T-S diagram (Figure 8). Also shown in Figure 8 is sta. 17, lo-

cated 57 km closer to Unimak Pass than sta. 19, which exhibits no evidence of

the "lobe" effect. We see that the lobe is caused by an abrupt change in the

vertical variation of T, S in these columns: going downward T-S follows the

general water mass trend from colder and less saline toward warmer and higher

salinity until, at about 32.9-330 /oo and 3°C, they change direction toward

32.8-32.9 0 /oo and 3.4°C. The depths at which the abrupt change took place

are given in Table 3.

TABLE 3

Depth and Gross Instability of Finestructure

At stations 19-22, the water columns from below the change to the bottom

were occupied by the water with new and signifIcantly different T-S signature.

At Station 23 (located off the shelf), beginning at about 86 m the T-S curve
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trends back toward the main envelope curve, rejoining it at about 94 m, be-

low which the water column was the same as the other deep stations.

Thus, we identify a bottom water mass several 10's of meters thick

which occupied the central outer Bristol Bay shelf during March, 1976, which

was ~1°C warmer than water with equivalent salinities on the southern outer

shelf and in deep water off the shelf. At one location the water mass was

observed to extend off-shelf over the slope as a layer ~30 m thick. The ver-

tical water mass structure was such that immediately above this water mass lay

denser water, giving rise to finestructure instabilities of 0.1-0.2at(108E <

-2000 m- 1 ; Table 3).

Another view of the outer shelf water structure is presented in Figs.

9a, b, which are ot sections slicing across the shelf from deep water to the

limit of station coverage on-shelf, sta. 20 (see Fig. 3 for location of these

sections). We see that the deep basin water exhibited high densities very

shallow in the water column, and this water extended to the shelf break al-

most like a wall. Over the outer shelf, between ~70-80 m depth, there was a
preferential intrusion of this denser water, under a quite homogeneous (in at)
upper layer and over a bottom layer 30-40 m thick, also of uniform ot. The
apparent intrusion extended on-shelf to the limit of the data, nearly 100 km.
The finestructure instability was associated with this intrusion.

CIRCULATION AND WATER MASSES

To illuminate the circumstances of this phenomenon we examine the circula-

tion and water masses in closer detail. There are no direct current measure-

ments available. Figure 10 shows the dynamic topography of the surface over

120 db, and though calculated flows in such shallow water must be regarded

with considerable caution, in this case in light of our other knowledge, we be-

lieve Figure 10 to be a good qualitative depiction of the upper layer flow

field.

There was strong inflow of water from the southeast corner of the deep ba-

sin onto the shelf in the vicinity of Bering Canyon, where it was subjected to

strong cyclonic curvature. The western portion of incoming water then pro-

gressed over the shelf break from whence it curved anticyclonically back on

shelf, and in general followed the bathymetric contours toward the northwest.

The eastern portion of the incoming water after the initial turning recurved

onto the shelf toward the north and northeast. There is a suggestion that flow

bifurcated, in the neighborhood of sta. 18, with little penetration of the in-
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coming water into the north-central part of the survey area.

To check whether the March data reflected typical or anomalous flow

conditions for the incoming source water, the dynamic topography from the

Redwing (July, 1940) is shown in Figure 11. This topography does not show

the same sense of flow bifurcation; following the initial cyclonic curva-

ture the incoming water in general appears to have recurved north and north-

east deeper onto the shelf. In attempting to reconcile the apparently dif-

ferent flow behavior, our thinking is directed toward a resisting hori-

zontal pressure gradient force field present in March associated with the

water mass of the central outer shelf, or sufficient strength to prevent a

direct "sweeping away" of the upper layers of shelf water and forcing a bi-

furcation in the incoming water mass flow.

It also appears that during March, 1976, source water was not pene-

trating as deeply onto the shelf as it does typically during June-July; the

zone of interaction betweeen source and shelf waters in summer (Fig. 5) seems

to be located at least 50-80 km farther north and on-shelf than the apparent

contact zone during March, 1976. We of course have no way of knowing whether

this is true generally in winter or peculiar to conditions in March, 1976.

The strong cyclonic curvature of the inflow initially and the subsequent

meander pattern of the western portion of the flow, suggests a dominant role

by potential vorticity conservation. As the water columns move over the shelf

break, their vertical extent is considerably reduced and they are strongly

torqued cyclonically. In March when much of the flow did not penetrate deep-

ly on the shelf (Fig. 10), the cyclonic movement carried the columns over the

shelf break again into deeper water, the columns stretched and anticyclonic

curvature was generated. A numerical estimate of the vorticity conservation

from the March data was made as follows. Tie 0.24 dyn. m contour was assumed

a streamline and divided into 10 arbitrary segments of approximately 20 km

each. Conservation of potential vorticity is expressed by

- C
H

The relative vorticity C was estimated as ; X Ay between adjacent points,
with U and V taken from the geopotential topography (Fig. 10). The constant

C was evaluated by assuming C =0 at two locations along the 0.24 dyn. m con-

tour which suggested an inflection in its curvature; both locations occur

where H ~160 m depth. A comparison of c with (CH-f) is shown in Fig. 12; the

out of phase oscillation of each tends to demonstrate the dominant role of po-
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tential vorticity conservation in controlling flow.

The flow pattern of incoming source water will only be strongly governed

by potential vorticity when it flows back and forth across the shelf break

where large stretching and shrinking of the water columns is required. When

this water can penetrate substantial distances onto the shelf, as in July

(Fig. 11) or the eastern branch in March, the initial cyclonic curvature does

not direct the columns into water with large depth changes, rather, the water

remains on the very flat shelf where its flow patterns must be governed by con-

siderations not connected with the small variations in water depth obtaining

(except close to Unimak Island and the Alaskan Peninsula).

Subtle distinctions among the various water masses are also evident in

the March data. In a T-S diagram (Fig. 13) stas. 16, 27, 29 from the extreme

southeast corner of the deep basin (see Fig. 3) are shown as an envelope.

Stas. 30, 31 (enveloped separately) from Unimak Pass showed the same charac-

teristics as the surface water of the deep-water envelope. As these sta-

tions were the most "up-stream" stations (cf. Fig. 10) they disclose the T-S

characteristics of the "pure" Bering Sea source water input to the shelf at

this time. The upper layer salinities were centered around 320/oo, with

temperatures between 0.5 and 1.5°C, and the water columns increased regularly

downward in T and S to ~33.30/oo and ~3.1°C at ~250 m.

The eastern portion of inflow may have contained a large proportion of

the Alaskan Stream inflow through Unimak Pass, and thus was predominantly

composed of the least saline, coolest fraction. Downstream, at shelf sta-

tions <100 m deep along the eastern, shallower side of the inflow, the water

columns exhibited the same characteristics (e.g., at sta. 15 (Fig. 7) and sta.

12). Station 13 (Fig. 7) showed to be even cooler and less saline, an exten-

sion of the envelope trend in that direction. This may have been characteristic

of the near-shore water not otherwise sampled, and/or reflected a cooling of

the shallow water columns in transit (sta. 11, 50 km beyond sta. 13, was 0.40

C cooler).

Of the deeper shelf stations, the only one exhibiting "pure" source wa-

ter was sta. 17 (plotted separately in Fig. 13), directly downstream from the

input. The next stations downstream (5, 14, deep water at 18) show a signi-

ficantly different vertical water mass trend than that of the source water;

at comparable values of salinity the corresponding temperatures were warmer.

The culmination of this trend is the bottom water mass of the central outer

shelf (the envelope of deep observations from stas. 19-21).
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This d- ffc:ce ri vertical trends of water sisses inr the T-S plane dif-

ferentiates the source w\ater from the vwater ubiquitous to the outer shelf at

this time. Examination of property variations with depth shows that these

waters differed in vertical density structure. In Figure 14 the vertical pro-

files of density (sigma-T) show that the stations located well on the shelf

are best characterized as strongly two-layered, in contrast to the deep-basin

and input waters which showed more regular, monotonic increases of density with

depth. The shelf stations showed a quite homogeneous upper layer of -75 m

thickness separated from a more dense and quite homogeneous bottom layer

by a relatively sharp pycnocline, which subtended 10-25 m thickness. We also

see (Fig. 14) that the fine structure feature is uniquely associated with the

pycnocline separating the two water mass layers on the shelf (cf. particularly

stas. 18-21).

A schematic view of our interpretation of the water mass movements and

interactions is given in Figure 15. Incoming source water was penetrating

the southeast corner of the shelf in the vicinity of Bering Canyon. There it

encountered a strongly two-layered residual water occupying much of the outer

shelf. This water had a bottom layer ~l°C warmer than the source water at

equivalent depths probably because of isolation over the winter by the pycno-

cline from a more rapid heat loss through the surface. The source water was

prevented from penetrating very far on the shelf, and its flow bifurcated.

The eastern portion, in shallower water, ultimately progressed into Bristol

Bay parallel to the Alaska Peninsula, where its water mixed and became indis-

tinguishable from shelf water. The western branch was constrained to curve

strongly left, in part probably by a resisting pressure gradient force field

and in part by potential vorticity conservation, and progressed to the north-

west meandering along the bathymetric contours.

The incoming source water was considerably denser from the pycnocline up

than were the shelf water columns. The denser source water penetrated the

shelf water regime preferentially along the pycnocline interface, and spread

laterally along this surface for 10's of km. The finestructure phenomenon was

associated with the preferential penetration and spreading of source water into

the shelf water regime.
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FINESTRUCTURE FORMATION

The reader should appreciate that our initial reaction to discovery of

this apparent finestructure instability was incredulity; this led to a re-

examination of the raw data and data processing techniques. Once satisfied

the phenomenon was real, we concluded that the structure was somehow dynamical-

ly stable. We cannot offer a coherent hypothesis, but do see some relation-

ships which may aid in formulating a viable explanation. These are discussed

in two aspects, formation and apparent persistence.

Interaction between Bering Sea source water and shelf water is markedly

different in summer than in March, 1976. The source water is always denser,

particularly deeper in the water column. In summer the density contrast is

typically 0.4-0.5 ot (cf. Figure 4), and this layer physically moves under

the bottom layer of shelf water, which layers above. This occurs in a rela-

tively limited area, variable in position but usually well in from the shelf

break. There is considerable mixing within layers so the zone is not large

and may act as a front. This problem has not been investigated in Bristol

Bay and available data are inadequate to provide a more complete description.

The differences we see in the March situation are (1) the region of in-

teraction lay much closer to the shelf break, and (2) the density contrast

between deep layers was less, only 0.1-0.2 at. This smaller density con-

trast was due to significantly higher salinities of the bottom layer of shelf

water as compared with June/July data from many years (Table 4).

TABLE 4

Approximate salinity range of shelf water bottom layer in summer
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p:evicsly, we ,,e no idea .- other this is typical of wirter or peculiar to 1976

This lack of strong density contrast between the shelf bottom layer and in-

coming source water at equivalent depths appears to be an important clue as to

why the source water did not layer under, or bodily displace, the bottom shelf

;ater. Figure 16 compares a station with pure source water characteristics

(station 16) with the station most nearly downstream which showed the two-lay-

ered shelf characteristics (station 5; see Figures 3 and 10). The density of

the two columns was identical below ~85 m, near the bottom of the pycnocline,

while above this depth the source water was considerably denser. Two other

stations are compared in Figure 17, but in this case they are arranged almost

perpendicular to the flow field. Again there was less density contrast between

the water layers below the bottom of the pycnocline than above.

Also shown in Figures 16 and 17 are the horizontal pressure gradient

forces between the stations, plotted as the differences in dynamic height

summed downward from the surface to equal depths. In both curves there is

an inflection point coinciding with approximately the middle/ of the pycno-

cline. If and when the sea surface was isobaric, there was a strong hori-

zontal pressure gradient force deeper than this point (~75 m depth in both

cases) directed from the shelf bottom layer against the source water. Shallow-

er than'this depth the h.p.g.f. diminished rapidly. Interpreted in terms of

geostrophic flow, significant baroclinic shear is indicated above approximately

the middle of the pycnocline.

We offer the following qualitative interpretation of the formation of the

inverted density layer in outer Bristol Bay. The source water, from the

southeast corner of the deep basin and Unimak Pass, encroached on the shelf in

the vicinity of Bering Canyon. There it impinged on the two-layered shelf wa-

ter mass, horizontal pressure gradient forces resisted its direct penetration

northward over the central outer shelf, and the flow bifurcated. Shelf water

beneath the pycnocline was sufficiently dense that the source water could not

layer under it. The shelf water was quasi-stationary while the source water

was constrained to flow around it, in a sense. Source water on the shallower,

eastern side was able to flow on into the bay, where it mixed and lost its

identity. The western branch, in part conserving its angular momentum, was

turned toward the northwest. In the course of this progress along the shelf

break, from about station 18 to beyond the limit of the survey (station 22),

the flow was in quasi-geostrophic balance, moving along beside the shelf water,

and there would be relatively little tendency for lateral interaction between
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Lhe source nd s le f a., tot S.

The ma in interaction was in the center, in the areas between stations

18-5 (see Figure 3). Here the source water, much denser than shelf water

above mid-pycnocline depths, sought its m;aximum density level where there was

the least resistance, and slipped between the shelf water layers as a layer
~"5 to 10 m thick. This intrusion was at least in part driven by the baro-

clinic shear across the pycnocline (evidenced in Figures 16 and 17). This

much denser water entering near the top of the pycnocline would show in a

vertical sounding as a very strongly stable layer, and if the bottom part of

the pycnocline was unaffected, that is, retained its shelf characteristics, it

would be less dense and show as a gravitationally unstable layer. Vertical
Act

plots of 105 for all stations exhibiting the finestructure instabilityAz
(Figure 18) show that in every case the maximum instability is overlain,

3-5 m above, by an extremely stable layer.

The presence of the finestructure feature over the central outer shelf

(to beyond the limit of the survey) seemingly at least 100 km beyond its ini-

tial formation area, is more difficult to explain. Bering Sea source water

must be involved, because a high salinity layer above is the primary cause of

the calculated instability. Thus, the source water was being advected north-

ward across the outer shelf. Though the dynamic topography calculated over

the whole water column does not suggest such flow (Figure 10), the baroclinic

shear across the pycnocline (Figure 19) does suggest that the layer above was

being advected northward relative to the bottom layer.

One clue to its persistance lies in the association of this layered intru-

sion with a strong pycnocline. Strong vertical density gradients are thought

to strongly damp vertical fluxes of momentum, mass and energy. If vertical

eddy viscosity were one-to-two orders smaller within the pycnocline than above

or below, water intruding generally in the upper or lower portions of the depth

range would lose momentum much more rapidly than that in the mid-range. In a

sense the pycnocline might act as a greased tube and permit a forced advection

to travel much greater distances within it.

Likewise, suppression of vertical fluxes of heat and saltare probably al-

so important to the longevity of the phenomenon. If the primary alteration of

T, S at any level was due to a vertical eddy flux, then

AT A2T AS A 2S
Z-t- KT AZ and A- Ks Az 2-

We assumed vertical profiles of T, S typical of the initial intrusion as shown

in Figure 20 (cf. data for stations 5 and 18 in Figures 16 and 17 respectively).
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.,' ,-n ss.r, d K = K and - ir r gni tude was .n orc-Cer s* aller in the p icnc-

cl ine than above or below,, as indicated. The hypothetical water colur;.ns w.:ere

then integrated in time and the vertical distributions of T, S, and after

one week are shown. The results suggest that with reasonable values of K, and

its value reduced by an order in the region of strong vertical density gradi-

ent, that the finestructure instability would not be greatly altered by verti-

cal diffusion of heat and salt for considerable periods of time.

We must assume that the phenomenon was at least meta-stable to persist

over such a large horizontal distance. If Nreui••,nn's relationship is valid

we can estimate ,whether the level of turbulence, represented by the eddy co-

efficients of heat and momentum flux, seem reasonable to support the ob-

served negative density gradients. If each negative density gradient exists

in a neutrally stable layer, the limiting case, then

103 . g . h
A - Az g

Now if, as seems to be generally assumed, the eddy conductivity (K, cm2 sec- 1)

is an order smaller than the eddy viscosity (A, gm cm-1 sec-1), minimum esti-

mates of K can be made. We have done this for the data of station 20 (Fig. 6).

The eddy conductivities so estimated are of order 1 to 10 (Table 5).

These are reasonable values for a regime with a modest amount of turbulence.

Furthermore, the values are smaller in the middle of the pycnocline and increase

by an order toward the bottom and/or toward increasing scale sizes, seemingly

a confirmation of our previous assumption.
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Eddy coef-ficients associate-.d w,-ith densit inesin o tat'_ion 20 (Flig. 6)

SUMMARY AND CONCLUSIONS

Oceanic conditions extant in Bering Sea during March, 1976 were such that
a large subsurface layer, marked by a large density inversion, was formed. The
layer appeared to be coherent for up to 100 km downstream from the formation
area. The horizontal location of this layer appears to have coincided with the
zone of interaction between the Bering Sea water flowing northeastward into
Bristol Bay and the shelfwater of Bristol Bay itself. The zone of intersec-
tion holds the key to the formation of the observed finestructure. In the in-
teraction zone the Bering Sea water, though more dense than Bristol Bay water,
interleaves with the shelfwater of Bristol Bay near the top of the pycnocline.
Further, vertical fluxes of salt and heat are low enough to allow the per-
sistence of the intruded water for 10's of kilometers downstream from the for-
mation area. We conclude that the physical conditions associated with the
Bristol Bay outer shelf water mass in March were such that, once fori-ed, water
layers creating negative density gradients might have been advected for con-
siderable distances in a meta-stable condition. The amount of turbulence re-
quired .,would not appear to be unreasonable. The source for the turbulent
energy may have been in part the apparent shear between the upper and lower
wattr mass layers, but may also have come from other sources; for example,
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I. Task Objectives:

1) Verify fluctuations in the predominantly northward transport
through the system.

2) Delineate the bifurcation of northward flow which occurs west
of Pt. Hope.

3) Define time and space scales of eddies ubiquitous in the system
and provide data toward a dynamical description.

4) Define the circulation in Norton and Kotzebue sounds.

II. Field and Laboratory Activities:

A. Cruises: All field gear requested, including current meters,
acoustic releases, bottom pressure gauges and meteorological
instruments, have been acquired since the inception of this
project. Eighteen moorings have been deployed in the study
area, and a highly successful program of CTD and anchored cur-
rent meter observations carried out. The actual field program
is detailed in the attached cruise report and preliminary
cruise report. Additionally, a specially designed low pro-
file mooring configuration, structured so as not to be con-
tacted by surface ice, was utilized.

B. Laboratory Activities: None proposed or carried out.

III. Results:

Data from first field work are being processed. Results are
not yet available.

IV. Preliminary Interpretation of Results:

Not yet available.
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CRUISE REPORT
RP-4-DI-76B, Leg III

18 August - 3 September 1976

TO: Clinton D. Upham
Captain NOAA
Commanding Officer
NOAA Ship DISCOVERER

FROM: Richard B. Tripp (Chief Scientist - Leg III)
Principal Oceanographer
Department of Oceanography
University of Washington
Seattle, Washington

INTRODUCTION

This cruise accomplished phase I in a physical oceanography
survey of Norton Sound, Bering Strait, Kotzebue Sound, and the Chukchi
Sea. This is a joint program between NOAA/PMEL and the University of
Washington.

The flow regime throughout the region is generally northward.
This program will address the following questions: 1) verification of
the fluctuations in the northward transport; 2) temporal and spatial
description of the bifurcation of north flow which occurs off Point
Hope; 3) provide data on temporal spatial scales of eddies ubiquitous
to the system; and 4) define the circulation of Norton and Kotzebue
Sound.

Marine Mammal Observation and Collection programs were under-
taken on this cruise. These programs and their accomplishments are
discussed in Attachments C and D.

These data, when completed, will: 1) provide comprehensive
environmental and biological data on the Alaska Outer Continental Shelf,
2) define the probable ecological impact of petroleum exploration, pro-
duction, storage, and trans-shipment on the Continental Shelf; and 3)
refine our understanding of key ecological dynamic processes.
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SCIENTIFIC PARTY

The following personnel comprised the scientific party during

this leg.

1. Physical Oceanography Program

Richard B. Tripp, Oceanographer, University-of Washington (C/S)

Dale Ripley, Technician, University of Washington

Steve Harding, Technician, University of Washington

David Spell, Electronics Engineer, PMEL/NOAA

2. Marine Mammal Collection Program

Kathy Frost, Alaska Department Fish & Game

David James, Alaska Department Fish & Game

3. Marine Mammal Observation Program

Renee Engel, MMD/NOAA

METHODS AND ACCOMPLISHMENTS

1. Physical Oceanography Program

Eighteen current meter moorings consisting of: 1) an Aanderaa RCM-4

Current Meter at a depth 10 meters off the bottom ( 7 meters in Kotzebue

Sound); 2) an AMF Model 242 or Model 395 Acoustic Release; and 3) sub-

surface floatation at a depth sufficient to escape the keel of the winter

ice cover, were deployed throughout the survey area. In addition, three

of the moorings (NC-6, NC-10, and NC-jS) which are arranged longitudinally

in the system have an Anderaa TG-2A or TG-3A Water Level Gauge housed in

the concrete anchor. This is to aid to the study of the major driving force

for the northward flow. As these moorings will not be recovered until

Summer 1977, the sampling interval on the current meters was set at 40

minutes, and the magnetic tape capacity increased to accomodate the added

data records. The sampling interval of the TG-2A gauge was set at 30 minutes

and the TG-3A gauge was set at 60 minutes. Mooring locations and other

pertinent mooring information are listed in attachment A.
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Salinity/Temperature/Depth measurements were made along all sections
including the moored current meters. A grid of STD stations were occupied
in Norton Sound and in Kotzebue Sound. In addition, a 54-hour time series
of STD stations near the ice-edge, and a line of STD stations between the
ice-edge and Bering Strait were accomplished. All STD station locations
are listed in attachment B.

During the deployment of mooring NC-7, we had a mishap and lost
some instrumentation (1 Current Meter; and 1 Acoustic Release). The position
of the mooring minus the floatation is as follows: 68-55.6 North; 167-21.5
West (X-17348.89, Y=28034.71, Z=45985.00); in water depth of 46.5 meters.
Mooring NC-7 was then deployed east of this position. However, this left
us short of enough instrumentation to complete all planned mooring deploy-
ments. Therefore, mooring NC-16 will be deployed at a later date.

2. Marine Mammal Collection Program

Attachment C.

3. Marine Mammal Observation Program

Attachment D.

CONSTRUCTIVE SUGGESTIONS

I was very pleased, and also quite impressed with the ship's ability
to accomplish the physical oceanography program. One event which I wish to
make a comment on is in the initial deployment of mooring NC-7 where we were
unfortunate to get the mooring line cut by the ship's propellor. I am con-
vinced that this mishap came about as arresult of overconfidence and lack of
awareness. Personnel should be constantly reminded that mooring deployments
and recoveries are a serious and often difficult task, and one should not
take a casual approach to them.

ACKNOWLEDGEMENTS

In every respect this was a most successful cruise. The time on this
leg was very well utilized, as the accomplishments obviously indicate. It is
difficult to single out personnel as everyone gave a 110% effort. However,
I would like to thank Captain Upham for his keenness, and flexibility through-
out the cruise. He personally provided the impetus for our success. Lt.
Commander McGee's drive in getting the job done was greatly appreciated. I
thoroughly enjoyed working with him. Also, Lt(Jg) Simpson's extra effort in
providing hard copy from the DAS was greatly appreciated. Lastly, I would
like to thank CST Murray and his survey technicians, along with with CBM Sherrill
and his personnel. They did most of the work. Without them we would'nt have
had such success. From my personal standpoint it was a rewarding and delightful
cruise.
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Attachment C. Marine Mammal Collection and Otter Trawls

INTRODUCTION

Investigations of the trophic relationships of ice inhabiting phocid
seals and of the natural history of ringed and bearded seals in Norton
Sound and the Chukchi Sea were primary objectives of the ADF&G marine mammal
work on Leg III (OCSEAP RU#s 230 & 232). Information provided by such
investigations should enable delineation of key prey species and critical
habitat areas for different species of seals, and make posiblhe identificattion
of potentially sennitlve parts of the anlmali 1l1 Il hli toi. l ir l wit h it lu l.ion
to outer continental shelf offshore development.

Seals were collected to provide:
1) Qualitative and quantitative information on the food habits

of animals inhabiting the ice front in the Chukchi Sea.

2) Information on the reproductive history, age at sexual maturity
and age structure of populations.

3) Tissue samples for heavy metal and hydrocarbon analysis.

4) Information on parasitology and pathology of different species.

Otter trawls were conducted as an integral part of the seal trophics
study in order to:

1) Determine what species of fish and invertebrates are present to serve
as possible food items for seals.

2) Provide reference material for identification of food items
(invertebrate specimens, fish skeletal parts, otoliths).

3) Provide material for other OCSEAP projects studying fishes of
the Bering and Chukchi Seas.

METHODS AND ACCOMPLISHMENTS

Marine Mammal Collection

One collection attempt was made early in the cruise off Rocky Point and
Cape Darby in Norton Sound, but no seals were sighted. Three days were
spent at the southern edge of the ice front in the Chukchi Sea. Small
boats were utilized for collection of seals. All hunting was done inside the
ice edge.

Three seals were taken in three days of hunting: one adult female
bearded seal, Erignathus barbatus, and two female ringed seals, Phoca(Pusa)
hispida. Animals were returned to the ship and processed, or frozen whole to
be shipped to Fairbanks and examined at a future date.
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Otter Trawls

Bottom trawls were conducted with a 3/4" mesh, 19' Marinovich otter
trawl for a duration of 10-20 minutes at 2-4 knots. Some experimentation
with speed and scope of winch cable was necessary to obtain satisfactory
fishing results. Trawl locations were chosen to coincide with existing
collections of seal stomach specimens, or to sample areas where seals are
known to reside for some part of the year.

A total of 23 trawls was conducted, 3 in Norton Sound, 4 off St.
Lawrence Island, 4 at the ice edge in the Chukchi SEa, and the remainder at
various points off coastal hunting villages in the Chukchi Sea. A large
variety of invertebrates was found, but very few fish were caught.

COMMENTS AND SUGGESTIONS

Small boat operations were extremely smooth. I was most pleased with
the ease with which the Boston whaler was on and off loaded. A 17' whaler
with a 60hp engine is a convenient vessel to work/hunt from. For future
work in the ice a small 10-15hp auxiliary motor would be desirable for
emergency use.

Helicopter capabilities would greatly facilitate work in the ice.
Reconnaissance flights to locate animals would expedite collecting efforts,
as well as enable the ship to locate large lead systems to work up.
Aerial survey efforts could also be undertaken. Greater use could be
made of shorter periods of time.

ACKNOWLEDGMENTS

I want to express appreciation to all of these on the ship who helped
us so much in making our project a success. The enthusiasm and interest
shown by so many was great. It made the difference between just getting
the job done, and having fun doing/sharing it.

Thanks to Captain Upham for giving us the freedom to operate within the
ice, to Commander Speer and Commander McGee for cooperation and assistance
in logistics and scheduling, and to all the officers who helped on the
fantail and in the small boats.

Special thanks to all the deck force and survey techs for help with
otter trawls, and to the small boat cockswains for long hard days in the
cold and fog. We couldn't have done it without you.
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ATTACHMENT D

RENEE ENGEL
MARINE MAMMAL DIVISION
BLDC. # 32, 442-4734
SANDPOINT NAVAL BASE
SEATTLE, WA.

MARINE MAMMAL OBSERVATION REPORT:

PURPOSE:

Marine mammals have been exploited for hundreds of years with little or no
regard for proper management of existing stocks. One reason for such a
lack of management is the difficulty and expense associated with assessment
of most marine mammal stocks. The National Marine Fisheries Service has
instituted the Platforms of Opportunity Program (POP) which, will allow
volunteer observers to contribute a significant amount of data to the relatively
sparse data base now in existence. Presently, the NOAA Fleet is providing
POP with its largest single source of marine mammal observation data.

An important aspect of the NOAA Fleet marine mammal reporting program
involves the presence of a Marine Mammal Officer (MMO) who can provide
guidance to those who are logging sightings and act as a first level
filtering agent by supplementing or down-classifying questionable reports.

ACCOMPLISHMENTS:

Marine mammal sightings in the Norton and Kotzebue Sounds were practically
non-existent. Even these lack of sightings are important, for this tells
us what mammals aren't in these areas during the month of August. This
information is important when mapping out migration paths.

The Bering and Chukchi Seas, the Bering Strait and the Arctic Ocean were
the areas of the majority of marine mammal sightings. These sightings included
the following; fin whale (B. physalus), killer whale (Orcinus orca),
walrus (0. rosmarus), polar bear (U. maritimus),ringed seal (P. hispida),
bearded seal (E. barbatus).

I have obtained flippers from a bearded seal which was
shot at the ice edge. I will bring these with me to Seattle, to aid scientists
in studying the anatomy and physiology of marine mammals.

I also took a number of colored slides of the marine mammal sightings,
whenever time permitted. The slides will be valuable in the training of
future observers for the purpose of recognizing and differentiating
between various marine mammals.

CONCLUSION:

The NOAA Officers and crew aboard the Discoverer have all been extremely
helpful.. They have made my job of logging locations, recording correct
times, and observing run smooth and easy.

When I return to the Marine Mammals Division in Seattle, I will take with me
five weeks of data collection. This information will help us achieve
our goal of obtaining more precise marine mammal counts, and the understand-
ing of their migration paths.
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Preliminary Cruise Report

RP-4-MW-76C, Leg IV MOANA WAVE

31 August - 17 September 1976

I. Itinerary (UT)

9/01 - 0300 Departed Kodiak
9/03 - 1200 Wayne Hoffman landed on Akutan Island for bird observa-

tions.
9/05 - 2230 Arrived at first station (NCOP-15)
9/14 - 0130 Completed last station (NCOP-T)
9/14 - 2030 Arrived Nome to off-load equipment
9/15 - 0100 Departed Nome for Dutch Harbor

II. Methods and Accomplishements

The physical oceanographic aspect of this cruise was a complete

success. An Aanderaa RCM-4 was used with a deck readout system for the

52 anchored current meter stations. The instrument was lowered at 5m

intervals and two min readings of temperature, speed, and direction

were taken at each depth.
A total of 83 CTD casts were taken, including 20 stations not on

the standard NCOP CTD grid (see Figure 1b).
At the request of Dr. Pat Gould, cruise track lines were run to-

wards and from King Island in order to gain a better understanding of

bird distributions and densities in this region.
Carl Brooks, the mammal observer, became ill and departed the

cruise at Dutch Harbor on September 3.

III. Personnel

L.K. Coachman Chief Scientist UW

J.D. Schumacher Technician PMEL

K. Uhlinger Technician UW

J. Severn Technician UW

C. Brooks Mammal Observer NMF

P. Gould Bird Observer USFWS
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Norton Sound/
Chukchi Sea
Oceanographic Processes University of Washington

VI. Estimate of funds expended (31 August 1976)

University of Washington
Original allocation $52,000
Received to date 20,800

A. Salaries 2,306
B. Benefits 326
C. Indirect Costs 1,010
D. Supplies and other direct costs 8,379
E. Equipment 19,639

Digi-print printer $975
Model 322 acoustic transponder $13,720
TG-3A water level recorder $5,925

F. Travel 2,621

Total $34,281

Balance -$13,481
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Quarterly Report

Contract No:
03-5-022-67, TA 1

Research Unit No:
151

Reporting Period:
1 July 1976 - 30 September 1976

Number of Pages:
2

STD Mappings of the Beaufort Sea Shelf

Knut Aagaard

Department of Oceanography
University of Washington
Seattle, Washington 98195

30 September 1976
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I. Objectives

To provide seasonally distributed temperature-salinity mappings
of the Beaufort Sea shelf and the dynamically related region of the slope.

Such mappings are an essential prerequisite to, and component of, all

physical oceanographic studies on the shelf. These mappings are necessary

input for the accomplishment of task elements B-2 to B-4.

II. Field activities

The last field trip of this fiscal year terminated 29 May 1976 and
was described in the previous quarterly report.

III. Results

Processing and analysis of data are continuing, and tapes from the
first two cruises have been interpolated and submitted. Prior to the May

work, the electronics had been partially redesigned to provide better fil-

tering, and this resulted in much clearer signals than had been the case

previously.

IV. Preliminary interpretation of results

Preliminary examination of the May data indicates a hydrographic

regime quite similar to that in February. There is still some indication

of subsurface temperature inversions (cf. annual report pp. 6-7).

V. Problems encountered

The earlier problems in data reduction (cf. previous quarterly re-

port) have been largely solved.

VI. Estimate of funds expended '31 August 1976)

Original allocation: $51,726

A. Salaries 5,698

B. Benefits 630

C. Indirect costs 2,677
D. Supplies and other direct costs 16,776
E. Equipment 20,863

F. Travel 3,555

Total 50,199

Remaining balance $ 1,527
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QUARTERLY REPORT

Research Unit:#217
Reporting Period:
1 April - 4 Oct 1976
Number of pages: 6
Figures 9

Principal Investigator: D.V. Hansen
Affiliation: Atlantic Oceanographic and

Meteorological Laboratories
NOAA, Miami, Florida

10 September 1976
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I. Objective: To obtain and interpret Lagrangian surface

current data in the Gulf of Alaska, and by amendment, in

the S.E. Bering Sea.

II. Activities:

A. Three free drifting buoys were deployed in the

Gulf of Alaska in April from NOAA Ship Discoverer, three

in May in the S.E. Bering Sea from R/V Moana Wave, and

three in the Gulf of Alaska from NOAA Ship Discoverer.

B,C. Mr. David Pashinski, presently of PMEL has

handled logistics and instructions to ship's personnel

and scientific parties. Once deployed, the buoys operate

autonomously; position and environmental data are collected

by the NIMBUS-6 satellite, translated at Goddard Space

Center (NASA),and mailed to AOML.

D. Buoy trajectories are the primary reportable

data. These are summarized on appended chartlets
6

(Polyconic projection at 1:10 scale).

E. A total of nearly 550 buoy days of drift data

have been collected during this period. See III for

synopsis.

III. Results:

Design modifications effected following the problems

experienced in the severe environmental conditions of

last Winter have proven effective, at least for Summer

conditions in the North. Of nine buoys deployed in this

reporting period, five are still working, two have beached,

one was "salvaged" by a crab boat, and but a single
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engineering failure has been experienced. A mean time

to failure statistic has little meaning in this situation.

In addition, an expected high latitude boon is being re-

alized. The polar orbit of NIMBUS-6 produces 2-3 times

as many positions from buoys in this region as from buoys

deployed in the Caribbean,Sea Sargasso Sea,or equatorial

oceans. This greater number of fixes will provide better

spatial resolution, which appears to be needed especially

in the Bering Sea.

Gulf of Alaska

Debris from a buoy that failed immediately upon

deployment off Yakutat Bay in November was found on

Kayak Island. Buoys 1105, 1133, and 1174 were deployed

off Yukatat Bay in April. Buoys 1105 and 1133 initially

moved south for 15-20 miles at which time 1105 stopped

reporting, and 1133 reverted to the westward movement

indicated by the conventional wisdom for this region.

Notable features of the trajectory of 1133 are (1) its

movement crosses isobaths quite dramatically, suggesting

that topographic control may not be a strong constraint

for surface flows in this area and (2) the trajectory

terminates on Middleton Island, extraordinarily bad luck

from the point of view of the principal investigator,

but probably indicative of expected behavior of surface

pollutants. Buoy 1133 evidently fouled in a kelp bed or

otherwise hung up offshore and continued transmitting
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for several days. This stationary position sequence

suggests (our only assurance at present) that the drogue

assembly remained attached to the buoy until the end.

It also provides a special data base by which to evaluate

accuracy of the locating system, and on the basis of which

an objective data editing and filtering system is being

designed. The location precision in this area turns out

to be very close to NASA design specification.

The trajectory of buoy 1174 turned out to be especially

interesting. Subsequent to a drift similar to those

obtained in September 1975 as far as Cape Suckling, it

closely skirted the east shore of Kayak Island, evidently

to become trapped in an anticyclonic (clockwise) eddy

just west of Kayak Island, and ultimately to beach on

Montague Island. This particular occurrence provides

some very strong evidence of the existence of an eddy

west of Kayak, and presumeably has considerable relevance

to lease activity in the area. It is notable however

that this buoy, deployed some 250 miles to the east,also

entered the eddy.

All three of the buoys, 1142, 1203, and 1235, deployed

in the Gulf of Alaska are following the previous general

pattern of flow to the west and north. The details and

eddy structure which are a large part of the project

objective are of course quantitatively different . It

appears that these buoys also may beach in the northern

Gulf of Alaska.
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S.E. Bering Sea

The three buoys (503, 535, 544) deployed in the

S.E. Bering Sea are of a new (PRL) design intended to

provide position data only. From an engineering point

of view they have been completely successful in the

relatively benign summertime Bering Sea. Buoy 503 was

salvaged by a crab boat after 2 1/2 months and will be

examined to evaluate the longer term survival potential

of the new design. These hulls could not be equipped

with a drogue so the trajectories probably are influenced

by wind, but nonetheless the trajectories indicate much

weaker,more spasmodic surface currents than are found in

the Gulf of Alaska. The general impression gained from

these preliminary data plots is of weak but spatially

coherent cyclonic circulation in Bristol Bay, with a

high level of temporal variability imposed.

IV. Preliminary Interpretations

A. Gulf of Alaska

1. Some results indicate that topography is not

a strong constraint on movement of surface materials.

2. Definitive evidence is obtained for the

existence of an eddy (anticyclonic) west of Kayak Island.

3. The statistics are still extremely poor, but

it may be significant that buoys deployed off Yakutat

are consistently going ashore east of Kodiac Island.

Three out of these tracked buoys have done so, and one
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out of 7 terminations from other causes was incidentally found

ashore. This statement can be generalized to include

all potential deployment sites on the continental shelf

between Yakutat Bay and Prince William Sound, i.e.,all

points transited by the buoys. The implications for

surface contaminants are pretty clear. The drift time

scale will be developed in the final report.

B. Bering Sea

The primary impression gained to date is that the

several day average surface current is relatively weak,

but coherent over substantial distance. Present results

suggest that the observational strategy preposed for

this area in 1977 can be improved upon by distributing

buoys more generally over the region of interest rather

than on a line between Unimah and St. Paul Islands in

order to get better coverage during the working season.

These possibilities will be discussed at the Fall workshop.

V. Problems

The important design problems for survivability appear

to have been solved by NDBO, at least for Spring/Summer

conditions;the data are now coming in about as planned.

The losses to beaching in the Gulf of Alaska are greater

than anticipated, and lead to poorer coverage in time and

space. That however is just the geophysical reality
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that OCSEAP particularly requires knowledge of.

VI. Funds expended

All funds allocated for FY 1976 (and TQ) will have

been expended by 1 October, including procurement of 3

buoys yet to be deployed in the Gulf of Alaska. (Planned

for October).
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LINKAGE OF THE BENGTSSON LIMITED AREA FORECAST MODEL AND THE

OPTIMIZED HYDRODYNAMICAL-NUMERICAL MODEL OF W. HANSEN TYPE

by

R.Bauer, S. Larson, T. Laevastu and A.Stroud

RU #235

Part I

Northwest Fisheries Center
National Marine Fisheries Service

National Oceanic and Atmospheric Administration
2725 Montlake Boulevard East
Seattle, Washington 98112

July 1976
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Abstract

The operational quasi-geostrophic three-parameter model developed
by Dr. L. Bengtsson for the Swedish Meteorological and Hydrological
Institute has been linked with the optimized multi-layer hydrodynami-
cal-numerical model based on the work of Professor W. Hansen at the
University of Hamburg, Germany for use in the study of the wind and
tide driven circulation along the southern Alaskan coast, sponsored
by the Outer Continental Shelf Energy Programme (BLM/NOAA).

The Bengtsson forecast model was used to increase the resulution
of the surface pressure field to a 74.08 km grid in an area where the
coastal elevations are a major determining factor. The initial states
and the variable boundaries were prescribed for the Bengtsson model
by extracting data from the Fleet Numerical Weather Central (FNWC)
archived files for two storm periods in June and November, 1973.

This document describes the programs and procedures used to link
the FNWC fields to the Bengtsson model and the Bengtsson model to the
Hydrodynamical-Numerical (HN) model, and provides supplemental infor-
mation for the Bengtsson and HN models described fully in references
(1) and (2).
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1. INTRODUCTION

This report describes the linking of the Naval Environmental

Prediction Research Facility (NEPRF) version of the Bengtsson three

parameter quasi-geostrophic atmospheric (AT) model for limited area

forecasting and the NEPRF Optimized version of the Hydrodynamical-

Numerical (HN) model for use in the Gulf of Alaska.

The AT model has been tested in a hindcast mode using initial

and variable boundary conditions computed from the northern hemi-

sphere 63x63 polar stereographic Fleet Numerical Weather Central

(FNWC) grids. The AT model was used to compute the surface winds

over the Gulf of Alaska at 6 hour intervals in a 74.08 kilmeter

grid for two periods beginning 1 June and 17 November 1973. The wind

fields were converted to the smaller HN model area grids with grid

spaces of 14.816 kilometers by extracting and reanalyzing the relat-

ive wind U and V components and then interpolating them to one hour

intervals. Winds were introduced into the HN models after a six

hour initialization period and updated each hour.

1.1 OVERVIEW OF THE AT-HN MODEL LINKAGE

There are three separate programs in the existing linkage be-

tween the models. Two of these, the grid preparation and data ex-

traction programs, were written for the NEPRF CDC 3100 computer and

are used to prepare FNWC 63x63 data for input into the AT field

analysis program. The third program in the linkage started as the

field analysis program on the CDC 3100 but was later converted to

a dual function program on the CDC 6500. The field analysis program
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analyzes the FNWC grid values into AT fields and also analyzes the

AT generated wind component fields into the smaller HN grids.

Figure 1 shows the program sequencing. Program ANOMALY calculates

the M,N coordinates for each polar stereographic I,J grid point in a

specified range of I and J points and punches the I,J and HN M,N grid

values on cards. Program COAMDAT reads a tape containing FNWC 63x63

fields, extracts an I,J value from each field for each coordinate card

in its input deck and generates the COAM tape containing values at

I,J points with their HN M,N coordinates. The COAM tape is read by

the ATANAL program which analyzes the FNWC values into the AT fields.

The AT model in turn generates a wind component tape which is processed

by ATANAL into the coastal grid HN wind fields.

1.2 DESCRIPTION OF GRID CONVENTIONS

One of the confusing factors in dealing with the programs in this

sequence arises because each program borrowed code from a different

source and these elements do not have common grid conventions. Figure

2 is presented to reduce the confusion. The arrows within the grid in-

dicate the sequence in which the elements are stored in the arrays and

show the array limits and principal indices.

To further complicate the matter there are actually four different

HN grids involved. The original AT model grid was developed as a

compromise grid for both the AT and HN models. Although the 74.08 kilo-

meter HN model was not used the input and output tapes for and from the

AT model are formatted in terms of the 74.08 kilometer HN model. The

three HN models that are a part of the BLM Gulf of Alaska project all
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Figure 1. Program dequence
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Figure 2. Grid conventions
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have 14.816 kilometer grids. To distinguish between the HN models

the 74.08 kilometer grid will be assumed unless the area is also

specified.

Programs ANOMALY and COAMDAT both use HN grid M,N coordinates.

FNWC 63x63 grid points in the programs are in FNWC standard I,J nota-

tion. The HN convention is for the upper left corner of the grid to

be identified as (1,1) with the row index varying faster. However,

the 74.08 kilometer HN grid was rotated 180° so that (1,1) is in the

southeast corner.

The HN grid convention indices are used on all tapes in the link-

age. The input sections of the ATANAL and AT programs convert from the

HN coordinate sequence to the indices used in the models. The output

sections of these programs restore the local indices to the HN grid

conventions. In the case of ATANAL when the wind fields are being

processed the outputted fields match the HN grids for the three coastal

areas.

Within the ATANAL program the row index varies faster and the

origin is in the southwest corner. The AT model has the same origin as

the ATANAL program but the column index varies faster.

All three coastal grids are rotated HN grids. The east coastal grid

is rotated counterclockwise 3090 with the northern corner as the origin.

The western and central grids are rotated 39° so their western corners

are their origin.

1.2.1 Description of the 74.08 Kilometer Grid

The 74.08 kilometer grid is defined by the base lines 40° North

and center line 143.86333333° West, which corresponds to row 1 and column
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TABLE 1

HN Grid Relationships
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24, as shown in Figure 3. The distance between rows is 2/3° lati-

tude (74.08 kilometers) and columns are spaced at 2/3° of latitude

intervals measured out from the center line. This grid preserves

distance measurements but distorts angles at the edge of the grid.

This distortion was not considered important.

1.2.2 Description of the Coastal Grids

The coastal grids have grid lengths of 14.816 kilometers and

overlap. The specifications for the grids are given in Table 1 and

are shown in Figures 4 through 6.

1.3 TAPE FORMATS

There are three tape formats involved in the sequence. The

first is an extract of FNWC 63x63 fields. The second is the COAM

tape and the third is the HN format tapes. All tapes are recorded

at 556 BPI in 7 tracks, in binary mode, as a single file.

1.3.1 FNWC 63x63 Field Tapes

The field format on the FNWC tapes is described in the FNWC

User Guide (6). The fields required by the AT model in order for a

date-time group set are: the sea temperature (TSEA), the 1000 mb pres-

sure level (D1000), the 500 mb pressure level (D500), the 300 mb pres-

sure level (D300) and the dew point depression (TP850).

1.3.2 The COAM Tape

The COAM tape format is shown in Figure 7. The file contains

reocrds which are all identical in length but the length may vary
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Figure 3. HN 74.08 kilometer grid



Figure 4. HN 14.816 kilometer western grid



Figure 5. HN 14.816 kilometer center grid



Figure 6. HN 14.816 kilometer eastern grid
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Figure 7. COAM format
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depending on the number of coordinate cards in the COAMDAT deck. The

file consists of a single record for each FNWC field processed and is

composed of 48 bit fields with the M,N coordinate and the value in

two 12 and one 24 bit field. All fields represent scaled integers.

The coordinate fields are always positive but the value field may be

positive or negative. The COAM tape presently serves as a bridge be-

tween the 24 bit CDC 3100 computer and the 60 bit CDC 6500 computer.

1.3.3 HN Tape Format

The HN tape has records which are of variable length from 144 bits

to 30000 bits with a fixed length header of 120 bits. The header

bits, as shown in Figure 8, are divided into 24 and 12-bit fields. All

values in the header are positive binary integers. The header is

followed by from 1 to 1245, 24-bit fields. These data fields contained

scaled integers which may be positive or negative. Negative numbers

are expressed in CDC 1's complement (in octal (B):0001B=1, 0000B-0,

7777B=-0, 7776B=-1).

A logical record will require more than one physical record if

the grid contains more than 1245 values. Any number of physical records

can make up a logical record but no logical records share a physical

record. Records with type numbers less than 8 are assumed to be grouped

logical records with 3 logical records per group. In grouped records,

since all logical records have identical headings, the Z logical record

must be first followed by the U and then the V logical record.

Logical records are ordered on the tape in ascending type sequence

within the time group.
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Figure 8. HN tape format
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Type 8 records are reserved for wind components and are paired

with the U component field followed by the V component field.
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2. HINDCAST DATA PREPARATION

The two sets of hindcast data selected for this trial effort

consist of two storm periods in the Gulf of Alaska from 1-7 June

1973 and 17-23 November 1973. The FNWC 63x63 fields for these periods

at 0000 and 1200 GMT were processed through the sequence into the HN

format tape for input to the AT model. The AT model runs were started

at 0000, 1 July 1973 and 0000 17 November 1973, using as the initial

state the analyzed grid obtained from the FNWC values. The edge values

for variable boundary conditions were interpolated between the 12 hour

pressure fields for each time step. The TSEA and TP850 were not con-

sidered in the variable boundary conditions.

The AT model was run out to 36 hours saving the wind component

fields at 6 hour intervals in HN format. The wind components were

then analyzed into the coastal grids at 6 hour intervals and linearly

interpolated into 1 hour fields for input to the coastal HN models

starting at 6 hours.

The three linking programs required to prepare the hindcast

data are described in this section. The AT model and HN model instruc-

tions are described in the following sections of this report.

2.1 GENERAL PROGRAM NOTES

All programs are written in FORTRAN and could be modified to run

on other configurations by revising the relatively small sections in-

volving input and output activities that are computer word size

dependent. The general description of the programs, the grid convention
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and the tape formats has already been given in section 1 of this

report. This section contains the run instructions, program organ-

ization, methods and variable description.

After the conversion of the analysis program from the CDC 3100 to

the CDC 6500 computer was completed, the need for separating the grid

calculation, data extraction steps and data analysis steps disappeared,

but in the present research effort there was nothing to be gained by

converting and combining the functions of the grid preparation and ex-

traction procedures with the input phase of the AT field generation.

Consequently, streamlining of procedures will have to await a new ap-

plication.

2.2 PROGRAM ANOMALY

Program ANOMALY was borrowed from another project and was modi-

fied to compute the HN grid values from the FNWC I,J latitude

longitude coordinates. The program produces both a listing and a

deck of coordinate cards.

The relevant part of program ANOMALY consists of the main program

ANOMALY, routines IJTOLL and TOLL.

2.2.1 Run Instructions

To run program ANOMALY the user must determine the FNWC I,J

grid window containing the area to be extracted. When choosing the

I,J minimum and maximum values the user should be sure to include

the I,J points that lie within one grid cell interval outside the final

grid to be used by the AT model. Values in this band outside the grid
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row and column are used to determine the boundary values in the final

grid and to minimize the distortion on the edge caused by relaxation

in the ATANAL program.

The I,J limits are used as limits on loops 999 in program

ANOMALY. The parameters given in the call to TOST (an initialization

entry for TOLL) specifies the base line latitude, the center line

longitude, the HN grid row number for the base latitude and the HN

grid column number for the center line. The spacing is set in routine

TOLL.

This program punches extra cards that are outside the final grid

by more than one row and column. These cards are discarded.

2.2.2 Routine Descriptions

ANOMALY

This is the main program. It calls routine TOLL twice: once

through entry TOST to start the calculations and once for each co-

ordinate point through entry TOMN to get the HN M,N coordinates for

a latitude longitude pair. The routine calls IJTOLL once each for

each coordinate point to convert from FNWC I,J coordinate indices to

latitude longtidue. The routine lists the coordinates and punches

coordinate cards for use in program COAMDAT.

IJTOLL

This routine is given an I,J index in the FNWC northern hemi-

sphere polar stereographic grid and then it returns the latitude

longitude coordinates in degrees.
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TOLL

This routine computes the HN grid M,N index for the Gulf of

Alaska grid. It is not a general purpose routine in the normal sense;

since the indices are computed directly for the HN grid rotated 180°.

The routine requires an initial call giving the correspondence between

latitude-longitude base and center lines and the N,M grid numbers.

In the Gulf of Alaska grid these are 40°N=row 1, 143.863333=column 24.

In successive calls to TOMN the routine computes the M,N coordinates

using the method described in Bowditch (3) to compute distance along a

latitude line.

2.2.3 Variables

I,J FNWC Northern Hemisphere polar stereo-
graphic grid indices

XLAT,YLONG Latitude and longitude of an FNWC grid
point

XN,YM HN grid indices

NM Scaled HN grid values=XN*10,YM*10

Xl Factors to compute distances between
Y1 longtiudes from Bowditch (3).

2.3 PROGRAM COAMDAT

Program COAMDAT was written to extract the required I,J values

from the tape containing FNWC 63x63 fields using a preexisting standard

NEPRF subroutine, READ63. The program as it presently exists processes

the PS and D850 fields which are not needed by the AT model. This
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routine is not a general purpose routine since it will require code

modification to change areas from the Gulf of Alaska HN grid to any

other grid.

2.3.1 Run Instructions

The program requires card input on the standard input unit, the

FNWC 63x63 fields on logical unit 1 and the output COAM tape on

logical unit 2.

The data used to locate the field on the FNWC tape is computed

as follows:

Year Set into XI

Month Computed into XJ using loop 500

Day Computed into XK using loop 400 with
limits given in the data statement
to KD and KE

Hour Computed into XL using loop 300

The fields extracted are given in the data statement using vari-

ables NAME, ITAU and ISK and are controlled by loop 200.

The program is set to extract the 75 I,J points in the Gulf of

Alaska HN grid. The coordinate cards produced by program ANOMALY are

read in loop 10. The points are selected out of the FNWC field in loop

100, are buffered out to unit 2 and are printed with format 1220. All

of these coordinate related operations have fixed indexing for 75

points.
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2.3.2 Routine Description

COAMDAT

This routine is described by the run instructions.

READ63

This routine is a standard NEPRF CDC 3100 subroutine to

read FNWC 63x63 fields.

2.3.3 Variables

A FNWC 63x63 field

IA Double subscript array equal in length to
the floating point array B. Used to store
values in the lower 24 bits and the pre-

pared coordinates in the upper 24 bits of
the B array. (On the CDC 3100 integers are
24 bits; floating point values are 48 bits).
Note: In the Gulf of Alaska grid IA is over-
laying part of the A array that is not ref-
erenced.

B Output array of M,N and value logical records.

Other relevant variables are given in the run instructions.

2.4 PROGRAM ATANAL

Program ATANAL is the program in the linkage that converts fields

from one grid to another. It is used both before and after the AT

model is the sequence. The program consists of a main program ATANAL

and the subroutines FLDANL, READIN, OUTPUT, PRTMAE, INFLD, TIMINT

and XMIT.

2.4.1 Run Instructions

The program uses stored input for the control cards described
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below. It uses ECS to store the wind component fields where time

interpolation is required between the 6 hour fields. The program uses

logical unit 1 for the input tape which is either the COAM tape or the

HN grid tape generated by the AT model. The program writes the fields

generated on logical unit 5. No provisions are made to preposition the

tapes within the program, but this can be accomplished with standard CDC

Scope control cards.

There are two separate control cards. Only the grid card is re-

quired to run the program in the mode to convert from the FNWC grid

values to the HN grid. Both the grid and the transform card are re-

quired to convert from the HN grid wind component fields to the coastal

HN grids.

Grid Card

The grid card specifies the grid and analysis constants required

on output.

Col Variable Format(615,4F10.3)

1-5 IGRID Type of grid process
0= convert from FNWC I,J values to

HN grid
l=convert wind components in HN
grid to coastal HN grid

6-10 NPASS Number of iterations allowed in
the relaxation

11-15 NE Number of rows

16-20 ME Number of columns

21-25 IDBG Debugging option
0=no debug printouts, l=debug

26-30 MODEL Model number to be used on the

output tape
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31-40 P1 Smoothing parameter

41-50 EPS Convergence tolerance for re-
laxation

51-60 ZLMBD4 Convergence factor/4 for re-
laxation

Transform Card

The transform card is used to specify the grid dimension of the

HN grid being inputted, the scaling and rotation factors and the in-

terval between output fields.

Col Format(2I5,I10,6F5.0,2F10.0)

1-5 NEI Number of rows in input grid

6-10 MEI Number of columns in input grid

11-20 ITINT Interval between output fields
If=0 no time interpolation is
performed and only 10 words of
ECS are used by the program

21-25 YOF Row index Point of rotation in
26-30 XOF Column index the input grid co-

ordinates*

31-35 ROTIN Rotation of input HN grid

36-40 YC Row index Point of rotation in

41-45 XC Column index output grid coor-
dinates*

46-50 ROTOUT Rotation of output grid

51-60 OLDGRDL Grid length of input grid

61-70 GRDLENN Grid length of output grid

*Rotation angles are specified as counter-clockwise angles in degrees
from North to t.he +Y axis.
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2.4.2 Routine Description

ATANAL

This is the main program where the control cards are read and

printed. If the program is processing FNWC data into the HN grid,

the program assigns the time and type on the basis of COAM tape posi-

tion. The COAM data are read by routine READIN. When the program is

converting from one HN grid to another the data are read by routine

INFLD. In both cases the data are placed in the DATA array containing

values identified by the output grid coordinates.

Array DATA is passed to routine FLDANL where the data are placed

at the grid points using a weight based on distance, are interpolated

to obtain a guess field, are relaxed and finally smoothed.

The result field is returned in array GUESS, which is printed and

then placed on the output tape together with any preceeding time inter-

polated field by routines PRTMAE and OUTPUT.

FLDANL

This routine uses a modified FNWC field analysis technique with no

guess field and no error checking. The data values are weighted by

distance from a grid point and are applied to any grid point within a

circle of grid unit radius. Input values within one grid unit outside

the final grid are permitted.

To reduce the time required to relax the field after all data points

are placed in the grid, guess values are computed at the no data inter-

section using a normalized squared distance weighted to the neighboring
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observed data points in the row and column.

The relaxation procedure is then applied to the field allowing

the Laplacian to be recomputed during each iteration until the resid-

ual is less than the tolerance specified.

When the smoothing factor is specified (not zero) the field is

smoothed using a 4 point smoother. In this smoother the points out-

side the border are given the value at the border.

INFLD

This routine reads an HN tape containing wind components and

translates the coordinates based on the values given on the transform

card. Values on the input tape that lie more than a grid length out-

side the final output grid are discarded. Other values are stored in

array DATA.

This routine does not check the model or grid size of the in-

put field. If the grid size does not match the NEI, NEI values given

on the transform card all data and index returned will be incorrect.

PRTMAE

This routine prints out the final field. The indices are in

the ATANAL grid not the HN grid. The origin for the ATANAL grid is

the lower left corner. In the case of the FNWC to HN grid transla-

tion the READIN routine places the data in the ATANAL grid so that

the grid is printed geographically correct with North at the top and

East to the right. Because of this convention in the HN to HN grid con-

version, the coastal HN grid are printed with grid position 1,1 in the

lower right hand corner.
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READIN

This routine reads the COAM tape and places the coordinates and

values in the DATA array. This read in process is dependent on the

COAM tape being in the proper sequence.

TIMINT

This routine stores and reads the wind component fields to and

from ECS and interpolates fields at the interval specified on the

transform card.

XMIT

This routine transfers data from one array to another. The from

array (or element) is the first parameter. The to array is the second

parameter. The number of words to transfer is the third. The in-

crement between words in the from array is next (0 is used if the from

array is a single word). The last parameter is the increment between

words being stored in the to array.

2.4.3 Variables

CO Cosine of the rotation angle between HN
grids

D Array of 4 values containing the weighted
contribution of an observation to the 4
surrounding grid points

DATA Values to be passed to FLDANL
(l,n)=Y coordinate in ATANAL coor-
(2,n)=X coordinate I dinates
(3,n)=value

EPS See grid card

FA Array being placed on output tape

GRDLENN See transform card
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GUESS Work array for FLDANL containing final
field

IA Base address of array data is being
transferred from

IB Base address of array data in being
placed in

IBUF Tape input buffer

ICNT Counter to match COAM tape records with
HN header data

IDBG See grid card

IGRID See grid card

IK Page counter index

IREC Number of records read/written on tape

IT Number of output tapes per input field

ITIM Time of the output field

ITINT See transform card

ITNEW Time of present field

ITOLD Time of oldest field

ITY Type code for the output field

ITYP Array of ITY values used for field being

processed for input to AT model

IW Work array used to write HN fields

IWW Byte counter for 12 bit bytes in READIN.
Word of the array being processed

J Index used to unpack 24 bit bytes from

60 bit words

JA Index for incrementing base address of

IA array between transfers
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JB Index for incrementing base address of
IB between transfers

JJ Index to reverse the row index to a line
number

JM Index equal to (I,J-l) if inside the grid,
otherwise set to (I,J)

JP Index equal to (I,J+1) if inside the grid,
otherwise set to (I,J)

K Unpacked integer quantity from a for HN
tape. Column index in PRTMAE

KA Index used in XMIT for the next value to
be transferred

KB Index used in XMIT for the next value to
be stored

KKM Squared distance from KM to the point being
interpolated

KKP Squared distance from KP to the point being
interpolated

KM Index of the last grid point influenced by
an observed value in the column

KP Index to the next grid point influenced by
an observed value in the column

L Length of the COAM tape record

LAYER Layer number for output field

LEN Number of words in tape buffer IBUF

LEV Array of layer numbers used in HN headers

LLM Squared distance from LM to the point being

interpolated

LLP Squared distance from LP to the point being

interpolated
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LM Index to the last grid point influenced
by an observed value in the row

LP Index to the next grid point influenced
by an observed value in the row

M Used in some subroutines in place of ME

MAXOBS Size of the DATA array

ME See grid card

MEI See transform card

MF First column to be printed on page

ML Last column to be printed on page

MMF Index offset for first column to be printed
on the page

MN Number of words in input field

MODEL See grid card

M12 12 bit mask used to format HN tapes

M24 24 bit mask used to format HN tapes

N Used in some subroutines in place of NE
Date-time group increment switch in ATANAL
Index for DATA array in READIN
Number of transfers in XMIT

NAME Title for matrix printout

NCNT Number of field being written to ECS

NE See grid card

NECS Array in ECS for 4 fields (a U and a V
component field for each time ITOLD and
ITNEW)

NEI See transform card

NEW Field at ITNEW
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NM Number of elements in output field

NN Index relating the HN tape output buffer
to the ATANAL grid

NOBS Number of values stored in DATA

NOP Number of pages required to print array

NPASS See grid card

NW Word being packed or unpacked in IW array

OFFSET Scale offset for integer values on HN
tape

OLD Field at ITOLD

OLDGRDL See transform card

P1 See grid card

P2 (1.-Pl)/4.

R Array of 4 values containg weights for the
4 grid points surrounding the observed value

RDIFF Sum of the squared distances passing the
unit circle test

RMAX Maximum change between iteration of the
relaxation procedure

RTIME Ratio of time to interpolate for intermedi-
ate wind component fields

ROTATE Rotation angle between HN grids

ROTIN See transform card

ROTOLD See transform card

S Sum of the squared distances in FLDANL

Array to be printed

SC Ratio of grid scales=input grid size/
output grid size
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SCALE Scale factor for integer values on HN
tape

SI Sine of the rotation angle between HN
grids

W Work array required by FLDANL to weight
the observed values. In other routines
used as a buffer space

X Input grid index

XC See transform card

XINC Fractional difference between XI
and the truncated index I=XI

XINC1 1-XINC

XJ Coordinate of an observed value

XLAP Contribution to the relaxation field in
one iteration

XMA Number of column in the rotated array+l

XOF See transform card

XS XINC*XINC

XX Rotate grid coordinate

XZ XINC*XINC1

Y Input grid coordinate

YC See transform card

YINC Fractional difference between YJ and the
truncated index J=YJ

YINC1 1-YINC

YJ Coordinate of an observed value

YMA Number of rows in the rotated array+l

YOF See transform card
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YS YINC*YINC

YY Rotated grid coordinate

YZ YINC*YINC1

ZLMBD4 See grid card

743



3. LIMITED AREA ATMOSPHERIC FORECAST MODEL

The Bengtsson model (2) was adopted for this project to produce

the local wind data. Since only minor changes have been made in the

formulation of the model since 1974 this report will concentrate on

the instructions to run the model and the way the model is organized

and coded, all of which have changed considerably.

Since 1974 the Bengtsson model has been almost completely re-

coded at NEPRF to eliminate options reported earlier that were not

needed for this project or were no longer needed, to provide a link-

age with the FNWC fields through HN formatted tape, to generate and

save the wind components, to change the formulation of the stream

function, and to add experimental surface heating effects.

3.1 SUMMARY OF CHANGES

The polar stereographic grid used in the earlier model with the

options to cut off the corners of the grid has been replaced by the

equal distance grid, described in Section 1.2, which is always rectangu-

lar.

The experimental optional terms in the vorticity equation have

been reduced from 4 to 2 by eliminating the advection of vorticity by

divergent winds and the product of relative vorticity and divergence.

Since the model is being used in this project to forecast in a

very small area that is nested within the hemispheric grid, the assump-

tion that there was no net inflow or outflow used in the stream function
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computation has been discarded in favor of a much simpler numerical

relationship between F and [psi] given by [psi]= Zg/f.

The linkages with the FNWC fields and the HN model using HN

format tapes through program ATANAL have been added using code

borrowed from the HN model.

The wind computation routine added to compute the surface winds

was adapted from Larson (5).

The channel data cases coded into the initialization routine have

been changed to a simplified test case for use with the new surface

heating routine based on Laevastu (4).

3.2 RUN INSTRUCTION FOR AT MODEL

The AT model was developed for operational use in a fixed area

so all control variables have been compiled into the program rather

than being supplied on control cards. The two modes that have been

used during the project are the real data case and a channel case with

cyclic boundaries. Although the real data case has the option of using

static or variable boundaries, in the real data case the boundaries

have been varied. In the channel case mode there have been several sets

of data used, including both barotropic and baroclinic cases with and

without latent and sensible heating. In both modes the step extended

calculations have been optional.

To define these different modes and cases the model employs the

CDC UPDATE system, which allows temporary modification of a source deck

through a correction deck. Unfortunately, this technique, while very
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simple to use, is difficult to document in a way that is independent

of a particular UPDATE program library. Instead of a card by card

description of the UPDATE sets, the following sections provide check-

lists for the data that must be provided and functions that are re-

quired.

3.2.1 Real Data Case Checklist

Variables Set in PROG3P

Setting Meaning

KIND=0 Real data case

IVAR=1 Variable boundaries (see input tape rules)

DS=7.408E+4 Size of the Gulf of Alaska grid

N=32 Number of rows in Gulf of Alaska grid

M=47 Number of columns in Gulf of Alaska grid

MODEL=1000 Model number used on HN tape to identify
Gulf of Alaska grid

ROT=180. Rotation of HN input grid. Used to com-
pute wind direction.

NEND=36 Length of forecast period in hours

NTSTEP=12 Number of time steps in the forecast interval

NBLOCK=3 Forecast interval in hours (see input tape
rules)

MAPHOUR=0,72,6 Start printouts at time 0, printout at 6
hour intervals until NEND or 72 hour have
passed. (also see output tape rules).

LETACC All must be set to appropriate values that
NSMUTT are even multiples of NBLOCK to zero accu-
MSMUTT mulated precipitation, to smooth the field
NELLIPT and to check for ellipticity.
MELLIPT
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IEXT3-1 Option to include the vertical advection
or=0 of vorticity and divergence terms

IEXT4-1 Option to include the twisting term in the
or-0 vorticity equation

ITIME=0 Initial time on the HN tape in seconds
NTIME-O Initial time for computation (matching

ITIME) in hours

Variables set in INITIAL

For the real data case no variables need be set in INITIAL unless

the grid size is changed to 14.816E+4 meters. In this case the grid

indices are modified before calls to INOUT and the number of grid

points is reduced by the elimination of every other grid point. The

reduced grid has been used for a number of tests during the project

since it more closely matches the Atlantic grid size for which the

model was developed.

Input Tape Rules

The two input tapes used for the project contain a single set of

data for either the 1 June 1973 or 17 November 1973 cases and since

they contain only relative times they could be used interchangeably by

simply changing the tape assigned to logical unit 1. The relative time

of the initial fields must match the time specified by ITIME. When

variable boundary conditions are used the input tape must have fields in

the proper sequence at 12 hour intervals. To have the proper calls 12

must be an integer multiple of NBLOCK.

Output Tape Rules

The output tape is used to store the wind components and is called
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from within MAP3P. It is called each time the surface pressure field

is printed when the first parameter in the call sequence to MAP3P is

equal to 2. The data are written directly on the tape if a tape is pre-

assigned to TAPE2.

Land Elevation Table

,The land elevation table is read by routine INITIAL when it is

entered for the real data case. The land elevation table has been

read from a card deck where each card represents a row of the Gulf of

Alaska grid and each column is a column in the grid. Punches in the

land elevation table are the index to the surface pressure table

STANPS, which gives the pressure for 0, 200, 500, 1000, 2000, 3000,

4,000 5,000 6,000 and 7,000 meters--the levels on the MONACO charts for

the Gulf of Alaska.

3.2.2 Channel Case Checklist

Setting Meaning

KIND=1 Channel case

IVAR=0 The boundaries are not updated with real
data. The channel is connected on the
right-left ends.

DS=200km Grid sides used in experimental grids
or 100
km

N-15 Number of rows

M=30 Number of columns

MODEL=0 No input tape is used so the model number
does not matter
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ROT-0 This does not matter if the winds are not

computed.

NEND=36 Length of forecast period in hours
or 72

NTSTEP=12 Number of time steps in the forecast
NBLOCK=6 interval and forecast period

MAPHOUR=0, Start printout at time 0. Printout at
72,6 6 hour intervals until NEND hours or 72

hours have passed.

NSMUTT,
MSMUTT-72,0,0 In the channel cases no smoothing is used

LETACC All must be set to even multiples of
NELLIPT NBLOCK
MELLIPT

IEXT3=1 Option to include or exclude extended
or 0 calculations

IEXT4=1
or 0

ITIME=0 Time counters should both be equal =0
NTIME=0 for the channel case start

For the channel case all data are generated during the execution

of routine INITIAL. The calls to routine GENCH are used to create the

initial stream function and the calls to FILL are used to generate the

surface pressure and temperature fields.

Table 2 shows several test cases using the channel option that were

used in conjunction with the optional extended calculations and heating.

The dimensions of the in core arrays must be large enough to contain the

M*N array.
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Table 2. Specifications of channel test cases
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3.3 DESCRIPTION OF ROUTINES

The following routines are described in the order shown in the

program organization, Figure 9.

PROG3P

This is the main program which contains most of the DATA state-

ments that control the functioning of the program. The program se-

quence is to set initial constants, call INITIAL to read or generate the

time 0 fields, convert the initial fields into the forms required by the

computation, initialize and store initial fields in ECS fields and then

loop for each forecast interval. Within the forecast loop the fields are

mixed with boundary values, smoothed, checked for ellipticity and printed.

BMOVE

This routine is used to impose the cyclic boundary on the channel

computation. It is used when KIND=0. It moves the next to last column

in the array to the first column, and the second column to the last

column position.

XMIT

This routine is used to move data vectors and zero data arrays

within core.

RANWT/RANRD

Routine to link the program with an external storage device capable

of storing the work arrays. Presently used to transmit to and read data

from ECS.

FIELD

Debugging aid that prints the entire set of incore work arrays FI-F10.
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Figure 9. AT model call sequences
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SNAP

Debugging aid. Prints a 10x10 corner of the specified sequential

set of the work arrays Fl-F1O.

PRTMAX/PRTMAE/PRTMX

Routine to print an array with title, row and column numbers. The

three entires provide F12.2, E12.6 and 112 formats for the array values.

GRADPR/JACOB/PSIZ/ZPSI/ASMUT

This routine combines a number of array to array mathematical

processes. Entry GRADPR computes VA*VB as a finite difference.

GRADPR(I,J) = (A(I+1,J)-A(I,J))*(B(I+1,J)-B(I,J))+(A(I,J)

-A(I-1,J))*(B(I,J)-B(I-1,J))+(A(I,J+1)

-A(I,J))*(B(I,J+1)-B(I,J))+(A(I,J)

-A(I,J-1))*(B(I,J)-B(I,J-1))

Entry JACOB computes the Jacobian operator

J(A,B) = ((A(I+1,J)-A(I-1,J))*(B(I,J+1)-B(I,J-1))

-((B(I+1,J)-B(I-1,J))*A(I,J+1)-A(I,J-1))

Entry PSIZ converts heights to thicknesses.

Entry ZPSI converts thicknesses to heights.

Entry ASMUT smooths the field

INITIAL/ZINPUT

This routine contains the portion of the initialization process not

included in program PROG3P. The data statements in this subroutine are

used to control the generation of "canned" channel cases or the reading of
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real data.

In the real data case (KIND=l) the surface elevations are read

and converted to pressures, the input tape is read and the vapor pres-

sure is computed from the 850 mb dew point temperature. The MARK, MY

and F arrays are created and selected data are printed. In the variable

boundary cases (IVAR=1) the routine is re-entered through ZINPUT to

read the boundary fields that are to be mixed with the forecast field.

In the canned data case, the MARK, MY and F fields are computed and

then routine GENCH is called to generate the height fields. Routine FILL

is used to create the surface temperatue and pressure fields.

FILL

This routine is used to fill a selected part of an array with a

value that is constant for each column and may vary with the row index by

a constant interval.

GENCH

This routine is used to generate a 2 dimensional array containing a

sine-cosine wave form.

INOUT

This routine is used to read and write the fields in or out to

tape. The tape format used is described separately. The routine is

called by INITIAL to read data and by GEOWIND to write the wind component

tape.

IOERR

This routine is called by INOUT whenever a parity error or end of
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file is detected on input or output tapes.

COEFF3P

This routine precomputes the simple variable constants used by

STEP3P and STEPEXT.

STREAMI/STREAMN

This routine rescales pressure fields by the constant g/f.

QSAT

Computes the integrated mixing ratio at saturation given the mean

temperature.

ELLIPT

Modifies the array so that the criterion of ellipticity is satis-

fied.

UPTIME

Increments the action time by the time interval and then sets the

time to a large number if the new time is greater than the end time

specified.

MAP3P

Retrieves desired fields from ECS and calls MAP to print the zebra

grid points for selected fieelds. Also calls GEOWIND.

GEOWIND

Routine using Larson formula to compute wind components, speed and

direction for use in the HN model.

MAP

Routine to make zebra pattern grid printouts.
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STEP3P

Main computation forecasting routine.

STEPEXT

Routine for extended terms

RELVOR

Computes relative and absolute vorticity terms

HELMSYS

Solves the couble set of Helmholz equations

HELM

Solves the single Helmholz equations

MIXB

Mixes the forecast field with the input fields on the outer

three rows and columns.

COMPUV

Computes the heating effects from the sea surface temperature in

the surface layer if the air temperature is colder than the sea.

ZMOIST

Routine to simulate sensible heating based on the sea surface

temperature. It is the elevation in meters at which the wind or stream

function representative of the wind is calculated, essentially the mid-

point of the surface layer ([similar or equal to] 750 mb).
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3.4 DESCRIPTION OF VARIABLES

A A formal parameter array in GRADPR,
XMIT, BMOVE

AB4 Intermediate variable used in
solving HELMSYS

ADIFF Diffusion coefficient for humidity

ALFA Overrelaxation coefficient

ALFAM Overrelaxation coefficient used
in HELM

ALFAPSI Not used

ANG Latitude in degress of a grid point
used in GEOWIND

ARG Ratios of pressure level used in
COEFF3P to compute the ALOG of the
ratios

AX Angle between pure geostrophic and
surface wind vectors

Al Used in computation of diver-
gence, al =2.0828 10

-3
A2 a2  -1.3546 10 3

A3 a3  -0.044374

B Output array in XMIT
Input array in GRADPR

BETA Constant used to compute Beta
plane for channel case

Bl Used in computation of diver- -3
gence, b , =1.0475 10

-3
B2 b =1.6261 103

B3 b3 0.012258
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C Formal parameter used in GRADPR
call sequence for result and work
arrays. Constant in COMPUV - .12

CC1 1./TO

CC2 e * L/R

CC3 e * L/C

CC4 CC2*CC3

CC5 DEL1*DEL2

CF Friction over land or over ocean
-FCONT or FOCEAN

CK Constant used in COMPUV = .35

CLX Height of a print character on a
CDC printer in meters a .00425

CLY Width of a print character on a
CDC printer in meters = .00254

CO Cosine of geostrophic wind
vectors

CONV Convergence parameter used in
ELLIPT " .43

COS1 Cosine of angle between geostroph-
ic and surface wind vectors

CP Specific heat at constant pressure
C =1004.
P

CX Interpolation interval for com-
puting values at zebra grid print
position

CY Interpolation interval for com-
puting values at zebra grid print
position

2P i0
Cl [FORMULA] =0.588235
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2(P -P )
0 m 10

C2 - P - -0.588235
2 2P -P1 17

6P -4P
C3 c 6P0_P 1  -0.941176

3 P -3P 51

6P -2P
C4 c= -1 -0.470588

4 6P -3P 51

8P -8P
C5 c 6 --0.784314

5 6P -3P 51
01
8P

m 40
C6  c 6P- 0.784314

6 P O-3P, 51

1  '3
C7 C7  1 =-0.0588235

7 6P -3P, 51

2 2
CS 2Pc - =0.0117647

8 2P0 -P1 170

D Combined scaling constant in MAP

DELP Ap used to compute rainfall

DELT Time step in seconds
At-NBLOCK'3600/NTSTEP

DEL1 a2 tolerance =.0001

DEL2 32 tolerance -. 001

DEW Used in advection formula in
COMPUV

DIV M1*N2-N2.M2

DIV1 ECS storage array for divergence
field D

DIV 2 ECS storage array for divergence
field D

DEPS Time between fields being integ-
rated = DELT*EPS

DS Grid distance (meters)
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DSS .5/DS used in GEOWIND

DT Time step in hours =DELT/3600.

DX North-South dimension of a cell in
meters represented by a print charac-
ter in the zebra grid print

DY East-West dimension of a zebra cell
in meters

D1 Wind contraction factor

E Entry flag used in INITIAL to dis-
tinguish between the initial entry and
calls to ZINPUT

1.=INITIAL entry
O.=ZINPUT entry

EC2 ECS address of forecast field to be
mixed

EC3 ECS address of boundary value field
to be mixed

EE E =.622

EM Coefficient for computing mean
stream function, e =0

m

EPS Number of time steps between fields
in the time integration

EP Eo -.611

El Coefficients for computing mean
stream functions, el =-1.3589

E2 e2  =0

F Coriolis parameter field
=FO*2.*SIN (lat degrees)

FA Array contains data to be written
on the output tape or array to be
filled from data on the input tape.

FACT Time ratio used to mix boundary
values into field at each 'ntegration
step

760



FCONT Friction coefficient over land 1.

FF In routine INITIAL latitude in
degrees, Coriolis parameter at a
grid point

FIM Mid-latitude of channel

FLD Surface pressure field given to
GEOWIND

FM Mean latitude Coriolis parameter
used in computing Beta plane for
channel case

FMY f2/M

FOCEAN Friction coefficient over oceans -.62

FORC 2D array for the forcing function

FORC1 Formal parameters in HELMSYS
FORC2 I routine representing forcing

function arrays

FO Radial velocity of the earth =1.03E-4

FOFO FO squared

Fl-F10 In core work arrays. All must be
of equal size equal to IDIM words

G Gravity =9.806

GDFO g/FO

HEAT ECS storage array for Heating

HL L =2.5.106

HM3 ECS storage array for the twisting
terms for the mean field

HUM1 ECS storage array for humidity
field

HUM2 ECS storage array for humidity
field
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p
Hi h --- n -) -0.495351.10-

1 4c P
p m'
2f 0.75 R(p -P ) -0.110953 10-5

0 (1+ 
m  ) -0.11095310H2 ha (1 +2 PnO Cp (P0+Pm)

R in (-)

-6

H3 h =1.03552*10

H4 h4 -0
-6

H6 h 6  
=1.03552*106

H13 ECS storage array for the twist-
ing terms for the thickness field 1

H23 ECS storage array for the twist-
ing terms for the thickness field 2

IA Increment for array index for the
array data is being taken from in
XMIT

IB Increment for array index for the
array data is placed into in XMIT

IDAY Day number

IDIM True dimensional size of the arrays

IDI | Two word ident used to find data on

ID2 I input tapes and to identify output
records

IERR Index to tape messages in IOERR
l=parity error on input
2=eof input
3=parity error on output
4=eof output

IEXT3 Switch to include or exclude the
vertical advection of vorticity,
w aý / ap, in forecasting equation
O=exclude
l=include
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IEXT4 Swith to include or exclude the
twisting term in the forecast-
ing equation
o=exclude
l=include

IFMT Array used for variable format in
PRTMAX

IMM Simple index = (l,n)

IND Simple index to locate the two
points before and following a grid
point I in the row or column. Used
in GEOWIND to compute the second or-
der approximation to the gradient.

IP Simple index = (I+1,J)

IPOINT Number of points that fail the
criterion of ellipticity in ELLIPT

IPP Simple index = (M,n)

IQ Print value and then the position
index in the zebra grid print row

IREC Number of records read from input
tape

IS Line spacing control in PRTMAX
1H. no extra spacing
1HO double space

ISL Index used to build LS table

IT Time in seconds of the desired in-
put field

ITIME Time in seconds when reading or
writing tapes. Time in hours dur-
ing remainder of the program

ITY Type of field on tape
-indicates field is to be read
+indicates field is to be written

11=FNWC Sea temperature field T SEA
12=FNWC Pressure field D1000,D500

or D300
14=FNWC TP850 field
8=U or V wind component
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IVAR Indicator for constant or
variable boundary conditions
O=constant boundaries
1=variable boundaries

IW 500 word buffer used to read and
write tape

IWW The word that is presently being
packed or unpacked for or from the
tape buffer in INOUT

I1 In QSAT index to precomputed values
of integrated mixing ratios in the
range I to 71 from temperature in
the range -20 to +50.
InPROG3P =0 if no smoothing this time

step
-1 if smoothing is required

In GRADPR=beginning point in array
for storing smoothed
values. Excludes first
rows from computation.

12 In PROG3P =0 if ellipticity is by-
passed this time step

=1 if fields are modified
to meet ellipticity cri-
terion

In GRADPR=end point in array for stor-
ing smoothed values. Ex-
cludes last row from com-
putation

Indicator for when zebra grids are
to be printed 0=no print, 1=print

11 Surface pressure (2=print and call GEOWIND)
12 Height for level p
13 Height for level pl
I4 Thickness (p -pl)
I5 Lower vertical velocity wl
16 Precipitable water
17 Accumulated precipitation
18 Relative humidity
19 Stream function for level ps
110 Stream function for level Pm
Ill Stream function for level pl

JJ Row number in PRTMAX

764



JK Index to first column being
printed on the page in PRTMAX

JMA Maximum row index for the page

JMI Minimum row index for the page

JMP Number of column being printed
in this page of the zebra grid print

J3 ECS storage array for J3=(V m Tl

J4 ECS storage array for J 4 =3( M 2 )

J12 ECS storage array for J +J2
a1(m; I) + J(19ýl2)

J56 ECS storage array for J5+J6=
3(Qm ;2) + J(Q2;86)a(Tm 2 a 2 a6

J789 ECS storage array for J +J +J =

a(4m;I7) + J(l;88g) + Ji(2f89?

KIND Type of run flag
1=canned data channel case

(cyclic boundary conditions)
0=real data

KT In STEP3P Index in the integra-
tion loop

In MAP Array of print charac-
ters used for the zebra
print

Kl k = c (c - ) -- 0.438291
1 22 3

K2 k2 = -c c4 -- 0.276816

K3 k = C2c7 -- 0.034602

K4 k4 = -Cc 2 =-0.346020

Kl0 kl0 = 2t2c8 =-0.438294

Kll kll = -2(t 3 +t )c ;-0.276817

K12 k12 = -t7C8 =0.034602

K13 k13 = -2t3c =-0.346021
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K14 k14 2(t5-t )c -- 0.507498

K15 k 1 5 m -t 8 c 8  =0.083045

K16 k16 = 2tlc8 =0.016609

K17 k 1 7 = 2(t 4 -t )c 8  -0.005536

K18 k18 6=-t =c -0.000692

K19 k19 = 2t 2 c 8  -- 0.438293

K20 k20 = 2t3c8 -- 0.346021

K21 k21 - 2tlc8 =0.016609

K22 k 2 2 = -2(t 3 +t 7 )c 8  -- 0.276817

K23 k23 = 2(t5t8)c =-0.507497

K24 k24 = 2(t 4 -t 6 )c 8  =0.005536

K25 k25 = -t7c =0.034602

K26 k26 -t8c8 =0.083045

K27 k 2 7  -t 6 c 8  =-0.000692

t10
Kk 3k =-10 =0.411765

31 (PO Pm)

11K32 k =- --- -0.588235
32 (pO-

1-t
K33 k3 (p0P 0.0117647

33 (pOp)

t -t
10 13

K36 k = 10 - 13 -- 0.588235
36 (p -p )ml

tl -t4
K37 k = 11- =-0.411765

.37 (p -p
t -t

38 k = 12 =0.0117647
38 (pm-)

LAMC Phase differences for the co-
sine functions (Ac)
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LAMS Phase differences for the sine
functions (As)t

LCM Address of ECS where array
transfer starts

LEN Length of input output buffer in
INOUT=500 words on CDC 6000-7000
series machine

LETACC (1) Times when the accumulated pre-
cipitation shall be interrupted in
hours (multiple of NBLOCK)
(2) End time after which no inter-
ruption takes place
(3) Time interval between interrup-
tion (multiple of NBLOCK)

LEV Level in tape record header
300 for D300
500 for D500
1000 for D1000
0 for all other fields

L Counter used in COMPUV indicating
the number of times the routine has
been entered

LS ECS array contains the flag field
used by COMPUV

LU Logical unit number for output tape
in INOUT, for zebra grid prints in MAP

M Row dimension

MAPHOUR (1) Time when forecast is to be
printed in hours (multiple of NBLOCK)
(2) Time of last printout desired
(3) Time interval between forecast
printouts (multiple of NBLOCK)
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MARK Flag field used to control com-
putations in the outside 3 rows and
columns of the arrays defined as
follows (origin of grid=lower left corner):

20 10 10 10 10 10 10 19

14 -9 -8 -8 -8 -8 -7 6

14 -9-10-10-10-10 -7 6

14 -9-10 -1 -1-10 -7 6

14 -9-10 -1 -1-10 -7 6

14 -9-10-10-10-10 -7 6

14 -9 -6 -6 -6 -6 -7 6

17 2 2 2 2 2 2 18

MAXNAME Maximum number of words in matrix
header line = 10

MELLIPT (1) Time at which ellipticity cor-
rection is to be made in hours
(multiple of NBLOCK)
(2) Time of last correction
(3) Time interval between correc-
tions (multiple of NBLOCK)

MF Index to the first column being
printed on the page in PRTMAX

MI In FI . number of columns to be
filleK

ML Index to last co umr. being printed
on the page in 7PTMA"

MN Number of elements used ,n thz
arrays=number of rows times number
of columns

MODEL Model number used when reading or
writing tapes. Used to uniquely
define the data tapes.

MSMUTT Same as NSMUTT for a second time
sequence except it cannot be used
to control smoothing at time 0.
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MT UPTIME parameter
(1) Time action desired (multiple
of NBLOCK)
(2) Last time action desired
(3) Time interval between actions

(multiple of NBLOCK)

MY Map scale factor V

Ml Number of columns-1, mI =-826.330

M2 m2  =-688.40

M12 12 bit mask used to pack and un-

pack tapes

M24 24 bit bask used in packing and

unpacking takes

N Column dimension

NAME Page header word in SNAP and
FIELD

NAME1 Header for the matrix printout
NC characters in length 1 to 80
characters long

NBLOCK Forecast interval in hours (usual-
ly 6)

NC Number of characters in NAME1 header
line I<NC<80

NCNT Counter for the number of times
SNAP has been called

NCPW Number of characters per word=10

ND NTSTEP+1 Number of times the integ-
ration loop is executed during one
forecast computation

NELLIPT Same as MELLIPT but used for a

second time sequence

NEND End time for forecast in hours
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NI In FILL number of rows to be
filled

NN Number of print column avail-
able for zebra print grid

NOP Number of pages required to
print a matrix in PRTMAX

NSMUTT (1) Time of the first smoothing,
may be 0 if the initial fields
are to be smoothed (in hours)
(2) Last time for a smoothing
operation
(3) Time interval between smooth-
ing operations

NTIME Time in hours

NTSTEP Number of time steps for an integ-
ration interval

NU Resolution of zonal wind speed

NW Number of words being packed or unpacked
in INOUT, in PRTMAX number of-words in heading

NWAVE Number of waves

NX Wave numbers as a function of
channel length in X direction (nx)

NY Wave numbers as a function of
channel width in Y direction (ny)

N1 Number of rows-1, n1  =-532.92

N2 n2

OFFSET Constant added to input values from
tape after the values are scaled and
subtracted from output values be-
fore scaling

PI Radians in 180° =3.141593

PNIVM Pressure level p =50CB
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PNIVS Pressure level p0  =100CB

PNIV1 Pressure level p1  -30CB

PM p Intermediate pressure level
tat divides the atmosphere in-
to 2 layers -50CB

PMEAN .5.P +P
m s

PP Intermediate value used in
STEP3P computations. Ratio of
time step to grid size used in
COMPUV

PPM 2./(PO-Pm)

PQ Intermediate value used in
STEP3P computation

PREC ECS storage array for accumu-
lated precipitation

PS ECS storage array for surface
pressure field

PSI Result field
Y field
Array being modified to satisfy the
criterion of ellipticity in ELLIPT

PSIC Amplitudes of the cosine functions
(Vc)

PSIM1 ECS storage array for V at time 1
m

PSIM2 ECS storage array for TV at time 2
m

PSIPM Pressure levels for channel case

PSIPS

PSIP1

PSIS Amplitudes of the sine function
(\s)

PSI11 ECS storage array for 'T at time 1
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PSI12 ECS storage array for TI at time 2

PSI21 ECS storage array for Y2 at time 1

PSI22 ECS storage array for T2 at time 2

PO P0 Lower pressure level near the
surface of the earth -100 CB

P1 P1 Upper pressure level near the
tropopause - 30 CB

Q Field to be printed

QD Resolution indicator for isolines

QZ Isoline corresponding to 000 on the
printed grid

R Gas constant for air -287.

RESIDUE Formal parameter in HELMSYS-RESM
Formal parameter in HELMSYS=
RESSYS

RESM Allowed residual in the HELM routine =.5*10

RESPSI Not used

RESSYS Allowed residual in the HELMSYS
routine =.5*10

RESZ Not used

RMAX Maximum residual remaining at the
end of an iteration in HELM

ROT Grid rotation defined as counter
clockwise angle from the North to
the +Y axis in degrees

RPD Radians per degree. Constant used
to convert to and from degrees

RW Precomputed values mixing ratios at
saturation
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S Array to be printed in PRTMAX
Vorticity term at one grid point
in ABSVOR

SATUR Saturation temperature

SCALE Map scale factor for grid print
(unit 100 m)
Scale factor in INOUT = .01 for
all input fields except for
ITY=12 (D300, D500, D1000) when
the factor is .0001

SCM Beginning word of an array to be
transferred to or from ECS

SI Sine of the geostrophic wind
vector

SIN1 Sine of the angle between the geo-
strophic and surface wind vectors

SS1 Coefficients for computing mean
divergences -E1+EM-C2

SS2 -E2-EM-C1

SS3 =-EM*C8

STANPS Standard pressures at mean levels
defined on Monoco charts.

SURPS Standard atmospheric pressure at
sea level =101.325 CB

STAB1 (F -f) the dry adiabatic lapse
rate-lapse rate; assume -.422222

STAB2 (rd-r)2 r=.75 d -.511111

S1 Used in computations of diver-
gence, sl -28.230856

S2 s2- =10.645832

TA ECS storage array for the air
temperature
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TERM1 Values used in the computation
of divergence

TERM2

TM Temperature in "K

TOL Tolerance

TS ECS storage array for surface
temperature in °K

TWT Air-sea temperature difference

TO Conversion factor to convert from
OC to Kelvin=273.

T1 t =0.7058821 2 0 -p1

1 (2pl-3pm-p) (p -pm)
T2 t -18.627500

2 3 2p -pl

P_ (PO-Pm)
T3 t3= =14.705900

3 2p -p1

1T6 t6 c - 1  =0.0588235

T7 t 7= -c - -- 2.941175
7 2 6

T8. t8= (c1- 2 ) - =-7.058825

T10 t10 = (c2-i)(p0-pm) -20.588250

Tll t 1 - c (P0oPm -- 29.411750

p1T12 t = c -- 0.17647112 8 2

P1T13 t " -c -- -- 8.82352513 2 2
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P1
T14 t14 (c -2) --- -21.176475

U Zonal wind speed
UKUA Air temperature gradient in the

U direction

UKUW Water temperature gradient in
the U direction

UPM Zonal wind profiles at the levels
p , p and pl for the initial
fields in the channel case

UPS

UP1

V In FILL value placed in the row

VKVA Air temperature gradient in the
V direction

VKVW Water temperature gradient in
the V direction

VI In FILL value that the initial
value is incremented by when in-
crementing to next row

VM ECS storage array for the veloc-
ity potential for the mean field

VOR n or ; field

VS In FILL initial value to be placed
in the row

V1 ECS storage array for the velocity
potential for the thickness field 1

V2 ECS storage array for the velocity
potential for the thickness field 2

WF Weighting factor used to interpolate
between boundary value fields in
time

775



Weights for mixing the boundary
fields

WGT1 Outside row or column
WGT2 Next inner row or column
WGT3 Third row or column inside

boundary

WI Easterly component of wind vector

WJ Northerly component of wind
vector

WS ECS sotrage array for w , the
vertical velocity at the lower
boundary

WT Wind speed

WX Adjustment of wave near rigid
boundaries
Boundary WX=0
+1 row from the boundary, wx=0.33
+2 rows from the boundary,

wx = .64
+3 or more rows from the boundary,

wx=l.

XIX Row in index-1 used to compute
latitude in GEOWIND

XP Midpoint in a zebra grid print
position

YP Midpoint in a zebra grid print
position

YZ Midpoint in a zebra grid print
position

Z Formal parameter in STREAM1 routine-
height field

ZD Wind direction computed in GEOWIND

ZM Data array used to store precomputed
values for ZMOIST
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ZMI Z fields stored in ECS for
boundary mixing at times 1
and 2

ZM2

ZS Wind speed computed in
GEOWIND

21 Arrays used in HELMSYS

Z2

311 Z2 fields stored in ECS for
boundary mixing at times 1
and 2

212 21=.5(Zm-ooo00)

221 Z fields stored in ECS for
boundary mixing at times 1
and 2

2 22 Z2=.5(Z 300-Z )
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4. HYDRODYNAMICAL-NUMERICAL MODEL

The Optimized HN model run instructions are contained in Bauer (1)

and additional documentation of the model is in preparation for the

Environmental Protection Agency, Corvallis Environmental Research

Laboratory so it is not repeated in this report. Figure 10 is an over-

view'of the HN model program sequence showing where the AT model links in.

The HN model requires a preprocessed initial grid contained on an HN

format tape. This tape is prepared by a program on the NEPRF CDC 3100

computer by Phase I. The HN model reads the initial tape and the

optional wind component tape generated by the ATANAL program from the

water heights and and velocity fields. The output tape can then be

processed by the display program Phase III which produces pen plots

on CalComp plotters, by HNCNTR which produces contour plots of the

fields on the NEPRF 3100 Varian plotter or by ADVECT which is a program.

to advect pollutants based on the velocity fields.

4.1 SUMMARY OF CHANGES

The HN model reported in (1) has undergone a number of revisions

since the report was prepared. Most of the changes were to add capa-

bilities to the model or to alter the boundary conditions that are

treated in detail in the forthcoming EPA report. The only change made

specifically for this project was the addition of the variable wind in-

put option. This change was made using the CDC UPDATE system to re-

place the source program statements that converted the WIND card parameters
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Figure 10. HN program sequence
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into constant wind fields with a call to INPOUT to read the wind com-

ponent fields, to add the capability to INPOUT to read a second

tape, and to update the field each hour once it is turned on. The

facilities of starting and ending the wind field were left under the

control of the WIND card.

4.2 ADDITIONAL NOTES ON VARIABLE WIND DATA INPUT

The wind component tape contains components of the wind expressed

as force vectors relative to the HN model grid and does not require

additional rotations. The start time and update times, grid size, and

model number must all match those supplied to the Phase I card ATANAL

programs or the records will be bypassed by INPOUT routine. Normally

the wind is not started in the HN model until at least 6 hours to avoid

initial program shock which can cause the HN model to become numerically

unstable.
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1. INTRODUCTION

The computation of tides and currents using hydrodynamical-

numerical (HN) models was originally proposed in 1938 by

Professor Walter Hansen of the University of Hamburg. However,

it was not until the advent of the electronic computer that

this approach became feasible. These models, based on the

equations of motion modified to operate on vertically inte-

grated mass transport, have been well tested over the past

20 years for single-layer cases. Since 1967, in collaboration

with Professor Hansen, Dr. Taivo Laevastu of the Oceanography

Department, Naval Environmental Prediction Research Facility,

has extended these models to allow multiple open boundaries,

multiple layers, and various auxiliary computations [1-5].

The analysis and prediction of advection and diffusion of

pollutants is easily incorporated into the HN formulation

since current components are computed in short time intervals.

An optimized multilayer HN model [6], in two-layer mode,

was applied to three overlapping areas in the Gulf of Alaska.

The results described here concern the westernmost grid which

extends along the Alaskan Peninsula from eastern Kodiak Island,

southwestward to Unimak Pass and offshore to an approximate

distance of 300 km (Figure 1).

The project was funded by the Outer Continental Shelf

Energy Project of NOAA, The Project Officer was Dr. Mauri

Pelto, OCSEP office of NOAA. Appreciation is expressed to the

following members of the NEPRF staff for the technical support

services noted: Mrs. P. Mousseau and Mrs. W. Carlisle,

manuscript typing; Mr. R. Clark, graphics; Mr. S. Myrick,

photography; and Mr. S. Bishop, editing.

2. THE EQUATION SET

The basic set of equations includes: (a) vertically

integrated equations of motion for each layer; (b) two

interdependent continuity equations, one for each layer; and

(c) the equations setting the boundary conditions.
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(a) Equations of Motion:

ol + r U1H v2 Ul - fVl + glx = K(x)
u

(Layer 1)

Ol + r U1 + V1 + fU1 + g;ly =
vl1

02 + r U 2  + V2U2 - fV2 + g2 x ;lx

g(1 - ) 2x = 0

(Layer 2)

02 + r 22  V2 + fU2 + g P1y +
Hv2 P2

2
g(1 - 2y) 2y = o

(b) Continuity Equations:

S- 2 + (H1 Ul)x + (HI V)y = 0 (Layer 1)

i2 + (H2 U2)x + (H2 V2)y = 0 (Layer 2)
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where:

1 = surface elevation

C? = deviation of MLD (mixed layer depth) from its
mean (initially prescribed) depth

Ul, Vl = u,v components in first layer

U2, V2 = u,v components in second layer

r = friction coefficient (internal friction)

f = Coriolis parameter

rb = bottom friction coefficient

g = acceleration of gravity

H = layer thickness

p ,p2 = densities of the respective layers

K(x), K() = external forces

( ) = partial with respect to x = a
x ax

Detailed descriptions of these equations as well as their

finite difference formulations are available in [1].

(c) Boundary Conditions

For the two-layer mode of the optimized HN model

used in the Gulf of Alaska region, the boundary conditions

were: (1) No normal flow at land-sea boundaries; and (2) flow

through open boundaries, as computed internally one grid

distance from the boundary.
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Wind stress on the surface layer was parameterized using

(x) , x 2x y

(X) X H

(y)= , ýW + y= A H

where:

x = the drag coefficient

w = the wind speed

W ,W = components of wind vectorx y

(X)T (y) = components of the stress vector

Water surface elevations of several grid boundary

locations were specified as the driving force for tidal

currents within the area. Because of a lack of actual tidal

data along the boundaries, values from Kodiak Island and

Sanak Island were utilized as described below and depicted

in Figure 4.

Kodiak tides were used along the Shelikof Straits boundary

and Sanak tides were used through the Unimak Pass. For the

offshore oceanic grid boundary parallel to the Alaska

Peninsula, a linearly interpolated tide from southwest to

northeast was specified using Sanak tides at the westernmost

corner and Kodiak tides at the easternmost corner. The

amplitude, phase speed and phase angle of each component of

the Sanak and Kodiak tides are given in Table 1. The eastern

grid boundary south of Kodiak and the western grid boundary

are not externally forced. Due to the extreme thickness of

the second layer (relative to the first) over the Aleutian
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Table 1. values of tidal components.
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Trench, water surface elevations specified at the forced
boundaries were assumed to result solely from tidally induced
variations in the thickness of the second layer. A general
and more complete discussion of boundary conditions for HN
models can be found in Kagan [7].

3. DIFFUSION AND ADVECTION [1]

Diffusion in water bodies has been presented in many
formulas, a few of which are given here (neglecting vertical
diffusion).

The general diffusion formula is

a 2S a S 1 aS
S-T . A = I ;

ax ay

the basic dispersion formula is

aS y S a a(U + S
at n ax (Ux + Sx -ay (Uy + pSy) ;
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and the Fickian equation is

S = Y - + Kv2 S - -(S U) - -L(S V);
at n ax u ay v

where:

Y - addition (release)

n = decay

S = concentration

pSx * concentration velocity component

t - time

K (coefficient) * Savr (a a depth; vr u2 + v2

a * 0.003)
S ,S * concentration gradients in u and v direction

A * diffusion coefficient (Austausch coefficient)

The Lagrangian approach of diffusion in finite difference

form was adopted by Wolff, Hansen and Joseph [8]:

St+T * St (1 4rA) + AT (St + St
n.m n.m n-lm n+l,m

t t 4St )
+n.m-l + n,m+l n,

where:

t = time

T = time step

a = grid size

S = concentration

A = diffusion coefficient

n,m = grid coordinates
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The above finite equation deviates from the usual finite

difference diffusion formula only in the addition of the last

term (-4S), which makes the solution similar to the solution

of the "Laplacian" (Kv2S). Also, the advection is computed

linearly in finite difference form:

(St t )
St+T St t+T n,m n-m+l
S$ - r U -n,m n,m n,m I

(St - st
S t n,m n+l,m

- T vt+n n _
n,m a

where Sn,m-1 or n,m+l (respectively n-1, n+l) are used,
depending on the direction (sign) of U and V.

The Lagrangian approach used by Wolff, Hansen and Joseph

[8], though reproducing the diffusion process well, does not

conserve absolutely the amount of the dispersing substance.
The following modified formula, however, was found to be
conservative, provided the proper A (Austausch coefficient)
is chosen and corresponds to the chosen time step and grid
size:

t+T t 4TA t + TA (t St
n,m nm nm 7 n-1 m nm-1

2 £

+ S + S 4S ) + TA (tn+l,m n,m+l n,m 7 n-l,m-l

+ St + St +St
n-1,m+l + (n+l,m- ) (n+lm+l))
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It should be mentioned that the transport equation used

in NEPRF programs is very similar to the "upwind" difference

scheme used in air pollution problems (Pandolfo et al. [9]).
UAt

This scheme requires that - < 1.
At

The Austausch coefficient (A) is a function of grid size

and time step. In an experiment designed to investigate the

conservation of diffusing substances, one of the main criteria

was found to be a relationship between grid size and time

step. This relation of A to grid size with a 1,000 sec time

step is shown in Figure 2. The correct value of A is found

from this graph and from the relation, A = 1,000 A (graph).At (
With a small time step, the value of A approaches that found

empirically by Okubo and Ozmidov [10] and Kullenberg [11].

An idea of the proper A to be used in different grid sizes

can be obtained also from the Joseph and Sendner [12]

formulation. There is still some slight uncertainty about

the dependence of the horizontal Austausch coefficient (Kh)

on the length scale, KH = k 1  x 10-3 k2. Kullenberg [ll]

gives the values for the coefficients k1  = 1.3 and k 2  = 1.31,

whereas Okubo [13] gives the corresponding values as 1.03

and 1.15. Both lines are shown in Figure 2.

4. INPUTS AND RESULTS

Case 1 is a 48-hour, tides-only (no wind) run. Beginning

at approximately high tide, hour 29 (104400 s), a continuous

source of pollutants is input at row 12, column 47, approxi-

mately 56 0 50'N, 155°W (Figure 1). The amount of continuous

source is 1000 units/day, input into the model as 0.463 units

per 40-second time step. Case 1 is considered to be a summer

case with the thickness of the first layer (mixed layer depth)

as 20 m.
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A time series of layer 1 surface currents (cm/s) and

tidal heights (cm) at point 12,47 for Case 1 is given in

Figure 6. The circled times on the x-axis are those at which

layer 1 and 2 currents (cm/s) and height deviations (cm) are

presented over the whole grid (Figures 7 through 15).

Case 2 is indentical to Case 1 except a constant wind of

10 m/s from 320° true is used to force the surface layer over

the whole grid. The wind is started at hour 24 (86400 s) and

is continued through the remainder of the run. Considering

current flow during the no-winds condition, winds from 320°

true were chosen as a worst case situation with respect to

pollutant landfall originating from a source at point 12,47.

Figure 16 is a time series of layer 1 surface currents

(cm/s) and tidal heights (cm) at point 12,47 for Case 2.

Circled times on the x-axis are those for which layer 1 and

2 currents (cm/s) and height deviations (cm) are presented

over the entire grid (Figures 17 through 25). Pollutant

distribution at hours 42 and 48, after initializing the

continuous source at hour 29, are shown in Figures 26 and 27

for Cases 1 and 2 respectively.

In Figures 7-15 and 17-27, contour intervals are as

follows: layer 1 plots, 5 cm; layer 2 plots, 50 cm; and

pollutant plots, 200 arbitrary units. Layer 1 and 2 currents

are represented by current barbs at every-other grid point.

Each flag on a current barb indicates 10 cm/s; thus a barb

with two and one-half flags represents a current of 25 cm/s

(approximately one-half knot).

Values of the various constants input into this partic-

ular Gulf of Alaska model are given in Table 2.
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Table 2. Constant parameters for computations of
flow in the western Gulf of Alaska.

5. VERIFICATION AND DISCUSSION

The work of Favorite et al. [14] describes surface

flow in the vicinity of Kodiak Island using dynamic methods

to obtain geostrophic currents. These methods, however, do

not intrinsically resolve the tidal currents and currents due

to sea level fluctuations which dominate in coastal waters.

Until adequate current measurements are obtained so

that proper tuning and verification of the western grid Gulf

of Alaska model can be accomplished, previously used and less

satisfactory verification methods must be employed [5].
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A harmonic prediction of surface heights, based on tidal

station data within the grid but not used to drive the model,

is compared to computed model output (Case 1) for the given

location. Figure 5 demonstrates the comparison of a harmonic

prediction from King Cove (550 04'N, 162°19'W) and computed

data from row 5, column 15; it indicates good agreement

between the harmonic prediction and computed data.

Three features should be noted in the current and height

fields of Figures 7-15 and 17-25: (1) the extremes in surface

height deviation (layer 1) off the southwest edge (row 9,

column 9) of Sanak Island; (2) the apparent convergence zone

(except in Case 2, layer 1) in the Shelikof Strait off the

western tip of Kodiak Island; and (3) the apparent incoherence

of the second layer height deviations.

The first feature off Sanak Island is probably caused by

the juxtaposition of steep bottom topography arising out of

the Aleutian Trench (Figure 3) and the relatively shallow bank

to the southwest of Sanak.

The second feature, which appears in all but the winds

case layer 1, is probably also due to bottom topography. Off

the western corner of Kodiak Island, the 200 m contour

(Figure 3) indicates a narrow channel which originates from

the Aleutian Trench to the south and into but not completely

through the Shelikof Straits. Further support of this feature

off Kodiak is found in drift bottle studies [15] which

indicate this area as a convergence zone. Persistence of

these features off Sanak and Kodiak Islands, using various

boundary prescriptions of the tidal inputs, also indicates

that these features are of topographic origin rather than

simply interactive effects caused by the given boundary

prescriptions.

The third feature, the irregularities of the second layer

height deviations, are possibly caused by topographic effects,

but they may just as likely be caused by insufficient tuning

of the model by means of the second layer smoothing parameters
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It would be of interest to attempt verification of the
three features noted above to evaluate the extent of further
tuning required.

Study of the actual numerical output of pollutant
distributions is necessary for the best understanding of the
dispersion of a continuous pollutant source in Cases 1 and 2
described previously. An indication of the numerical outputs
is given in the pollutant contour plots for hours 42 and 48
for Case 1 (Figure 26) and Case 2 (Figure 27).

A southwestward trend of pollutant movement is observed
in both Cases 1 and 2 with this tendency accentuated as
expected in the case that includes winds from the northwest.
Pollutant landfall in Cases 1 and 2 from a release at point
12,47 apparently occurs in the Trinity Islands to the south-
west of Kodiak at least 22 hours after the start of continuous
pollutant release.

The cause of the apparent slow dispersal from this
particular release point is reasonable when the current
velocities and grid step are compared. If one assumes the
maximum current speed of 30 cm/s at point 12,47 is constant
in the area, the grid step of 1481600 cm yields a simple
advection speed of 13.7 hours per grid step. Diffusion
hastens the spreading somewhat, but the speed is not a
sustained 30 cm/s and the direction is also variable. The
combination of these factors yields the apparent slow pollu-
tant dispersal.
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1. Gulf of Alaska, western grid.



2.. Austausch coefficient (A) vs. grid size (km) for t = 1000 s.
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3. Bottom topography (m), Gulf of Alaska, western grid.



4. Tidal specifications at grid boundaries.



vs.
5. Harmonically predicted-computed tidal heights (cm) at

King Cove (55°04'N, 162°19'N).



6. TIDRL HEIGHTS AND CURRENTS WITHOUT WINDS
LRYER3, OPTIMIZED H-N MODEL FOR B.L.M. GULF OF ALASKA, WESTERN GRID.



7. Case 1, currents (cm/s) and tidal heights (cm) for layers
I and 2 at 25 1/2 hours (91800 s).



8. Case 1, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 29 hours (104400 s).



9. ase 1 currents (cm/s) and tidal heights (cm) for layers
1 and at 32 1/2 hours (11700 s).



10. Case 1 currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 36 hours (129600 s).



11. Case 1, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 39 1/2 hours (142200 s).



12. Case 1, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 42 hours (151200 s).



13. Case 1, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 45 hours (162000 s).



14. Case 1, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 48 hours (172800 s).



15. Case 1, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 50 1/2 hours (181800 s).



16. TIDL HEIGHTS AND CURRENTS WITH NW WINDS
LAYERS, OPTIMIZED H-N MODEL FOR B.L..M. GLLF OF ALASKA, WESTERN GRID.



17. Case 2, currents (cm/s) and tidal heights (cm) forlayers 1 and 2 at 25 1/2 hours (91800 s).



18. Case 2, currents (cm/s) and tidal heights (cm) for layers

1 and 2 at 29 hours (104400 s).



19. Case 2, currents (cm/s) and tidal heights (cm) for layers
I and 2 at 32 1/2 hours (117000 s).



20. Case 2, currents (cm/s) and tidal heights (cm) for layers
1 and 2 at 36 hours (129600 s).



21. Case 2, current (cm/s) and tidal heights (cm) for layers
1 and 2 at 39 1/2 hours (142200 s).



22. Case 2, currents (cm/s) and tidal heights (cm) for layers

1 and 2 at 42 hours (151200 s).



23. Case 2, currents (cm/s) and tidal heights (cm) for layers
I and 2 at 45 hours (162000 s).



24. Case 2, currents. (cm/s) and tidal heights (cm) for layersI and 2 at 48 hours (172800 s).



25. Case 2, currents (cm/s) and tidal heights (cm) for layers1 and 2 at 50 1/2 hours (181800 s).



26. Case 1, pollutant distribution (arbitrary units) at 42
hours (151200 s) and 48 hours (172800 s) after starting
continuous source at 29 hours (104400 s).
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27. Case 2, pollutant distribution (arbitrary units) at 42
hours (151200 s) and 48 hours (172800 s) after starting
continuous source at 29 hours (104400 s).
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Quarterly Report

I. Task Objectives

To continue gathering hydrographic data over the continental shelf
region of the Gulf of Alaska in the eastern portion (GASSE), western
portion (GASSO) and the Kodiak Island region. To continue to monitor
currents and sea level at a permanent station location in the Gulf of
Alaska.

II. Field Activities

The station line out of Seward and the three eastern transects of the
western grid were occupied from 21 July to 1 August aboard the Moana Wave.
A total of 69 CTD stations were occupied. The current meter array at
station nine (580 41.1'N, 1480 19.6'W) with five meters and pressure gauge
was recovered. Another array without a pressure gauge was redeployed at
the same location. The eastern grid (GASSE) was occupied from 7-17
September using the NOAA ship Surveyor. A total of 65 CTD stations were
occupied with four stations in Prince William Sound.

III. Results

We are continuing to receive the weather data from Middleton Island (now
up to 6/76) and EB03 data (to April 1976). Additional data for the U. S.
Coast Guard sections has been received. The recovered current meter data
has been forwarded to PMEL for initial processing. The pressure guage tape
was processed by Aanderaa Instruments Limited, in British Columbia. With
the exception of three data points (two being when the array was aboard
after recovery), all the pressure gauge records were good. The recovered
array was in good condition except that the seven lowest floats were miss-
ing. We are awaiting the current meter data prior to completely analyzing
the problem.

A paper entitled "On the ocean temperature distribution in the Gulf of
Alaska, 1974-1975" by Royer and Muench was completed. The principal in-
vestigator attended a physical oceanography workshop in Seattle in July.
He also met with BLM representatives in Anchorage on 8 September to discuss
the work near Kodiak Island.

Preliminary analysis of the hydrographic data near Kodiak indicates that the
fresh water, high temperature surface water observed near the shelf break
off Kodiak in both the ship and satellite data sets has its origin in thenearshore region.east of Kayak Island. It also appears that the anomalous
conditions in July 1974 in the central gulf were due to the unusual windstress patterns in May of that year as reported by Ingraham, Bakun andFavorite in their final report of RU-357 to BLM. Maximum current speeds ofnearly 1.5 knots were determined from ship set computations southwest ofKodiak at the shelf break.
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IV. Problems Encountered

Severe logistics problems occurred when personnel attempted to reach
Kodiak to sail on the Moana Wave. After two days of waiting in
Anchorage by cruise personnel, the ship was instructed to sail to

Seward to receive personnel and gear. A shift of the departure date

by one day in the last version of the draft project instructions

partially compensated for this problem.

The running of the Kodiak Island grid by Surveyor personnel ran into

problems due to use of the PMC CTD manual. There are numerous errors in

the manual and until they are corrected by PMC it is recommended that prior

instructions be used.

We are still in the process of converting computer programs to our new

system and the data display aspects of this study have been hampered.

It is expected that in the next quarter this problem will be solved and

displays will be forthcoming.
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OCS COORDINATION OFFICE

University of Alaska

ENVIRONMENTAL DATA SUBMISSION SCHEDULE

DATE: September 30, 1976

CONTRACT NUMBER: 03-5-022-56 T/O NUMBER: 19 R.U. NUMBER: 289

PRINCIPAL INVESTIGATOR: Dr. T. C. Royer

Submission dates are estimated only and will be updated, if
necessary, each quarter. Data batches refer to data as ident-
ified in the data management plan.

Cruise/Field Operation Collection Dates Estimated Submission Dates
From To Batch 1 2 3

Acona #193 7/1/74 7/9/74 submitted None None

Acona #200 10/8/74 10/14/74 submitted None None

Acona #202 11/18/74 11/20/74 submitted None None

Acona #205 2/12/75 2/14/75 submitted None None

Acona #207 3/21/75 3/27/75 submitted None None

Acona #212 6/3/75 6/13/75 submitted

Oceangrapher #805 2/1/75 2/13/75 submitted None None

Silas Bent #811 8/31/75 9/28/75 Submitted

Discoverer #812 10/3/75 10/16/75 (a)

Surveyor #814 10/28/75 11/17/75 submitted

Discoverer #816 11/23/75 12/2/75 (b) None None

Station 60 6/2/74 9/10/74 None Unknown None

Station 64 4/28/75 5/20/75 None Unknown None

Station 9 Current meter, not available in field.

Station 9 Pressure gauge, not available in field.

Moana Wave MW 001 2/21/76 3/5/76 submitted

Moana Wave MW 003/004 4/20/76 5/21/76 (c)

Moana Wave MW005 9/22/76 8/1/76 (c)

Surveyor SU 003 9/7/76 9/17/76 (c)
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Note: Data Management Plan and Data Formats have been approved
and are considered contractual.

(a) Parent tapes were coded in PODAS format, tapes were submitted
to F. Cava as requested.

(b) Data useless due to malfunction of shipboard data logger.

(c) Data will be processed in FY '77 contingent upon approval of
and funding for extension of this project for FY '77.
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Quarterly Report

I. Task Objectives

To obtain temperature, salinity, dissolved oxygen, nutrient and meteo-
rological data on an opportunity (not-to-interfere) basis from oceano-
graphic vessels operating in the southeastern Bering Sea region, to
analyze this data and to incorporate it into the ongoing analysis of
historical data.

II. Field Activities

None.

III. Results

NODC computer printout oceanographic data for area of Bering Sea between
Aleutians and 61 N and 165 to 1760W was processed. For eight selected
years between 1920 and 1971 horizontal distributions of temperature and
salinity were plotted and contoured for 10, 50, and 100 m.

The new reagent type oxygen bottles used on the Surveyor 001 and 002
cruises were calibrated and a comparison made between the dissolved
oxygen values obtained by Winkler micropepette titration on board. For
this purpose oxygen samples had been drawn in quadruplicate and processed
in duplicate using regular fragile erlenmeyer flasks and sturdy reagent type
bottles. The results showed the bottles can be used interchangeably with
proper operator experience.

A paper entitled "On the ocean temperature distribution in the Gulf of
Alaska, 1974-1975" by Royer and Muench was completed.
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OCS COORDINATION OFFICE

University of Alaska

ENVIRONMENTAL DATA SUBMISSION SCHEDULE

DATE: September 30, 1976

CONTRACT NUMBER: 03-5-022-56 T/O NUMBER: 14 R.U. NUMBER: 307

PRINCIPAL INVESTIGATOR: Dr. R. D. Muench

Submission dates are estimated only and will be updated, if
necessary, each quarter. Data batches refer to data as ident-
ified in the data management plan.

Cruise/Field Operation Collection Dates Estimated Submission Dates 1

From To Batch 1

Acona #197 7/20/75 7/30/75 submitted

Discoverer Leg I & II
#808 5/15/75 6/19/75 submitted

Discoverer Leg I #810 8/9/75 8/28/75 (a)

Miller Freeman #815 11/19/75 11/26/75 submitted

Surveyor 001/002 3/76 4/76 11/30/76

NOTE: Data Management Plan and Data Format have been approved
and are considered contractual.

(a) Parent tapes were coded in PODAS format, tapes were
submitted to F. Cava as requested.
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RU# 335

NO REPORT WAS RECEIVED

A final report is expected next quarter
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Quarterly Report

I. Task Objectives

To compile and publish a descriptive climatology of that portion
of the Alaskan waters and coastal areas that are important to
resource development of the outer continental shelf (OCS).

II. Field and Laboratory Activities

This project has no field or laboratory activities. It is a
joint effort by the AEIDC and the NCC to produce a climatic atlas
for each of three Alaskan marine and coastal areas: the Gulf of
Alaska (50°-65°N, 130°-165°W); the Bering Sea (50°-65°N, 155°-
180°W); and the Beaufort Sea (65°-75°N, 140°-180°W).

NCC is to provide monthly climatological analyses in the form of
360 isopleth charts and 9,540 statistical graphs. The analyses
are to be based on 600,000 surface marine observations and two
million (3-hourly) observations for 49 (selected) coastal stations
contained in NCC's digital data base. AEIDC is to provide extremes
of all weather elements and information on coastal damage resulting
from wind generated weather elements, check analysis work done by
NCC, and prepare all materials for publication. (AEIDC will provide
an independent quarterly report).

III. Results

Computer processing of the digital data is complete. This includes
the computer-to-microfilm production of 9,540 statistical graphs
and the computer plotting of 360 charts. All graphs have been
photo processed and forwarded to AEIDC to prepare for printing.
The 360 isopleth charts have been analyzed and edited by staff
meteorologists and are currently undergoing NCC's required techni-
cal review (audit); of these, 50% have been mailed to AEIDC to
prepare for printing. (Microfilm copies of the charts and graphs
and glossy prints of the charts are being held by NCC for reference
during preparation of the materials for print by AEIDC and can be
made available to OCSEAP PI's and others at cost for reproduction).

IV. Preliminary Interpretation of Results

The U.S. Navy Marine Climatic Atlas of the World, Vol.II, North
Pacific Ocean (1959), one of eight volumes in a series of atlases
of the world which is currently being updated by the Navy, has had
wide acceptance as an authoritative reference for large scale
operational planning and research.
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2.

The present study will provide three atlases to represent the
total of the Alaskan waters in greater detail and each will be
based on more than 20 years of additional data. Also, as marine
data are typically sparse in the near coastal zone, a zone of
sharp gradients and complex climate, data for the 49 coastal
stations were included. Such a combination should provide the
best possible climatological picture for the coastal waters of
Alaska.

V. Problems Encountered

A computer-visual inventory of the digital surface marine data
file disclosed a sparcity of data north of 60° latitude. To
permit a better climatic description of the Bering and Beaufort
Seas, marine observations were digitized from manuscript forms
archived at NCC for the period 7/73-12/74 and digital data for
22 additional coastal stations held in NCC's file were combined
with data of the 27 stations originally selected. However, as
there were little data available in NCC's digital file for the
land and marine area east of Barter Island, the Beaufort Sea
Atlas will contain only a limited climatic description of the
Mackenzie Bay area.

VI. Estimate of Funds Expended

The $84.5K allotted for FY-76, 76T periods were expended as of
6/15/76; $15K of the $25K approved for FY-77 have been pro-
vided during 76T to permit continuation of the Project and will
be expended by 9/30/76. Preparation of the three atlases are
well underway and all are scheduled for completion in FY-77.

The $13K funded during FY-76T for use in the maintenance of the
Alaskan OCSEAP Surface Marine and Coastal Station Data File have
been expended to perform the following:

Observations for 28 stations and for the marine area have
been extracted from Global Weather Central's (GWC) tele-
communications digital (unedited) data file to supplement
and update the Atlas Project digital data file. This expands
the file from 49 to 77 coastal stations and from 600K to
700K marine observations. Also produced for the GWC data
is a computer inventory that lists the number of observations
by month-year for each of the 28 stations and MSQ (10°
square) marine areas.
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3.

An inventory of hourly and daily digital data is being pre-
pared for all stations currently held in several tape files
at NCC.

Monthly persistence graphs are being produced for 25 coastal
stations which are to provide the hours duration of and days
interval between for winds >= 34 knots.

Extreme value analyses are being performed for as many of
the above 25 stations as possible. These analyses will
provide tabular and graphical wind speed estimates for
selected return periods (2, 5, 10, 50, 100, 500, 1000
years) and upper and lower limits of a 68 percent confi-
dence band.

The last two products are to be included in the marine atlases.
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Quarterly Report

I. Task Objectives

To determine and publish the knowledge of the climatological
conditions of that portion of Alaska that is important to OCS
development.

II. Field and Laboratory Activities

This portion of the project has no field or laboratory activities.
It is a joint project with the National Climatic Center (NCC) in
Asheville, North Carolina. AEIDC responsibilities are to provide
extremes of all weather elements, information on coastal damage
resulting from wind generated storm flooding, check analysis work
done at NCC, and through our graphics department, prepare materials
for publication, including contracting for and supervising the
publication, of the three marine atlases.

III. Results

To date 97 percent of the extremes data have been compiled and
additional surge data, wave height data, and ocean current data
are being sought. 100 percent of the data analysis has been re-
ceived from NCC with some minor adjustments to be made to make
the data presentations fit the formated pages and to correct some
deficiencies of contrast to make them better for printing. All
three base maps have been completed, graphics work is proceeding
such that 50 percent of the analyzed data graphs have been pasted
in proper locations on the three atlases. Four sets of the 17
isopleth analyses have been received from NCC and five percent
of the analyzed pages have been completed. There has been no type
setting of text or data tabulations done by the AEIDC. Text that
has been written is being edited. Writing of text is about 50
percent complete.

IV. Preliminary Interpretation of Results

Not applicable.

V. Problems Encountered/Recommended Changes

Not applicable.
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OCS COORDINATION OFFICE

University of Alaska

ENVIRONMENTAL DATA SUBMISSION SCHEDULE

DATE: September 30, 1976

CONTRACT NUMBER: 03-5-022-56 T/O NUMBER: 25 R.U. NUMBER: 347

PRINCIPAL INVESTIGATOR: Mr. James Wise

No environmental data are to be taken by this task order as
indicated in the Data Management Pl n. A schedule of sub-
mission is therefore not applicable

NOTE: Data Management Plan has been approved and made contractual.
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PHYSICAL OCEANOGRAPHY OF THE GULF OF ALASKA

INTRODUCTION

Although extensive oceanographic investigations have been carried out

in the Gulf of Alaska in the last two decades, our knowledge of actual con-

ditions and processes and their cause and effect is still inadequate to

permit any accurate short- or long-term forecasts of oceanic conditions.

However, a fairly extensive data base exists, and the purpose of this report

is to summarize the state of our knowledge concerning the physical environ-

ment of offshore areas of the Gulf of Alaska prior to the commencement of

present OCSEAP 1/ investigations. The Gulf of Alaska is considered to extend

southward from the coast to a line from Dixon Entrance to Unimak Pass,

essentially 54°N.

It should be recognized at the outset that the ocean is a turbulent

regime that can be characterized only by statistical techniques based on

extensive time-series data on water properties and direct current measure-

ments collected on appropriate space scales. Such data are not available

for the Gulf of Alaska area. Physical oceanographic studies up to the

present time have been limited to aperiodic, widely-spaced station data

of an exploratory nature obtained primarily to provide background information

on general flow and ranges of environmental conditions related to specific

aspects of fisheries investigations (Favorite, 1975). The most recent and

comprehensive are those of the International North Pacific Fisheries

Commission (INPFC). General environmental conditions in the Subarctic

Pacific Region for the years 1953 to 1971 have been summarized by Dodimead,

Favorite and Hirano (1963), and Favorite, Dodimead and Nasu (1976); the

latter provides an extensive bibliography that is not reproduced in this

1/ Outer Continental Shelf Environmental Assessment Program.
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report. There is also extensive but fragmentary information available
2/

in reports of results of Soviet fishing activities (e.g. Moiseev,1963-70).

Although the presently available station data are extensive, they are

aperiodic, non-synoptic and lack the close grid spacing, wide area coverage,

repetitive observations, and direct current measurements necessary to

characterize the specific nature of flow.

A general assessment of oceanographic conditions can be made from

knowledge of meteorology and bathymetry. With respect to water properties,

we.can expect seasonal changes in both temperature and salinity. Northward

flow into the gulf brings unseasonably warm water into the gulf year round.

Winter cooling will gradually erode the high temperatures in surface layer,

but these will quickly be restored by seasonal warming in spring and summer.

The vertical extent of winter cooling or convective overturn will depend

on the stability of the water column, and this is affected primarily by

the distribution of salinity with depth. Because there is an excess of

precipitation over evaporation and extensive dilution in spring and summer

from the extensive coastal watershed, a dilute surface layer can be expected

to be underlain by a halocline. The readjustment of mass as a result of the

general cyclonic flow around the gulf will result in a horizontal divergence

and an upward vertical transfer in the center of the gulf. This is manifested

in a doming or ridging of isolines of water properties in that area resulting

in high salinities and low temperatures at the surface, particularly during

winter when this process is most active.

There is a general eastward surface flow across the North Pacific Ocean

composed of the northern sector of the anticyclonic flow in the central

North Pacific gyre driven by winds associated with the Eastern Pacific high

pressure system, and the southern sector of the general cyclonic flow of

2/ See also Bogdanov (1961), Plakhotnik (1962), and Filatova (1973).
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the Subarctic Pacific gyre, driven by interactions of the Aleutian Low

pressure system. This confluence and the subsequent eastward advection of

meridional admixtures of subarctic and subtropic waters is subjected to

various bathymetric conditions on reaching the eastern side of the ocean:

first, a gradual shoaling, reducing the water column by half (from 6,000 -

3,000 m); second, the interference of numerous seamounts, (some extending

to within 500 m of the surface); and, finally, an abrupt continental shelf.

This results in marked changes in the fields of acceleration, vorticity

and turbulence, as well as a predominant separation of flow into northward

and southward components and associated disturbances of vertical strata.

The northward branch, increasing in planetary vorticity, impinges on the

head of the Gulf of Alaska where it is constrained by the land mass and

is forced southwestward along the Alaska Peninsula. In order to accomplish

this it must displace the northeastward flow into the gulf offshore, away

from the continental slope. The vorticity balance of this southwestward

flow is altered not only as a result of southward displacement, but also

as a result of increasing depth ( 5,000 - 7,000 m) on encountering the

eastern end of the Aleutian Trench. Further, we can anticipate that fric-

tional and tidal effects on the shallow continental shelf will result in

considerably reduced flow over the shelf compared to flow along and seaward

of the continental slope, and that flow along the edge of the shelf will

be complicated by internal waves and horizontal shelf waves.

The greatest fluctuations in flow conditions will be associated with

the intensification of winds in winter. The center of the Aleutian Low

travels in an anticyclonic pattern; present in late spring and summer in

the northern Bering Sea, it occurs in the Gulf of Alaska in late fall, and

in the western Aleutian area in winter. Thus, maximum cyclonic winds occur
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in the Gulf of Alaska from November to January. Maximum Ekman transport

will occur at this time, piling up water along the coast and resulting in

a seaward flow along the bottom. Maximum total transport also occurs at

this time greatly increasing northward flow into the gulf. In summer, a

northward displacement of the Eastern Pacific High results in anticyclonic

winds resulting in an offshore component of Ekman transport at the surface

and a compensatory onshore flow over the continental shelf. Minimum overall

transport also occurs at this time.

Thus there is a potential for considerable complexity and great vari-

ability in actual conditions, and it is these time-dependent phenomena

that we are most interested in. All data available will be used to define

physical conditions in the gulf as accurately and completely as possible.

It is difficult to assess how representative the oceanographic data

being collected or analyzed are in defining conditions in a particular area

unless some measure of variability over extended time periods is available.

About a century ago it was recognized that oceanic conditions in the gulf

were considerably warmer than corresponding latitudes at the western side

of the ocean (Dall, 1882) and this was attributed to the influence of the

"Kuro Siwo" because of the known analogous effects of the Gulf Stream in

the Atlantic Ocean on the climate of Europe. Although data from the "China

steamers" between San Francisco, Yokohama and Hong Kong in the 1870's

provided extensive data on conditions in the central Pacific Ocean, even

the gold rushes and subsequent commercial traffic to Alaska failed to provide

a data base documenting oceanographic conditions in the gulf. There are

surface temperature data for the Gulf of Alaska from the 19th century,

presumably from government and commercial vessels, but these are too
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fragmentary in time and space to establish climatic trends. Nevertheless,

there are historical records of monthly mean air temperatures at Sitka

that began when this location, called New Archangel, was controlled by

the Russian-America Company (Dall, 1879) that are fairly complete to this

date. Considering all years data are available since 1828 (Fig. 1),

positive annual anomalies of greater than 1.5C° were recorded in 1829,

1869, 1915, 1926, 1940 and 1941; whereas, only in 1955 did a negative

anomaly greater than 1.5C° occur. Cycles of 4-5 year duration are apparent

in the data from 1850-71. The period from 1920 to 1947 was characterized

by above normal conditions; however, there was a marked decline of over

3C° from 1940 to 1950. Below normal conditions have occurred from 1965

to the present. Perhaps the most significant aspect of these data is that

the annual mean temperature for 1828-76 is precisely the same as the

present day mean compiled and used by the National Weather Service, 6.3°C

(43.3°F). Thus, both short-term fluctuations of 1-4 years and long-term

trends, such as the cooling evident from 1940-55 have occurred. Although

we have acquired sea level pressure data as far back as 1900, sea level

data prior to 1930 are available only at Ketchikan, and oceanographic

station data are generally available only since 1950. The longer records

will be utilized where applicable, but most comparisons and interactions

will of necessity be based on data from the 25-year period 1950-74.
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Figure 1. Air temperatures at Sitka (New Archangel) 1828-1974.
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II. WATER PROPERTIES

Abrupt changes from normal conditions are usually quickly detected,

but gradual changes over long periods often pass unnoticed; nevertheless,

quantification of either requires an adequate data base. Reasonably

complete time-series data in the gulf are available at shore stations,

but none is available at specific locations in oceanic areas of the gulf 3/.

In the latter case, in order to obtain any semblance of time-series data,

observations over extensive areas must be averaged over large intervals;

such data provide an indication of trends but, obviously, numerous spacial

and temporal phenomena are masked by the averaging process.

A. Temperature

Although observations at shore stations are the most complete source

of temperature data, only surface values are obtained. Monthly mean values

(referred to 1950-74 mean, where data are available) for Ketchikan, Sitka,

Yakutat, Seward, Kodiak and Dutch Harbor indicate a progressively colder

regime from southeastern Alaska around the gulf to the end of the Alaska

Peninsula with one exception, that temperatures in winter at Dutch Harbor

are about 2 or 3 C° higher than at Kodiak (Fig. 2a). In southeastern Alaska

the seasonal temperature range is about 9 C°(from 5 - 14°C at Ketchikan

and 3 - 12° at Seward), but the range increases to 11 C°at Kodiak (1 -

12°) and decreases to 8 Coat Dutch Harbor. Minima occur in January at

Kodiak and in February at all other locations, maxima occur in July at

Seward and in August at all other locations.

There are a number of oceanographic atlases of large areas of the Pacific

Ocean that permit a general assessment of mean temperatures in the offshore

waters of the Gulf of Alaska (e.g. LaViolette and Seim (1969))present

monthly mean, minimum and maximum sea surface temperatures based on a

3/ Extensive data are available at Ocean Station "P" southward of the gulf
-500 N, 1450W (e.g. Tabata 1965 and Fofonoff and Tabata 1966).
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Figure 2. Sea temperature data: (a) monthly mean (1950-74) sea surface

temperatures at the indicated coastal stations; (b and c) surface

temperature distributions August and March (from Robinson and

Bauer, 1971); and (d) monthly mean temperatures at 100 ft (30.5m)
intervals to 400 ft (121.9m) in 5x5 0 Marsden quadrant 195-3,
55-600 N, 140-145°W (from Robinson, 1957).



1 x 1° grid), and there are also a few that are limited specifically to

the gulf and adjacent area--e.g. Robinson (1957), Giovando and Robinson

(1965) and Robinson and Baur (1971). These data are not only easily

accessible, but adequately representative of mean conditions; thus, there

is little need for an extensive summary here. It should be pointed out,

however, that such atlases are representative only of offshore areas where

mixing and stirring moderate the extreme conditions that occur in shallow

inshore areas which are influenced by ice-melt in winter and spring, and

runoff and warming over tidal shoals in spring and summer 4/ Maximum surface

temperature, 14°C, occurs in August, but conditions are sufficiently

similar in September to consider either month as representative, and minimum

surface temperature, 3.5°C, occurs in March (Fig. 2b and c) - temperatures

of 0°C, or lower, can be found in Prince William Sound and Cook Inlet

depending on the extent of ice cover.

A representative seasonal temperature cycle to a depth of 122 m (400

ft) is afforded by a compilation of station and bathythermograph (BT) data

in the 5 x 5° quadrangle from 55-60°N, 140-145°W (Fig. 2d). Near isothermal

conditions are present from the surface to approximately 100 m during

January-March and represent the vertical extent of convective turnover

during winter. This process not only determines the extent of the surface

layer in winter, but results in the formation of a temperature-minimum

stratum (~3°C) at depths of 75 to 150 m when surface waters are warmed in

spring and summer. Wind mixing and stirring result in the formation of

a warm surface layer in summer of 20-30 m thickness that is underlain by

a sharp thermocline extending to the depth of winter overturn. Subsequent

downward diffusion in spring, summer and autumn gradually erodes but

4/ See Muench and Schmidt (1975) for a discussion of conditions in Prince
William Sound.
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seldom eliminates the temperature-minimum stratum, particularly in

the central part of the gulf. The effects of this process are evident

until November. However, year round temperatures of 4.5 to 5.0°C occur

near 122 m around the periphery of the gulf, over the continental shelf

and slope. These temperatures, 1-2C° higher than those in the temperature-

minimum stratum, appear as a mesothermal, or temperature-maximum, stratum,

but are merely representative of conditions in the water column below

the influence of local seasonal effects.

Further information on conditions at 122 m is provided by a plot of

the geographical extent of selected isotherms (Fig. 3a): the zonal trends

south of 50°N suggest an eastward flow toward the coast; the abrupt

northward trend of the 4.4°C isotherm boundaries west of 140°W suggests a

broad variable northward flow into the gulf east of 150°W; the westward

continuation of this feature south of the Alaska peninsula suggests a

westward return flow in that area; and, finally, the tongue-like area

westward of 147°W between 51° and 540 suggests the presence of an eastward

intrusion of cold water from the west or an area of upward vertical

transfer of cold water from depth, or both. A vertical temperature

profile along 145°W (Fig. 3b) based on long-term mean temperatures from

all station data (2 x 2° grid) clearly exhibits a ridging of the 4 and 5°

isotherms in the zone between 48-57°N; and the effects of temperature on

geostrophic flow dictate an eastward, onshore flow to the south of this

zone and a westward return flow north of the zone.

Mean temperature distributions below the range of the shallow bathy-

thermograph (450' or 137 m) must be obtained from station data and are not
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Figure 3. Geographic range of selected isotherms (°F) at 400 ft (121.9m)
(from Robinson, 1957), and vertical section of long-term mean
temperatures (based on 2x20° grid) along 1450 W.

857



readily accessible. Plots based on long-term mean data (2 x 2° grid)

at depths of 200, 500, 1000 and 2000 m (Fig. 4) clearly indicate the

northward sweep of warm water into the gulf on the eastern side and

the permanence of the cold intrusion isolated offshore on the western

side; the two features exist at all levels. It should be noted that

data averaged in this manner (2 x 2° grid) do not adequately represent

temperature fields in the narrow boundary current at the western side of

the gulf, particularly south of the Alaska Peninsula, but the gradual

lowering of temperature from 5 - 40C in an east-west direction around the

gulf at 200 m, which is considered the seaward limit of the continental

shelf, is fairly representative of actual conditions as far west as Kodiak

Island. A grid of less than 1/2 x 1/20 would be required to show continuity

of isotherms west of this area, and the paucity of data prevent this. Data

obtained east of Kodiak Island in spring 1972 (Fig. 5) indicate character-

istics of the distribution of 4-5°C water near 200 m in this area; and there

are numerous examples of the continuity of this temperature-maximum stratum

from the gulf westward out along the Aleutian Islands (e.g. Ingraham and

Favorite, 1968) based on closely spaced station data from individual cruises.

At all levels from 200 to 2000 m the mean temperature distributions

suggest a confluence of cold oceanic water entering the gulf in a north-

easterly direction and warm water entering in a northwesterly direction.

There is also a perturbation evident in isotherms in the eastern side of

the gulf at 200, 500 and 1000 m that appears to suggest that flow related

to the former has a blocking effect on flow related to the latter. These

phenomena are discussed in later Sections on Water Properties and Currents.

Anomalies from monthly mean surface temperatures at shore stations

around the gulf indicate that marked short-term deviations occur at indi-
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Figure 4. Long-term mean temperature distributions (based on 2x2° grid) at

200, 500, 1000 and 2000 m.



Figure 5. Vertical sections of temperature (°C) along lines of stations

(RV George B. Kelez, April-May 1972 - Ticks indicate station

locations) normal to the shelf edge indicating temperature-minimum

stratum (dotted), and temperature-maximum (4-5°C) seaward of the

shelf edge.
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vidual stations that are not manifested at others. There is a similarity

in the medium - term (1-3 years) trends, that is not apparent in the

long-term trends (Fig. 6). For example, only at Dutch Harbor and Sitka

is there evidence of a prolonged cooling period, 1958-73. The 12-month

running mean clearly indicates cold periods centered around 1955 and 1972,

and warm periods around 1958, 1963 and 1968. Similar trends in the oceanic

area (5 x 5° Marsden auadrant 195-3; 55-60°N, 140-145°W) are evident (Fig. 7),

and the transpacific occurrence of large areas of positive and negative

anomalies at periods of 5-6 years has been pointed out by (Favorite and

McLain, 1973). There are sufficient station data in offshore areas during

the period 1955-1963 to indicate temperature changes that can occur at

depth during cold and warm periods. Comparison of data in summer 1956

and 1958 indicates that values in the temperature-minimum stratum were over

1C° lower in 1956 over a wide area in the gulf (Fig. 8). Assuming winter

convective overturn to 100 m, this represents a difference of 10,000 cal/cm 2

(of sea surface), a significant change in the heat content of the water

column and the heat budget of the area.

Temperature anomalies in the water column are related also to advective

processes. It is difficult to isolate the effects of winter turnover from

advection in the upper 100 m or so, but at depths below seasonal influences

there are secular changes that can be detected even with fragmentary data.

Favorite (1975) has shown the apparent eastward intrusion of cold water

from the west into the gulf indicated by the distribution of temperature

on the salinity surface = 34.0 ‰ (which occurs at about 250 m) from 1955

to 1962. Any consideration of flow at depth in the gulf must take into
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Figure 6. Deviations (C°) in sea surface temperature from monthly mean
(1950-74) values at the indicated coastal stations; dotted segment
indicates 12-month running mean.
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Figure 7. Deviations (C°) in sea surface temperature from annual mean (1948-67)
values in 5x5° Marsden quadrant 195-3 (see Fig. 2) reflecting a
cooling trend since 1958.
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Figure 8. Temperatures (°C) in the subsurface temperature-minimum straLum

('75-125m) indicating much warmer conditions in summer 1958 compared

to summer 1956 (from Dodimead et al, 1963).
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consideration the fact that this anomalously cold water intruded nearly

to the continental shelf in the eastern part of the gulf in 1961 (Fig. 9).

B. Salinity

Atlases depicting salinity distributions (e.g. Muromtsev, 1958;

Barkley, 1968) provide limited information on actual conditions because of

the paucity of these data. This is unfortunate because in many instances

extensive salinity data, particularly near the surface, would provide

more information concerning flow than temperature data. Because of a

net excess of precipitation over evaporation (Jacobs, 1951) and extensive

runoff, Tully and Barber (1960) have likened the oceanic regime to an es-

tuarine system.

Although extensive runoff around the gulf in spring and summer dilutes

coastal waters, this flow is difficult to quantify. Some clues as to the

timing of this phenomenon are available from data on the monthly mean

discharge from the Copper River, the dominant system in the area. Minimum

discharge occurs from December to April; flow increases in May and reaches

a maximum in July (Fig. 10). The effects of coastal runoff on offshore

conditions is evident in station data averaged by season and 2 x 2°

quadrangles (Fig. 11). Spring and summer data are the most complete but,

although values as low as 16-18 ‰ occur in inshore areas, the 2 x 2°

grid is too coarse to reflect precise inshore minima. Nevertheless, the

seasonal offshore movement of coastal dilution is evident, specifically,

the 32.0 ‰ isohaline, which moves offshore as much as 200 km in summer

compared to its position in winter. Also evident is a region of high

salinity in the southwestern part of the gulf reflecting vertical divergence.
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Figure 9. Temperatures (°C) on surface of salinity = 34.0 ‰ (~300m) in

1960, 61 and 62; and the configuration of the 3.75°C isotherm in

1955, 56, 57, 58, 59, 60, 61 and 1962.



Figure 10. Monthly mean discharge (m3 /sec) from the Columbia, Fraser and
Copper Rivers showing relative volume and month of peak runoff.
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Figure 11. Long-term mean seasonal surface salinity distributions (based on
a 2x20 grid) showing marked coastal dilution in summer and maximum
values in southwest part of the gulf.



Maximum values (>33.0 ‰) in this area are evident in spring rather

than as might be expected in winter, but this is believed due to limited

data in the winter period.

Associated with the dilute surface layer is the marked halocline

between 100-200 m (Fig. 12) evident in a vertical profile along 145°W.

This feature gives a marked stability to the water column and greatly

influences the vertical extent of winter convection and, thus, effects

the vertical distribution of temperature and other water properties.

The salinity data are inadequate to show convincingly any anomalous

salinity distributions in the gulf either in time or space. This does not

mean that they do not occur. Considerable variability in the timing and

volume discharge of coastal runoff takes place. An example of the variability

possible is evident in the distributions of surface salinity off southeastern

Alaska in summer 1957 and 1958 (Fig. 13). Considerable offshore dilution

is evident in the 1958 distribution compared to that in 1957. However,

the distributions represent mean fields over 3 month periods constructed

from various data points, and it is difficult to ascertain which, if either,

represents average or anomalous conditions.

There has always been speculation as to the existence of a frontal

zone at the edge of the continental shelf indicating not only boundary

processes such as shelf waves, but a simple separation of dilute coastal

from saline oceanic water. Data from a continuously recording surface

salinograph (Fig. 14) obtained during numerous transects of a short line

of stations normal to the shelf edge eastward of Kodiak Island in spring

1972 (Favorite and Ingraham, 1976a) prove the existence of such a frontal
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Figure 12. Vertical section of long-term mean salinities (based on 2x2° grid)
along 145°W showing: the dilute surface layer north of 450 N,
particularly near 60°N; the ridging or doming of isolines at
55°N; and, the halocline between 100-200 m.
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Figure 13. Surface salinity during summer 1957 and 1958 showing the extensive
dilution off southeastern Alaska in the latter period reflecting
the highly variable conditions that can occur in the surface
layer (from Dodimead et al, 1963).
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Figure 14. Surface salinity front detected seaward of Kodiak Island in the
vicinity of the edge of the continental shelf (RV George B. Kelez,
May 5-6, 1972) using constantly recording salinograph while
occupying repetitive stations: A, B, C (dashed lines indicate
vessel movement).
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zone. Salinity distributions at 200, 500, 1000 and 2000 m (Fig. 15)

reflect primarily the presence of the surface divergence in the offshore

portion of the western gulf and the suggestion of cyclonic circulation

found in the temperature distributions. There is also an obvious area of

dilution off Cape Spencer in the 200 m temperature field.

C. Water Masses

All oceanic waters attain marked characteristics when they are in

contact with the atmosphere and these characteristics are subsequently

altered by lateral and vertical mixing. When discrete temperature and

corresponding salinity values of a water parcel below the depth of seasonal

influences are plotted against each other a well-defined temperature-

salinity (T-S) curve results that is characteristic of a given area and

defines a water mass (Sverdrup, Johnson and Fleming, 1942). Such a curve

defines the Subarctic Water Mass, characteristic of the area lying generally

north of 50°N in the eastern North Pacific Ocean.

The low temperatures and salinities that distinctly define this curve

are due in part to the waters moving eastward at depth from the Okhotsk

Sea, a general vertical movement of intermediate water due to the Ekman

divergence at the surface, and an undetermined northward transport of deep

water in the Pacific basin that is deflected upward in this area by the

land boundaries in the gulf and the Aleutian-Commander island arc. Modi-

fications to this basic T-S curve are caused by a northward flow of warm

water on the eastern side of the gulf that originates not only from eastward

flow south of 50°N, but also from northward flow in the California Under-

current. The latter is manifested at the surface in winter, but is over-

ridden at the surface in summer by a southward flow stemming from the

southern branch of the easterly onshore flow.
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Figure 15. Long-term mean salinity distributions (based on 2x2° grid) at

200, 500, 1000 and 2000 m.



Monthly mean, as well as maximum and minimum, values of temperature

and salinity at standard depths were computed from all station data by 2 x

2° quadrangles and are presented in the form of T-S curves at 4 selected

locations at which winter and summer data were available (Figs. 16 and 17).

Because of the paucity of data, in some instances 6nly 3 stations, the

curves and extreme values must be considered as only indicative of condi-

tions rather than representing precise values and ranges. The water mass

at the head of the gulf (area A) is formed from the merging of three major

water masses moving northward into the gulf. In general, all have equiva-

lent surface temperatures during the periods of maximum heating (summer,

13-14°C) and cooling (winter, 4-5°C), except in area B where winter tempera-

tures of 3°C are evident, and there is a noticeable decrease in surface

salinity shoreward from areas B to D, the greatest dilution occurring in

area A. The elimination in winter of the temperature gradient, or thermocline,

evident in the upper 50-75 m of the water column during summer is readily

apparent in all areas. There are marked differences in temperatures from

100 and 300 m, about 3C°, between areas B and D; conditions at these

depths in areas C and A reflect an admixture of the water masses in areas

B and D, although the temperature maximum between 150 and 250 m is main-

tained. There is also a suggestion of a downward diffusion of summer

heating below 125 m during winter. Below 300 m the T-S curves in areas

A, B and C are similar and follow the trend of the general Subarctic

Water Mass curve, however, there is a significant departure from this

curve in area D attributed to northward flow along the coast. As might

be expected, variability in temperature and salinity conditions is largely
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Figure 16. Long-term summer and winter mean temperature-salinity (T-S)
relations at standard depths in the indicated 2x2 0 guadrangles
showing characteristics of the various water masses funneling
into the gulf.
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Figure 17. Maximum and minimum temperature-salinity (T-S) values at standard
depths for the T-S curves shown in Figure 16.



limited to the upper 300 m of the water column and the greatest ranges

occur in area A, primarily because that 2 x 2° quadrangle encompasses

part of the continental shelf and is subjected to coastal runoff.

Obviously conditions at the head of the gulf are dependent upon the

relative components of flow in these three water masses.
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III. CURRENTS

Bering, Chirikof, Cook, Clerke, Portlock, Dixon and countless other

early explorers of the coastline around the gulf encountered the treach-

erous winds and coastal currents that exist in the area, and such infor-

mation reported by mariners is constantly updated in the Alaska Coast

Pilots. There are also early papers that synthesize this information.

Wild (1877) presented a Current Chart of the Ocean that showed northward

flow into the qulf stemming from a bifurcation of eastward onshore flow

into northward and southward trending branches that occurred well seaward

of Vancouver Island. Dall (1899) reported that the zone of separation

was just seaward of Vancouver Island. Schultz (1911) indicated that only

in summer did the separation occur at this latitude; during winter it

occurred off the California coast near 41°N. Such schemes were largely

based on sporadic reports and data from ship's logs, but the absence in

the gulf of extensive commercial vessel traffic, whose daily observations

of set and drift have provided an extensive historical data base on circu-

lation in other areas, has resulted in a paucity of specific information

concerning flow. Drift bottle studies provide information concerning

gross circulation patterns, however, only the release and recovery points

are known and actual trajectories are subject to various interpretations.

The computation of geostrophic currents in which the relative field

of currents is derived from the observed field of mass in the ocean,

provides an indirect method of estimating oceanic flow. This method has

several shortcomings and requires extensive synoptic observations at sea

which are not possible to obtain from present platforms. Nevertheless,

this method permits the calculation of relative currents and transports
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that provide considerable insight into oceanic flow throughout the area

observations are made. No significant direct current measurements have

been made in offshore waters of the gulf prior to OCSEAP studies. However,

measurements off the west coast of Vancouver Island where a similar climate

occurs reveals interesting patterns of onshore and offshore flow that are

probably duplicated in gulf waters (Dodimead et al. 1963).

A. Drift Studies

Long before planned drift bottle or drift float programs were in-

stigated, the presence of debris from Japanese fishing operations and

remnants of California redwood trees on the southeast Alaskan coast

signaled two widely differing sources of water flowing into the gulf.

Although there have been a number of recoveries of bottles or floats

from a variety of experiments, there are several studies that provide

most of the basic information that can be deduced by such studies.

The first extensive study was conducted by the International Fisheries

Commission, (IFC)--predecessor to the International Pacific Halibut

Commission (Fig. 18); over 4,OOC bottles were released from 1930-34

(Thompson and Van Cleve, 1936). Those released along an east-west line

across the gulf from Baranof to Kodiak Island and at several locations

inshore along the Alaska Peninsula in spring 1930 indicated a broad

northward flow into the head of the gulf, with recoveries only at Cape

St. Elias and Cook Inlet, and a southwestward drift along the Alaska

peninsula and through Unimak Pass. Releases just east of Kodiak Island

were recovered only along the southern coast of the island and on the

Alaska peninsula to the west and north of the island; releases from

three locations inshore along the Alaska Peninsula indicated a south-

westward drift along the coast. Releases off the west coast of the
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Figure 18. Schematic diagram of significant results of drift bottle studies
conducted by the International Fisheries Commission (IFC) 1930-34
(adapted from Thompson and Van Cleve, 1936).



Queen Charlotte and Vancouver Islands in summer 1931 indicated a marked

bifurcation of onshore flow at the northern end of Vancouver Island.

Two bottles in the northern component of flow were recovered near Cape

Spencer and one on Kodiak Island. In a similar experiment in spring

1932, except for one recovery at Cape Flattery (directly east of the

release point), all recoveries were made northward of the release points,

at various locations around the gulf. The western most recovery was made

in Shelikof Strait and numerous recoveries were made in Prince William

Sound where none was recovered in the 1930 and 1931 experiments. Releases

north of 50030'N and recovered north of 57°N were estimated to travel 9.4

miles per day. In winter 1933 and 1934, releases just north of Cape

Spencer were recovered in Prince William Sound, along the west coast of

the gulf, and on the Pribilof and Umnak Islands. These studies reflected

a southward shift in winter of the zone of separation of the onshore

flow off Vancouver Island that had been indicated earlier (Schutz, 1911).

The northward branch, which moves cyclonically around the gulf, had a

general drift of about 20 cm/sec and an inherent onshore component.

Although a large cyclonic gyre encompassing the entire gulf at the

latitude of Kodiak Island was inferred, there is no evidence other than

delays between release and recovery to justify such a conclusion. The

authors noted that, although westerly flow was predominant, at the head

of the gulf, the currents were not regular or constant.

A subsequent experiment was conducted by the Pacific Oceanographic

Group (POG), Nanaimo, from August 1956 to August 1959 (Dodimead and Hollister,

1962). Forty-two releases (33,869 bottles) were made from Ocean Station

"P" (50°N, 145°W) and surrounding locations. Twenty-three of the releases
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were made at Ocean Station "P" at approximately 6-week intervals and

these indicated a fairly complicated pattern in drift currents between

the station and the North American coast. For example, of 998 bottles

released on August 25, 1956 only one of the 114 recoveries was made

north of Ketchikan and it was made on Middleton Island; whereas of 1,008

bottles released on August 24, 1957, all of the 39 recoveries were made

at or west of Middleton Island. Of particular interest to the present

study are the 5 releases north of Ocean Station "P", especially the 2

that were made north of 550N. At the 3 locations south of 550N between

155 and 1600W, an esterly set was indicated, recoveries being made through-

out the head of the gulf. However, recoveries from the two releases north

of 550N (approx. 142°W) made on February 17, 1957 and August 17, 1957

were made only at the western side. Perhaps of more significance is that

recoveries from the winter release (Fig. 19) were recovered as far north

as the Pribilof Islands, as far west in the Aleutian area as Amchitka Island, as

far east as the Washington-Oregon-California coast, and as far south as

the Hawaiian Islands and Wake Islands--a tremendous dispersal that requires

considerable thought when one contemplates possible oil pollution in

the head of the gulf and the subsequent formation of floating tar balls.

Whereas the IFC studies were concerned with coastal drift 5/and the

POG studies largely with onshore drift from discrete offshore locations,

the studies conducted by the National Marine Fisheries Service Northwest

Fisheries Center (formerly Bureau of Commercial Fisheries Biological

Laboratory) extended over a large area of the northern North Pacific Ocean.

/ See Ingraham and Hastings (1974) for results of seabed drifter study off
Kodiak Island in May 1972.
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Figure 19. Release and recovery locations of drift bottles released by the
Pacific Oceanographic Group (Nanaimo)in February 1957 showing the
wide dispersal to the Bering Sea, the Aleutian Islands, Washington-
Oregon-California coast, the Hawaiian Islands and Wake Island
(from Dodimead and Hollister, 1962).
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The two experiments that pertain to flow in the gulf were conducted in

1962 (Favorite, 1964) and in 1964 (Fisk, 1971); releases made along ex-

tended north-south and east-west cruise tracks (Fig. 20) indicated the

broad north-south oceanic boundaries of eastward surface flow that moves

directly into the gulf or toward the coasts of British Columbia, Washing-

ton, and Oregon where, in winter, a northward flow surfaces along the

coast (Reid, Roden and Wyllie, 1958; Burt and Wyatt, 1964; and others).

B. Geostrophic Flow

The geostrophic (dynamic) method has been thoroughly described and

evaluated (e.g. Fomin, 1964); basically, the method, which requires a

balance between Coriolis and pressure gradient forces permits the computation

of current relative to that at an arbitrary and perhaps fictional depth,

selected in the belief that it is deep enough for isopleths of density

and pressure to be parallel and thus a depth or level at which no motion

exists (a zero reference level); no accelerations or physical boundaries

are permitted. Fleming (1955) has presented a chart showing the locations

in the northern North Pacific Ocean where the oceanographic station data

required by his method had been obtained prior to 1955, and Dodimead

et al (1963) showed station locations from 1955-59, as well as winter

and summer fields of geopotential topography. McEwen, Thompson and Van

Cleve (1930) and Thompson, McEwen and Van Cleve (1936) were the first to

use this method in the Gulf of Alaska and found a westward flow in excess

of 50 cm/sec at the edge of the continental shelf. The complexity of

geostrophic flow in this area was evident in the closely spaced station

data obtained by Doe (1955). Roden (1969) and Thomson (1972) have contributed

to present knowledge of flow around the gulf.
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Figure 20. Schematic diagram of results of drift bottle studies by the
Northwest Fisheries Center (Seattle) in 1962 and 1964 showing
the general nature of easterly onshore drift.
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The locations of all oceanographic station data on file at NODC

(prior to OCSEAP studies) and used in this report are shown in Figure

21. Current speeds normal to a line between two oceanographic stations

are obtained by the Sandstrom Helland-Hansen equation:

[FORMULA] (1)

where D is the accepted depth-of-no-motion expressed in decibars; [delta], the

geopotential anomaly; x, distance between stations; f, Coriolis ac-

celeration; and, p, pressure.

Computations of geopotential anomalies at all stations were averaged

by 2 x 2° quadrangles to obtain long-term means and seasonal (winter,

spring, summer and autumn) means for the depth intervals 0/300 db,

considered to be the layer of seasonal influence, and 0/2000 db, where

2000 db is considered to represent a level-of-no-motion. Mean values

over such large areas (over 20,000 km) cannot be expected to reflect

boundary currents over the narrow continental slope but general circulation

patterns are evident. Data for winter, spring and summer are sparse,

from 1 to 30 or more observations per quadrangle, with an average of about

10; data for autumn are only 20% available. At Ocean Station "P", observa-

tions are more numerous and provide at least a qualitative check on

surrounding data. For example, in the mean summer data there are 112

observations at the quadrangle associated with Ocean Station "P"; mean

value 0.53 dyn cm; although there are only 11 observations in the

quadrangle to the west, and 10 in the quadrangle to the east, the mean

values are 0.52 and 0.53 dyn cm respectively.

The seasonal mean fields of geopotential topography for the depth

interval 0/300 db (Fig. 22) are quite similar. The longitude of the topo-
graphic low, 149 0W is the same for all seasons but the latitude shifts
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Figure 21. Locations of oceanographic stations in National Oceanographic
Data Center geofile.



Figure 22. Long-term seasonal mean geopotential topographies, 0/300 db,
(based on 2x20 grid) showing variability in geostrophic flow
particularly the high velocities at the eastern side of the gulf
(the broad grid spacing prevents showing the boundary current at
the western side).



from 53°N in spring to 55°N in summer while winter is intermediate at 54°N

(autumn data is lacking). Although numerous variations in the configurations

of the respective isopleths occur, there is a difference of 15-20 dyn cm

between the topographic low in the southwestern part of the gulf and the

topographic high near the coast at the eastern edge of the gulf. Further,

isopleths are not continuous around the gulf but, rather than representing

a discontinuity in flow, as will be shown in the next section, this is

primarily due to narrow width of the boundary current in the northern and

western part of the gulf. Speeds of 3 - 5 miles per day and a northward

transport, east of the topographic low, of 3 Sv are indicated.

The winter and summer mean fields of geopotential topography for

0/2000 db (Fig. 23) are generally similar to those for 0/300 db. The

position of the topographic low remains near 550N, 1490 W. The difference

in topography across the eastern side of the gulf changes from 35-40 dyn

cm in summer to 50 dyn cm in winter indicating some winter acceleration;

speeds are 20 and 25 cm/sec and transports are 12 and 15 Sv, respectively.

Isopleths at northern and western sides of the gulf are discontinuous as

before. As might be expected from the foregoing, the long-term mean field

of geopotential topography for 0/2000 db is not much different from either

of the above and the apparent conclusion one can draw is that in winter

the baroclinic mode reflects an increase in flow of about 20 percent,

and this increase stems largely from adjustment in the mass field below

300 m.
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Figure 23. Long-term seasonal geopotential topographies 0/2000 db (based on
2x2° grid) showing generally similar features of cyclonic flow.
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Because of the paucity and non-synoptic nature of the station data

in the gulf, it is difficult to ascertain if irregularities in geopoten-

tial topographies are real or caused by the lack of synoptic data.

However, there are three aspects that can be explored: are there patterns

in individual years that are not obvious in the mean flow; what are the

apparent fluctuations in transport, and do accelerations in the boundary

current result in discontinuities in geostropic flow on the western side

of the gulf? Because most of the data that permit answering these

questions were obtained in the period 1955-63 and many of the observations

were limited to 1000 m at that time (even though this was not considered

a realistic level-of-no-motion), some comparisons must be made in reference

to this level.

One pattern that is represented in one form or another is an extensive

perturbation in the northward flow at the eastern side of the gulf.

Examples of this are found in the geopotential topography (0/1000 db) for

winter and summer 1957 (Fig. 24). The configuration of the isopleths

suggests a possible blockage of westward flow at the head of the gulf

resulting in a seaward plume that extends over 500 km in a southwesterly

direction. The apparent effect of this phenomenon is a convergence of

isopleths, and thus an acceleration of northward flow, at the eastern

side of the gulf. Unfortunately neither closely spaced or repetitive

stations have ever been made in this area so the actually physical

nature or cause of this feature cannot be ascertained. This is also

true of features at the western side of the gulf. At times there is an
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Figure 24. Geopotential topographies, 0/1000 db, winter and summer 1957
showing perturbation in flow at eastern side of the gulf.
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indication of eddies breaking off to the east of the boundary current

seaward of Kodiak Island (Dodimead et al, 1963), but there is also evidence

that this is not a permanent feature of flow in this area.

The question as to whether or not there is continuity of geostrophic

flow around the gulf would require extensive observations and extensive

direct current measurements. However, some new insight into the boundary

flow was obtained in 1972 when closely spaced observations were made on

transects of the continental shelf and slope approximately 100 km apart

east of Kodiak Island (Favorite and Ingraham, 1976a). It was discovered

that approximately 70% of the westward flow out of the gulf occurred

within 50 km of the shelf. Geostrophic velocities of 50 cm/sec (referred

to 1000 db) occurred in a narrow band approximately 20 km wide and in

one instance, velocities of 100 cm/sec (referred to 1500 db) were estimated

within a 10 km band. Little evidence of any major perturbations were evident

in the nearly 600 km stretch along the continental slope in this area. Thus,

it would appear that when appropriate observations are made, fairly

reasonable continuity may be obtained.

C. Volume Transports

Fluctuations in transport can be estimated by the difference in geo-

potential topography across the eastern part of the gulf. Data from

1954-62 (Table 1) indicates that the mean transport from 0 - 1000 m is

approximately 8 Sv and individual values range from about 6 - 12 Sv,

with no particular pattern to winter or summer values. Bennett (1958)

reported that when observations are available to 2000 m the transport

nearly doubles to approximately 15 Sv, with individual values ranging
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Table 1. Northward volume transport (0 to 1000 m - to the nearest 0.5 Sv) into
the gulf across 55°N, computed from geopotential topography (the
lowest value in the Alaskan Gyre versus the inshore value at the
location of the 1000-m isobath at the eastern side of the gulf).
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from 13.5 - 16 Sv, and again no particular pattern to winter and summer

values is evident. Thus, it would appear that the year to year seasonal

fluctuations may be as great or greater than the within year seasonal ones.
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IV. WIND STRESS-TRANSPORTS

Because of the paucity of data on actual winds, the wind-stress

at the sea surface is obtained from distributions of sea level pressure.

It should be noted at the outset that there is an unavoidable bias in

long-term sea level pressure data because of not only the varying intensity

and location of reports from shipping, but because of modern devices

and techniques. The establishment of Ocean Station "P" in the mid-forties,

the availability of satellite imagery showing cloud patterns in the mid-

sixties, and the placement of ocean data buoys in the mid-seventies, all

permit an increasingly better estimate of the sea level pressure fields

and associated gradients. Several grid spacings are used in this report

and each will be defined as encountered.

A. Pressure Fields

In order to obtain an initial assessment of variability of pressure,

the historical sea level pressure data at 5 x 50 grid points were obtained

from the National Center for Atmospheric Research (NCAR) and monthly mean

fields (composed of 12 hourly and in some instances 24 hourly data) from

1899-1972 were plotted to ascertain the relative frequency at which the

central pressure of the Aleutian low falls within the selected low

pressure intervals (Fig. 25). In 6 instances the monthly mean pressure

was less than 985 mb, these occurred in either December or January; in 32

instances it was less than 990 mb, all occurred from October to March;

and in 91 instances it was less than 995 mb, all occurred from September

to April. Although it appears that data from 1899-1950 are fairly rep-

resentative of the period 1950-1972, we are concerned with the curl of

the wind-stress and therefore details of the first and second derivative

fields, and not

897



Figure 25. Frequency of monthly mean sea level pressure minima of the
Aleutian low: <995 mb ( * ), <990 mb ( [filled circle] ), and <985 mb ( [filled circle] ).
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merely the absolute value of pressure minima. If we choose 550N,

1550W near the approximate center of the Alaskan Gyre, data at this

grid point, deviations from monthly means, 12-month running means and

power spectrum provide an indication of the general variability of sea

level pressures. Deviations from monthly mean pressures do not exceed

+ 5 mb and, except for the extended period, roughly 12 years, of positive

deviations from 1901-1912 (which may be due to limited data), departures

from normal are generally of 1-4 years duration. Particularly noticeable

is the extended period of below normal pressures centered around 1940.

The power spectrum (cycles less than 1.5 years not shown because of the

obvious annual periodicity) based on annual mean values reflect cycles

of 2.7, 6.7 and 13.3 years (Fig. 26). The 6.7 years is the approximate

periodicity of oceanic temperature cycles (5.6 years) found by Favorite

and McLain (1973). The 13.3 years suggests an influence of the sunspot

cycle of 12.3 years. Favorite and Ingraham (1976b) have shown that if

mean pressures from October to March for the three years centered around

the period of sunspot maxima and minima from 1899 - 1972 are calcualted,

with only one exception (1958), the center of the Aleutian low occurs

in the central Aleutian area during periods of the sunspot maxima and in

the Gulf of Alaska during periods of the sunspot minima; mean pressures

are 2 mb lower during the latter period.

B. Transport Fields

Total integrated transports (wind-stress transports) are derived from

the mean pressure fields by deriving a wind field that is transformed

into a stress field. The nature of the coupling of energy between wind-

stress and water transport is not precisely known and certainly varies

under different conditions. When the water is warmer than the air, a
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Figure 26. Spectral energy density, annual mean sea level pressure at
55°N, 155°W 1900-74 (20 lags) indicating cycles of 2.6, 6.7 and
13.3 years.
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turbulent boundary layer exists and exchange of energy is more effective

than when the water is colder than the air and a stable layer exists

at the air-sea interface. Further, when interpolation and averaging

processes are taken into account, caution must be exercised in inter-

preting results. However, a number of authors (e.g. Wyrtki, 1964) have

indicated the usefulness of this technique in estimating flow.

Sverdrup (1947), by including the pressure gradient term in the Ekman

transport equation, arrived at the following:

[FORMULA]

After cross differentiating and integrating from the surface to an

unspecified depth-of-no-motion one obtains the transport equation:

[FORMULA]

where [tau] is the wind stress and [beta] the variation of the Coriolis parameter

with latitude ( [FORMULA] ) . This shows for steady non-divergent flow the

total meridional transport, My, is directly related to the curl of the

wind stress and independent of the details of the mass distribution as

long as the pressure gradient is baroclinically compensated at depth.

Using the technique devised by Fofonoff (1962) and the program

constructed by Bakun (1973), geostrophic winds were computed from sea

level pressure values (interpolated from the 5 x 5° field) computed on

an equilateral triangular grid, 222 km on a side, centered at 470N,

170°W. Pressure data archived on magnetic tape were arranged on the

computation grid surrounding each selected location using Bessel's

central difference formula. Finite difference first and second deriva-

tives were formed and the geostrophic wind field was computed in spherical
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coordinates:

[FORMULA]

[FORMULA]

[FORMULA]

[FORMULA]

[FORMULA]

[FORMULA]

where [phi] and [lambda] are the latitude and longitude coordinates respectively,

Up andVi3 are the eastward and northward components of geostrophic

wind, p is the atmospheric pressure, ( is the density of air (con-

sidered to be a constant equal to 0.00122 gm/cm), R is the mean radius

of the earth and f is the Coriolis parameter.

These are transformed to estimates of the wind field near the sea

surface by rotating the geostrophic wind 15 degrees to the left and

contacting it by 30 percent to approximate, in a simplified manner, the

effect of friction in the planetary boundary layer:

[FORMULA] (11)

[FORMULA]

[FORMULA]

[FORMULA]

where U and V are the eastward and northward components of surface

wind, V , and the transformation coefficients are: a1 = 0.7 cos (15°),
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b1 = 0.7 sin (15°), da = -0.7 sin (15°), b2 = 0.7 cos (150).

Derivatives of surface wind speed, |v|= [FORMULA] are computed according

to:

[FORMULA](15)

[FORMULA]

The stress on the sea surface, [tau] , was computed using a relatively

high value, 0.0026, of the constant drag coefficient to partially offset

the effect of using mean data:

[FORMULA]. (18)
[FORMULA]

[FORMULA]
where t and T5 are the northward and eastward components of I . The

curl of the wind stress is then determined as

[FORMULA] (20)

Integration of wind-stress curl along a parallel of latitude from

an eastern boundary, in this case the west coast of North America, to

successive grid points results in a total transport across that parallel

of latitude; and eastward flow is obtained by satisfying continuity between

grid points along two parallels of latitude. Welander (1959) has shown

that wind-stress transport in a semi-enclosed basin (such as the Gulf

of Alaska) must flow out in the form of a western boundary jet because
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eastern boundary currents are excluded, thus, northward transports across

55°N are considered to exit the gulf along the western shore.

When one considers the nature of the variability in location and

frequency of ship reports that make up the bulk of these pressure data,

the averaging processes involved, and the theory employed, there are

severe limitations associated with this method of obtaining flow, but it

provides an indication of the continuity of events that is unattainable

from the fragmentary station data obtained only aboard research vessels.

Mean (1950-74) seasonal integrated total transports (Fig. 27) indicate a

maximum northward transport in excess of 19 Sv into the gulf in winter

and an accompanying closed circulation in the gulf area. Northward

transport drops to less than 5 Sv in spring and summer and is concentrated

at the western side of the gulf, whereas there is a suggestion of southward

flow (< 1 Sv) at the eastern side. Intense northward transport greater

than 15 Sv is reestablished in autumn, but the closed circulation evident

in winter east of 155°W is not developed.

There are marked departures from mean conditions and these are

most readily apparent in winter. Two winter periods, in 1963 and 1969,

have been selected to reflect the range in values obtained in the period

1950-74 (Fig. 28). Computed northward transport in 1963 was less than

10 Sv, whereas, in 1969 it was nearly 3 times as great, in excess of 25 Sv.

Thus, considerable variability in flow is indicated not only seasonally,

but annually and marked deviations from the smoothed isopleths presented

must occur. One can only conclude that, although a basic cyclonic flow
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Figure 27. Seasonal mean (1950-74) integrated total transports (Sv)
indicating general cyclonic flow with marked winter intensification
of flow.



Figure 28. Total integrated transports (Sv) for winter (Jan. Feb. Mar.) 1963

and 1969 indicating variability in winter flow.
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exists in the gulf, the variations and perturbations in flow due to

variable wind-stresses result in a highly complex flow regime.

C. Numerical Model

Further refinements of estimates of water transport in the gulf,

over those obtained by integrated total transport method, are obtained

by expanding basic assumptions in the total integrated transport method

to permit inclusion of variable bathymetry and to incorporate analyses

in a numerical model first devised by Galt (1973) for an enclosed basin.

This was configured to fit the North Pacific Ocean, Bering Sea, and

Okhotsk Sea on the 222 km equilateral triangular grid mentioned in the

previous section. Although limited to the barotropic flow assumption,

the model provides an inital look at actual isopleths of flow considering

the great increase in complexity of designing a baroclinic or multilayer

model. Because of problems associated with specifying initial stream

lines and vorticity on an arbitrary mid-ocean southern boundary for the

Gulf of Alaska, the larger ocean area with a southern boundary far away

from the area of interest was selected for the model. This exploratory

version would show if a more detailed grid within the Gulf of Alaska

as a subset of this large area model would be informative.

The basic model outputs are time dependent solutions of the transport

stream function which, when presented in maps and contoured, give transport

stream lines of flow. As before, the wind stress curl field is computed

from sea level pressure; the bathymetry is scaled relative to the mean

depth from flat bottom (0%) to actual bathymetry (100%) to simulate the

effect of stratification; and coefficients may be selected which govern the
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character of the solution by scaling the importance of nonlinear advection

( [alpha] ), lateral friction ( [beta] ), and bottom friction ( [gamma] ). As the model

spins up from zero initial stream function and vorticity, maps may be

obtained at any time interval which is a multiple of the time step (6

hours or less) to show the development of flow which in most cases reaches

near steady state after about 60 days or 240 time steps. Caution must

be taken when interpreting the results because of the barotropic assumption

which allows minor changes in deep bathymetry to affect flow. Further,

short (one month or less) periods of unusually intense wind stress curl

patterns give unrealistically high transports if run to a steady solution

a considerable time beyond their actual duration.

The model is based on a nondimensionalized vorticity equation (1)

which is obtained by cross differentiation and subtraction of the vertically

integrated equations of motion:

[FORMULA] (21)

where is the vertical component of vorticity [FORMULA] ; u and v are the

horizontal components of velocity; h is the depth, f is the Coriolis

parameter;[alpha],[beta] , and [gamma] are constants that specify the effectiveness of

the nonlinear advection, horizontal and vertical frictional forces

respectively; [tau]is the wind stress; and [psi] is the transport stream

function defined by [FORMULA] and[FORMULA] The continuity equation

[FORMULA]

908



and finally a relationship between stream function and vorticity

[FORMULA] (23)

complete the basic equations of the model. For further information on

finite difference forms see Galt (1973).

A typical run of the model includes the following sequence of events

throughout the 17 x 42 point array over the area from 33-61°N and 140°E-

120°W. Initially the vorticity ( [xi] ) and stream function ([psi] ) values

are set to zero at each of the 714 grid points. Then the rate of change

of vorticity ( [FORMULA] ) is computed at each grid point from equation (21)

and integration of the rate of change over one time step interval (6 hours)

gives a new vorticity value at each grid point. Using equation (23), new

values for the transport stream function are computed from the new vor-

ticity values by an over-relaxation technique, and streamfunction values

at each grid point are contoured to indicate the new magnitude and direction

of flow. This sequence is repeated. The model approaches steady condi-

tions when the gradients are such that the terms on the right hand side

of equation (21) approach zero indicating a balance between vorticity

dissipation (by advection of potential vorticity, lateral friction, and bottom

friction) and vorticity input at each grid point (the wind stress curl field).

Using the 25 year mean annual wind stress and a 10% bathymetry factor,

the model after 60 days spin up shows the generally accepted features of

flow around the Gulf of Alaska (Fig. 29). The cyclonic flow,western

boundary intensification, and magnitude of transport (about 20 Sv)

generally agree with the geostrophic calculations from field measurements
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Figure 29. Numerical model of Transpacific ocean transports (Sv) using
annual mean (1950-74) wind stress, 10% bathymetry factor, and

[alpha] , [beta] , [gamma] coefficients.



of temperature and salinity if a reference level-of-no-motion of about

2000 db is used. Next the sea level pressure data were averaged by

seasons to observe the effect of variable wind-stress. All factors except

wind stress input were kept the same for each of the four runs which were

driven by the seasonal mean (1950-74) wind-stresses, only the gulf

portion of the model is presented (Fig. 30). As expected, the autumn and

winter transport patterns are much more intense than the annual mean

pattern, and the maximum transport of 63 Sv across 54°N (between 130°

and 160°W) occurred for autumn conditions; the winter transport was 51 Sv

followed by summer with 13 Sv and spring with 11 Sv. The general asymmetric

cylonic features of flow were quite similar during both of the high trans-

port seasons and both of the low transport seasons, but details were

considerably different.

During autumn and winter an intense boundary current develops on the

western side of the gulf, about 2 grid lengths offshore, over the continental

slope. Eddy-like features form south of the boundary current. The lack

of synopticity and closely spaced stations in historical oceanographic

data has precluded detecting the existence of these eddies, other than

perhaps isolated instances, which have been generally overlooked. At the

eastern side of the gulf, the streamlines of easterly flow converge

indicating higher velocities near Yakutat. The flow remains about the

same magnitude zonally across the head of the gulf and intensifies

as it is forced southwestward by the land boundary off Kodiak Island and

the Alaska Peninsula.

During the spring and summer low wind stress period, flow is consider-

ably reduced in magnitude, and the center of cyclonic flow shifts southward.
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Figure 30. Seasonal mean transports (Sv) in the gulf obtained from numerical
model studies suggesting a greater complexity in flow than evident
in Fig. 27.



A new feature appears in the form of an inshore return flow of 1-3 Sv

over the shelf that is not evident in the 10 (or 5) Sv contour interval

shown. This is perhaps much more significant in terms of mean velocity

considering that the transport in this area is confined to within a depth

interval of 200m compared to the offshore depth interval of about 4000m.

Other features of spring and summer transports include weak eddies or

meanders, a broad northerly flow at the east side of the gulf, and a

slight intensification of the southwesterly flow at the western side of

the gulf.

Computed wind-stress fields for winter 1963 and 1969 (based upon

extremes in the integrated total transport (wind-stress transport) time

series)were selected to show the variability that may be expected during

the high wind stress period (Fig. 31). The general features of the mean

winter condition are clearly present, with 1969 having a high transport

value of 83 Sv compared to only 22 Sv in 1963. The greatest departure

in 1969 from mean conditions occurs in the eastern gulf where the easterly

flow is contained about 400 farther south than normal, resulting in a

more intense northwesterly flow along the coast. This was apparently

associated with unusually strong positive wind-stress curl in the eastern

gulf.

These numerical model studies suggest that flow in the gulf does not

appear to be of a typically uniform cyclonic nature, but rather a funneling

of northward flow into the head of the gulf that exists as a narrow boundary

flow at the western side. Closure may well occur in nature (see Surface

Salinity section) in the surface layer, which is generally isolated from

the deeper flow by the halocline at 100-300m. Future studies should take

into account the stratification or baroclinic effects.
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Figure 31. Numerical model transports (streamline interval 10 Sv) for winter
(Jan. Feb. Mar.) 1963 and 1969 suggesting greater complexity
in flow than evident in Fig. 28.
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V. COASTAL SEA LEVELS

The geopotential topography computed from hydrographic data provides

a relative indication of sea surface slopes but observations at shore

stations are a direct measurement of actual sea level. Daily means of

hourly heights referred to a local datum are recorded at selected coastal

stations and the data are on file at NOAA Headquarters (Rockville).

Although weekly and even daily departures from normal sea level have shown

good correlations with coastal flow regimes in the Coastal Upwelling

Experiments (CUE) off Oregon, monthly mean sea level data are appropriate

for discussing the seasonal and longer-term variations which are the focus

of this chapter. Distortions caused by changes in atmospheric pressure

are corrected as follows:

[FORMULA] 4)

where h is the change in sea level, f the density of water, g the accelera-

tion of gravity and p the atmospheric pressure. Steric effects which may

result in seasonal differences as great as 6 cm are not compensated for

because usually only departures from monthly means are considered.

LaFond (1939) showed that nearly all variations in sea level on the

west coast of the United States could be accounted for by changes in the

geopotential topography of the ocean off the coast and thus, were directly

related to ocean currents. Jacobs (1939) reported that such relations

were not due to changes in the density of surface water but actual slopes

caused by atmospheric interactions. Pattullo et al (1955) found that in
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the northern North Pacific isostatic adjustments (steric and pressure

effects) did not account for all seasonal departures from mean sea level,

and Pattullo (1960) noted that in low latitudes sea level was high in summer

but north of 40°N there was a distinct change of phase and sea levels around

the Gulf of Alaska were highest in December. Local effects of river

discharge on sea level at the mouth of the Columbia River were noted by

Roden (1960) in a study of non-seasonal variations in sea level along

the west coast of North America; only a moderate to poor coherence in

relation to local sea surface temperatures were found. Sea level data south

of Ketchikan were studied by Saur (1962) and deviations from isostacy were

attributed to variability in ocean currents. Favorite (1974) showed that

the anomalous increase in sea level at Yakutat during winter could be

explained by an accompanying increase in northward wind-stress transports,

and Reid and Mantyla (1975) have indicated that the winter increase in sea

level along the entire coast of the northern North Pacific Ocean is due to

increased flow in the overall subarctic cyclonic gyre.

A. Sea Level Pressures

A general gradual increase in monthly mean sea level pressure is

evident at Ketchikan, Sitka, Yakutat, Seward, Kodiak and Dutch Harbor

form February to July (Fig. 32) and this is followed by an abrupt decrease

from July to October. Somewhat constant but low pressures prevail from

November until January when an anomalous secondary maxima occurs that is

probably caused in part by a westward shift in the center of the Aleutian

low from the gulf to the central Aleutian Islands that occurs at this time.
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Figure 32. Monthly mean (1950-74) sea level pressure (mb) at the indicated
coastal stations indicating maxima in July and minima in October.

917



Deviations from monthly means, and 12-month running means of sea

level pressures for the 6 locations for 1950-74 (Fig. 33) indicate a

marked similarity that is even reflected in abrupt anomalies of only a

month or so duration. The abrupt increase in pressure in late 1950 at

Dutch Harbor was evident at all stations, although decreasing in intensity

to the south. In 1957 an abrupt increase and a subsequent decrease was

evident at all locations and other examples are evident. Thus, there is

a general response throughout the area to short or prolonged events but

periods of positive or negative anomalies appear to be limited to from

one month to about a year.

Spectral energy densities were computed for monthly mean values at

each of the coastal stations over the period 1950-74 using a lag time of

approximately 13 percent of the record length (40 lags over a continuous

record of 300 data points). All locations exhibit maximum energy density

at a frequency of approximately .085 cy/mo or 1 year (Fig. 34). Although

the limited number of data points prohibits meaningful analysis of lower

frequencies, there is an indication that the total energy distribution

at these frequencies increases from Ketchikan to Dutch Harbor and a consistent

indication of an energy peak at .025 cy/mo or 3.3 years. A coherency test

using the coherence square technique shows a maximum coherence at a fre-

quency of 1 year at all stations. Comparisons of data at all locations

with those at Ketchikan indicates that there is also a good spatial

coherence around the gulf (Fig. 35).

B. Mean Sea Levels

Monthly mean (1950-74) sea levels corrected for atmospheric pressure

at Ketchikan, Sitka, Yakutat, Seward, Kodiak and Dutch Harbor (Fig. 36)

reflect considerable coherence. Unfortunately there is no horizontal
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Figure 33. Deviations in sea level pressure (mb) from monthly mean (1950-74)
values at the indicated coastal stations and 12-month running
mean (dotted line).
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Figure 34. Spectral energy densities (40 lags) for sea level pressure at the

indicated coastal stations indicating dominant annual cycle.
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Figure 35. Coherence in sea level pressure at the indicated coastal stations,
using Ketchikan as reference station, showing good coherence
( >0.9) for annual cycle (.085 cy/mo).
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Figure 36. Deviations in monthly mean corrected (for atmospheric
pressure) sea level (cm) from long term mean (1950-74)
values at the indicated coastal stations showing increase
in sea level in winter.
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control between the various stations that would permit relating levels at

the various sites to a common datum which would permit ascertaining relative

levels. Deviations from monthly mean sea level for 1950-74 and 12-month

running mean corrected sea level were compiled (Fig. 37). Here again

there is continuity in short pulses (e.g. November 1952, January 1958,

and others). However, positive and negative anomalies extend for longer

periods up to 4 years. Well above normal sea level was evident at Dutch

Harbor from 1957-61 and at Ketchikan from 1966-70. The apparent progressive

lowering of sea level at Dutch Harbor from 1957 to 1974 is not evident at

the other stations, but the below normal levels are evident from 1970 to

1974. These data can be grossly summarized for the area Sitka to Kodiak

as follows: 1950-54 above normal, 1955-57 below normal, 1958-62 above

normal, 1963 below normal, 1964-69 normal, 1970-74 below normal. As

might be anticipated, power spectral analysis (40 lags) for corrected

sea level at the coastal stations exhibits the 1 year frequency (Fig. 38).

Data at Dutch Harbor, Seward, Yakutat and Ketchikan indicate significant

energy densities at periods of less than one year and there is a high

coherence (>.9) at this frequency at all stations compared to Ketchikan

(Fig. 39). In contrast to sea level pressure, there is a marked coherence

at 0.5 cy/mo. As before, the limited data points do not permit clear

definition of periods greater than 1 year.

C. Relation to Transport

An increase in sea level normally signifies an increase in northward

flow into the gulf. Such considerations can only be made when equivalent

transport data are available. Obviously this cannot be obtained from
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Figure 37. Deviations in corrected sea level (cm) from monthly mean (1950-74)
values at the indicated coastal stations and 12-month running
mean (dotted line).
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Figure 38. Spectral energy densities (40 lags) for corrected sea level at
the indicated coastal stations showing the dominant 1 year cycle.
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Figure 39. Coherence in corrected sea level at the indicated coastal stations,
using Ketchikan as a reference station, showing good coherence
(>0.9) for annual cycle.
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station data which are available only for one or two months in a limited

number of years. However, comparisons can be made with wind-stress

transports. Monthly mean wind-stress transports across 55°N (+northward;-

southward) computed for the years 1900-74 indicate a mean transport of 11.22

Sv (Fig. 40). There is a progressive increase in the 25-year mean values

from 8.39 to 10.90 to 14.35 Sv that is probably primarily, if not almost

entirely, due to progressively better definition of sea level pressure

fields; thus, limited comparisons between past and more recent data can

be made. Further, the high monthly mean wind-stresses in winter are not

of sufficient duration for the calculated transports to become established,

but the presence of additional energy is indicated.

The individual monthly mean transports in 1950-74 have a greater range

(r 80 Sv) than in the previous two 25-year periods (~60 Sv). The following

winters stand out as having high northward transport: 1908-09, 1949-50,

1955-56, 1958-59 and 1965-66. Anomalous southward transports are indicated

in: fall 1900, winter 1920, winter 1929, fall 1930, summer 1936, summer

1958 and fall 1965.

Transport ranges reflected in the 12-month running means are quite

similar (~ 12 Sv) for the three 25-year periods. Except for the years

1950-1965 when there is evidence of an approximate 3-year cycle there is

no immediately apparent suggestion of any other periodicities. The long

data record (900 data points) provides the first substantial look at periods

greater than one year and spectral analyses using 80 and 160 lags substantiate

the peak near 3 years.
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Figure 40. Monthly integrated total transports (Sv) across 55°N (+northward,
-southward) 1900-74, 12-month running mean (dotted line), and
spectral energy density (80 and 160 lags).
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VI. SURFACE CONVERGENCE AND DIVERGENCE

The surface wind drift, i.e. the water carried along in the very

surface layer of the ocean under the direct action of the wind, usually

contributes only slightly to the surface velocity field, and because of

its limited vertical extent is nearly always negligible in terms of total

mass transport. However, the surface drift field can contain very large

convergences and divergences, which may fluctuate rapidly, both in pattern

and intensity. These convergences and divergences create pressure gradients

and redistributions of mass which alter the underlying geostrophic currents.

Because it is likely that these alterations are highly important on the

scales of interest to OCSEAP field programs, a rather detailed study of

the convergence-divergence pattern in the surface waters of the Gulf of

Alaska has been made.

The energetic winter season dominates the annual cycle. Typically,

positive wind stress curl associated with an atmospheric low pressure

system induces divergent surface drift. Where the coastal boundary of

the Gulf presents a barrier to this drift, convergence and intense down-

welling result (Bakun, 1975). Such a situation would act to intensify

the characteristic ridging of the density structure in the interior of

the Gulf and to steepen the plunge of the isopycnals toward the coast.

This "pumping" between the coastal and offshore areas would tend to build

up baroclinicity through the winter season, which apparently would dis-

sipate during the more relaxed portion of the year.

In order to investigate the coupled system,indices of divergence

of wind-induced surface flow at 6-hourly intervals from January, 1967

through December 1975 were generated at 15 locations indicated in Figure

41. The surface flow field is approximated as Ekman Transport and an
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Figure 41 - Chart of the Gulf of Alaska region, showing locations at
which time series of surface convergence-divergence indices
were computed.



example segment of the time series at one location is shown (Fig. 42).

In the previous sections data fields averaged over a month or longer

have been discussed. This is because attention has been focused on lower

frequency, relatively slowly changing components of the variations, either

because we are not equipped to deal with the shorter term variability or

because sparsity of data requires that we collect observations over some

time interval in order to get an adequate sample. Now an attempt will be

made to deal with the synoptic scale. Such an approach is called for in

this case because the extremely large variance of the surface divergence

field on short time scales requires that proper interpretation of even

the longer period variations be made within the framework of the process

as it is actually occurring on the synoptic scale.

On this scale attention shifts from such mean pressure features as the

Aleutian Low, or a Continental High, to individual traveling storm systems.

Major winter storm tracks cut directly across the gulf from the southwest

toward the northeast. Mean speeds of storm movement along these tracks

are of the order of 25 knots (Klein, 1957). During the summer a larger

proportion of storms turn northward through the Bering Sea and so are not

felt with full intensity in the Gulf of Alaska. In addition, the summer

storms are normally much less intense than the winter storms. The

available reports of wind speed and direction for an area such as the gulf

tend to be sparse and unevenly distributed. Example distributions of

reports (Fig. 43) show that major fraction of available reports come from

shore stations which, being subject to topographical influences, may not

be completely representative of conditions offshore. The distribution of

the observations taken at sea changes continually, and for any single

observation, random errors in measurement or position may introduce
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II

Figure 42 - Example time series segment (600N, 1460W, Nov. 20, 1975 - Dec. 30,
1975). Upper graph indicates the stress magnitude at each
6-hourly synoptic sampling. Second graph indicates the
magnitude and direction of Ekman transport; north is toward
the top, etc. Third graph indicates the coastal divergence
index (CDI). Fourth graph indicates the offshore divergence
index (ODI). Large letters refer to type of event according
to classification of Fig. 44.



Figure 43 - Example distributions of synoptic reports which
arrived at Fleet Numerical Weather Central in
time for incorporation in the operational surface
pressure analysis.
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variability which is greater than the variability in the process itself

(Nelson, 1974).

One way to arrive at a fairly consistent time series is to make use

of analysed products produced by meteorological agencies. For this

portion of the study 6-hourly synoptic surface atmospheric pressure analyses

produced by Fleet Numerical Weather Central (FNWC) have been used. These

analyses incorporate all available wind reports in the form of equivalent

pressure gradients. The use of the pressure reports, which are linked

to the wind field through well-known relationships, effectively increases

the data base.

The method of atmospheric pressure analysis presently in use at FNWC

is described by Holl and Mendenhall (1972). The basic steps in the analysis

are as follows:

- Preparation of "first guess" field: The pressure analysis for the

previous synoptic sampling, 6 hours earlier, is extropolated forward

using a computation of 6-hour upper air movement and a 6-hour surface

forecast using the FNWC primative equation computer forecast model.

- Assembly of new information: new reports are compared to the first

guess field, subjected to a gross error check, and assigned a reliability

value; surface wind reports are assembled in a gradient field.

- Blending for pressure: a blending equation of 61 terms which take into

account the pressure, gradient, second-differences, cross differences,

and Laplacians, plus the reliability value of each of these, is used

to assemble a "best fit" pressure field.
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SComputation of reliability field: depending on the amount and reli-

ability of information available, each grid-point value is assigned a

reliability.

- Reevaluation and lateral rejection: reports are again compared to

blended pressure field and reliability field and assigned new reliability

values; those failing to meet criteria are rejected.

- Recycling: a new assembly is made according to the new first guess

field and assigned reliabilities. The whole process is then repeated

a third time to gain further accuracy.

In order to produce the computed indices discussed in this section

pressure data from FNWC fields archived on magnetic tape were arranged on

a 3-degree computational grid and the curl of the wind stress, [FORMULA]

derived as shown in equations 5-20, except that constant drag coefficient

of 0.0013, appropriate for synoptic rather than mean data, was used.

The Ekman transport, E[bar] , is derived as

[FORMULA] (25)

where k is a unit vector directed vertically upward.

The divergence of Ekman transport integrated over the width of the

coastal upwelling-downwelling boundary zone, per unit length of coast, is

given, to a high degree of approximation, by the offshore component.

Bakun (1973) called this by the term upwelling index. In this report we

refer to it as the coastal divergence index, abbreviated as CDI.

CDI n  (2 6)

where n is a unit vector normal to the coast. Units used are metric

tons per second per 100-meter length of coast.
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Away from the boundary zone the divergence of Ekman transport is

computed as

[FORMULA] (27)

where [beta] indicates the meridional derivative of ODI stands for

offshore divergence index. The values presented in this report are in

terms of vertical velocity (millimeters per day) through the bottom of

the Ekman layer required to balance the computed divergence.

A. Vicinity of the coastal boundary

Various combinations of coastal and offshore convergence or divergence

occur near the coastal boundary (Fig. 44). Both types A and B are

characterized by coastal convergence (negative CDI) in the coastal boundary

zone; surface water is piled up toward the coast with a resulting depression

of the isopycnals, tending to intensify counter-clockwise flow along the

border of the gulf. In the case of type A, divergence immediately offshore

of the boundary zone (positive ODI) would favor confinement of the in-

tensification to a narrow zone next to the coast. In the type B situation

continued convergence offshore of the boundary zone (negative ODI) would

spread the effect toward the interior of the Gulf.

Under situations C and D, coastal divergence (positive CDI) would

favor clockwise circulation along the boundary of the Gulf (or deceleration

of counter-clockwise flow, etc.). Correspondingly, type C (positive ODI)

would tend to spread the effect, while type D (negative ODI) would tend

to confine it to the immediate boundary zone.
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Figure 44 - Classification of indicated events according to combination of
coastal and offshore convergence or divergence. A. Onshore
Ekman transport and positive wind stress curl; convergence and
downwelling at the coast, divergence and upwelling offshore.
B. Onshore Ekman transport and negative wind stress curl;
convergence and downwelling at the coast, continued convergence
offshore. C. Offshore Ekman transport and positive wind stress
curl; divergence and upwelling at the coast, continued divergence
offshore. D. Offshore Ekman transport and negative wind stress
curl; divergence and upwelling at the coast, convergence offshore.
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The monthly frequency distributions of coastal divergence indices

(CDI), at the near coastal locations (surrounded by squares in Fig. 41)

show strongly negative mean values during the winter, indicating con-

vergence and resulting downwelling at the coast (Fig. 45). The area of

greatest intensity extends from the Kenai Peninsula (590N, 151W) to the

Alexander Archipelago (57N, 137W), reaching a maximum near Yakutat (59N,

141W). This situation relaxes during the remainder of the year; coastal

divergence (positive CDI) is indicated on average over much of the gulf

during summer. This "summer upwelling season" is longest in the southwest

portion, extending from April to December near the extremity of the

Alaska Peninsula and exhibiting three separate maxima (April, August,

and November). The season of mean upwelling becomes progressively shorter

and less intense with distance clockwise around the gulf, lasting three

months off the Kenai Peninsual and essentially vanishing off the Alexander

Archipelago.

The maximum variance corresponds in season and location to maximum

absolute values of the mean. Standard deviations are larger than the means.

Thus the winter season is characterized by highly energetic pulsations and

relaxations of coastal convergence. In other seasons, the general trend

is for the variance to decrease with the mean. The most stable situation

appears to be the summer season in the northern gulf (59N, 151W; 60N, 146W;

59N, 141W). The three separate maxima exhibiting fairly similar mean

positive CDI values off the lower Alaska Peninsula (54N, 164W; 55N, 160W)

appear quite distinct in terms of variance. The August maximum in the

mean shows the lowest variance, whereas, the November maximum exhibits

standard deviations nearly three times those of August. Thus, the mean

938



Figure 45 - Moments of the frequency distributions of coastal divergence

indices (CDI) grouped by month at the near-coastal locations

indicated by triangles in Fig. 41. Mean: units are cubic
meters per second transported off each 100-meter width of

coast; contour interval is 25. Standard Deviation: units

and contour interval are the same as for the mean. Skewness:

contour interval is one normalized unit. Kurtosis: contour
interval is 5 normalized units.



upwelling indicated for November represents an energetic mix of upwelling

and downwelling events, with the balance tipped slightly toward upwelling.

The skewness tends to have the same sign as the mean; i.e. extreme

events during downwelling seasons tend to be downwelling events, and

those during upwelling seasons to be upwelling events. Some modification

of this general pattern appears in the northern gulf where the distribution

of skewness shows a tendency to be more negative than the mean (i.e. a

considerable contribution from relatively extreme downwelling events

even during seasons of mean upwelling). Off the lower Alaska Peninsula

an expansion of the period of positive skewness beyond that of positive

mean value indicates relative importance of extreme upwelling events,

most probably related to very intense storms centered north of the Alaska

Peninsula.

In all months and locations the kurtosis is larger than 3.0 indicating

that there appears to be a much larger contribution of extreme events than

would be the case in a Gaussian process. The details of the distribution

of kurtosis are controlled to some extent by the fact that the kurtosis

is normalized against the variance; thus, the winter season exhibits

relatively low kurtosis because the variance is high (i.e. events which

would be "extreme" at other seasons are the norm during winter). When a

winter-type storm appears in the spring, for example, it contributes to

a higher kurtosis because the general level of activity is lower. The

relatively high kurtosis during the summer season indicates that the

generally stable situation is interrupted only infrequently. Large con-

tributions to the variance from extreme events are indicated for the lower

Alaska Peninsula area during the fall season.
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The monthly frequency distributions of offshore divergence indices

(ODI) at the near coastal locations (Fig. 46) have mean values which

are positive, indicating divergence on the average offshore of the coastal

upwelling-downwelling zone, except during January in the southwestern

Gulf and during the summer from the Kenai Peninsual eastward. Strongest

divergence on average occurs near Yakutat during winter, corresponding

in season and location to the maximum negative CDI values.

The ODI variance is largest in winter, but rather than corresponding

in location to the mean as was the case for the CDI values, there is a

double maximum (59N, 151W; 57N, 137W) with a relative minimum in the area

of the maximum mean values. In the southwestern Gulf the period of maximum

variance shifts to the fall.

The skewness of the monthly ODI distributions tends to be positive;

extreme events are characterized by divergent surface drift associated

with cyclonic storms. Some of the monthly distributions in the northern

and eastern gulf exhibit a slight negative skewness in the spring or

summer. The kurtosis indicates major contributions to the variance from

infrequent, extreme events.

Comparison of mean CDI and ODI values confirms that, in a mean

sense, the preeminent situation along the coastal boundary of Gulf is type

"A" (see Fig. 44). The extreme energy of the downwelling at the coast

and divergence offshore associated with winter storm systems completely

dominates the annual cycle. Table 2 lists the "types" corresponding to

the monthly mean situation at the various locations. Type D is restricted

to the extremely low-energy summer situation in the northern gulf. The
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Figure 46 - Moments of the frequency distributions of offshore divergence indices
(ODI) grouped by month at the near-coastal locations indicated by squares
in Fig. 41. Mean: units are millimeters per day upward velocity
through the bottom of the Ekman layer required to balance the indicated
divergence; contour interval is 100. Standard deviation: units and
contour interval is one normalized unit. Kurtosis: contour interval
is 5 normalized units.



TABLE 2 - Monthly mean "types" of convergence-divergence
couple, according to the classification of
Figure 44, characterizing the near-coastal
locations indicated by squares in Figure 41.
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coastal area of the lower Alaska Peninsula is, on average, under a type

C situation over much of the year; considering this surface drift effect

alone, the net tendency would seem to be to break down some of the

baroclinicity built up in the type A situation further east.

The fraction of 6-hourly samplings durinq each month characterized

by the various event types are summarized for several locations (Fig. 47).

The seasonal shift from type A to type D at 59N, 141W is well illustrated.

In this presentation, all periods, even where the index values were so

small as to be negligibly different from zero, were included in calculating

the percentages. When the weaker events are excluded the percentage

of the dominant event type increases. By progressively increasing the

required intensity the percentages of the less common types would

eventually approach zero.

In order to perform spectral analysis on seasonal time series of

substantial length, we have constructed composite winter and summer time

series of the indices at each location. For example, winter time series

were formed of all values within. weeks of which the first day falls

within the months of December, January, or February. Thus, the first

week of December, 1974 follows directly after c ': last week in February,

1973. Summer series were similarly formed from values within weeks which

begin in June, July, or August, etc. This procedure affects only the

longer period spectral estimates which tend to be lost in the unresolvable

seasonal and climatic scale energy. The results effectively summarize

the features observed from analysis of the various short, properly con-

tinuous, seasonal segments of the time series.
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Figure 47 - Percentages, by month, of 6-hourly synoptic samplings
characterized by each of the "event types" classified in

Fig. 44.



Autocorrelation functions were computed from the CDI series (Fig. 48)

and from the ODI series (Fig. 49). In all cases autocorrelation drops off

rapidly within the first several days; time scales of individual events

are characteristically short. A diurnal fluctuation, most marked in

the CDI series, is apparent during summer (and less markedly in spring)

at near-coastal locations in the northern and eastern Gulf. A somewhat

lower frequency oscillation, indicating the "event" scale, is visible

in many of the functions.

Examples of cross correlations between the CDI indices and ODI

indices at the same location (Fig. 50) show that cross correlation tends

to be negative for short lag periods, most markedly in the winter in

the northeastern Gulf where the type A situation (negative CDI, positive

ODI) predominates. Indications of negative cross correlations during

summer in the same area are related to the predominance of Type D. Off

the Alaska Peninsula cross correlation is low, indicating a rather

complex mixture of event types and intensities.

Power spectra corresponding to the autocorrelation functions (see

Figs. 48 and 49) have been constructed (Figs. 51 and 52) based on 100

lags of seasonal data series containing over 3000 data points each. This

translates to about 66 degrees of freedom, representing considerable

stability in the resulting spectral estimates. The spectra are similar

in general form, resembling "red noise" spectra. Such spectra, which

are characterized by a general decrease in energy from lower to higher

frequencies, are indicative of temporal persistence within the series.
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Figure 48 - Autocorrelation functions for coastal divergence indices
(CDI) at the near-coastal locations.
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Figure 49 - Autocorrelation functions for offshore divergence indices
(ODI) at the near-coastal locations.
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Figure 50 - Cross correlation functions for coastal divergence indices
(CDI) v.s. offshore divergence indices at the near-coastal
locations. Summer functions are on the left; winter
functions on the right.
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Figure 51 - Power spectra for coastal divergence indices (CDI). Winter
and summer spectra at each location are superimposed. Higher
energy (upper) trace plots the winter spectrum.
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Figure 52 - Power spectra for offshore divergence indices (ODI) at near-
coastal locations. Winter and summer spectra at each
location are superimposed. Higher energy (upper) trace
plots the winter spectrum.
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Superimposed are several other features of interest. Considerable

energy is spread over the "event scale" of periods of somewhat greater

than a day to a week or more. In certain of the series this stands

out as a broad hump representing a quasi-periodicity, that is a definite

rhythm, albeit somewhat irregular. The only true periodicity is the

diurnal fluctuation which stands out as a definite spike in the spring

and summer spectra at locations in the northern and eastern gulf. The

smaller spike at thesemi-diurnal frequency appears merely because the

diurnal variation is not perfectly sinusoidal, the morning to afternoon

intensification being generally more rapid than the evening to morning

relaxation.

Coherence functions for the CDI v.s. the ODI winter series (Fig. 53)

indicate maximum coherence at the "event" and longer frequency bands

in the "type A" area in the northern and eastern Gulf. Coherence is

progressively less toward the southwest. During the summer coherence

is minimal except at the diurnal frequency. In general, coherence

between the CDI and ODI series at the same location is small compared to,

for example, the coherence between series of the same type of index at

adjacent locations (Fig. 54). The indication is that the CDI and ODI

signals act as semi-independent variables, less so in the fairly well

defined "type A" situation of cyclonic winter storms moving through the

northern and eastern Gulf, and more so in the Alaska Peninsula area where

the various combinations of angle of storm movement in relation to the

coast, position of storm center north or south of the coastal boundary,

etc., introduces a much larger degree of randomness.
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Figure 53 - Coherence functions for coastal divergence indices (CDI)
v.s. offshore divergence indices (ODI).
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Figure 54 - Coherence functions between index series at adjacent locations:
60N, 146W v.s. 59N, 141W.
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B. Interior of the Gulf

Away from the influence of the coastal boundary the CDI computations

are, of course, not applicable; the distribution of surface divergence

is indicated by the ODI series. The monthly frequency distributions of

ODI series along 57°N (Fig. 55) and along 54°N (Fig. 56) show strongly

positive mean ODI values during winter in the eastern portion of the gulf,

reaching a maximum at 57N, 140W. This location thus appears as the

point of maximum intensity of winter divergence. Intensity decreases from

this location in all directions, but least rapidly to the north where the

intersection of the lobe of intense divergence with the coast results

in the maximum type A offshore divergence - coastal downwelling couple

at 59N, 141W, described in the previous section. The mean intensities

along 54N are much lower than at 57N.

The maximum mean negative values during the summer are likewise

at 57N, 140W. The period of mean summer convergence (negative ODI

values) which lasts from May through August along the coast in the northern

and eastern Gulf (see Fig. 46) becomes progressively shorter westward

along 57N, finally disappearing near 150W longitude. Along 57N mean

convergence appears only during May and June at the near coastal loca-

tion, 54N, 134W (Fig. 57).

The series at 57N, 140W also exhibits the greatest variance (see

Fig. 56) during winter of any of the locations studied. Thus this

location appears to mark a region of "maximum energy" in the surface

divergence field of the Gulf of Alaska, both in the sense of amplitude

of the seasonal mean signal and in the "spectral energy" sense of
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Figure 55 - Moments of the frequency distributions of offshore divergence indices
(ODI) grouped by month at the locations along 57N indicated by triangle
symbols in Fig. 41. Mean: units are millimeters per day upward
velocity through the bottom of the Ekman layer required to balance
the indicated divergence; contour interval is 100. Standard deviation:
units and contour interval are as for the mean. Skewness: contour
interval is one normalized unit. Kurtosis: contour interval is 5
normalized units.



Figure 56 - Moments of the frequency distributions of offshore divergence
indices (ODI) grouped by month at the locations along 54N
indicated by circle synbols in Fig. 41. Mean: units are
millimeters per day upward velocity through the bottom of the
Ekman layer required to balance the indicated divergence;
contour interval is 100. Standard deviation: units and contour
interval are as for the mean. Skewness: contour interval is
one normalized unit. Kurtosis: contour interval is 5
normalized units.



extremely rapid and strong pulsations. A lesser maxima in variance at

57N, 152W is apparently connected to the maxima along the coast at

59N, 151W (Fig. 46).

The skewness is negative along 54N latitude (Fiq. 56) and, except

for a limited period during the summer convergence season, along 57N

latitude (see Fig. 55). Extreme events are usually divergent. The

kurtosis as before, indicates major importance of rather infrequent,

very intense events.

Power spectra for summer and winter ODI series at locations : long

57N (Fig. 57) and at locations along 54N (Fig. 58) indicate that winter

energy tends to be greatest to the north and east and summer energy is

greatest to the south and west. The spike indicating the diurnai

periodicity during summer is most prominent near the point of "maximum

energy" at 57N, 140W. To the west and south the diurnal spike disappears.

Examples of cross correlations between the "maximum energy" loca-

tions at 57N, 140W and several surrounding locations (Fig. 59) indicate

that correlation is highest at zero lag between 57N, 140W and the ooint

of maximum winter "type A" coastal situation at 59N, 141W. A suggestion

of higher correlation at positive lags between 57N, 140W and 57N, 137W

and at negative lags between 57N, 140W and 57N, 144W illustrates the

general eastward progression of the signal. Correlation with a location

to the south, 54N, 139W, is considerably lower and is highest at a

negative lag of one 6-hour period, even though the southern location is

one degree further east. This indicates the northward progression of

the signal which added to the eastward progression matches the general

northeastward trend of the storm tracks. Correlation with the point at
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Figure 57 - Power spectra for offshore divergence indices (ODI) at
locations along 57N latitude (locations indicated by
squares in Fig. 41.) Winter and summer spectra at each
location are superimposed. Higher energy (upper) trace
plots the winter spectrum.
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Figure 58 - Power spectra for offshore divergence indices (ODI) at
locations along 54N latitude (locations indicated by
circles in Fig. 41.) Winter and summer spectra at each
location are superimposed. Higher energy (upper) trace
plots the winter spectrum.
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Figure 59 - Cross correlation functions for the winter ODI series at

57N, 140W v.s. winter ODI series at several surrounding
locations. 961



55N, 150W is quite low, reaching its greatest value at negative lags

of two 6-hour periods in the winter and three six hour periods in the

summer; the progression is slower in the summer than in the winter.

Coherence functions corresponding to the cross-correlation

functions of Fig. 59 indicate that the signal at 59N, 141W appears

strongly related to that at 57N, 140W (Fig. 60). The adjacent points

along 57N are likewise quite strongly related, particularly in the "event"

frequency range. However, the coherence with the location to the south,

54N, 139W, is considerably less. Coherence with the signal at 55N,

150W, although on the line of general storm progression, is so low that

it is not possible to prove statistically the signals are even related.

This indicates considerable modification of the storm systems as they

move across the gulf, consistent with its description as a region of

strong atmospheric cyclogenisis.

C. Conditions - 1973, 1974 and 1975

The monthly mean CDI and ODI values at the near-coastal locations

and the monthly mean ODI values at locations along 57N for the individual

years 1973, 1974, and 1975 (Fig. 61) show distributions which are rather

complicated in detail. However, it may be useful to delineate certain major

features which may have had important effects on the ocean environment

during these most recent years of increased field studies. In early

1973, maximum magnitudes of both the ODI and CDI indices appeared

during January at 57N, 151W; apparently, the maximum strength of the

winter "type A" couple was located in the northwestern Gulf, rather than

in its "usual" position in the northeastern Gulf as indicated by the
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Figure 60 - Coherence functions for the winter ODI series at 57N, 140W
v.s. winter ODI series at several surrounding locations.
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Figure 61 - Monthly means of index series for the years 1973, 1974, and 1975. Top figure: CDI series at
near-coastal locations; units are cubic meters per second transported off each 100-meter width
of coast. Middle figure: ODI series at near coastal locations; units are millimeters per day
upward velocity through the bottom of the Ekman layer required to balance the indicated
divergence. Bottom figure: ODI series at locations along 57N latitude; units, etc., are
same as for middle figure.



nine-year composite mean monthly distributions (see Figs. 45 and 46).

Lower than normal magnitudes of both types of indices during February

and March throughout the northern Gulf point to an unusually rapid

relaxation of the winter situation. For example, an early transition

to a "type C" couple is indicated off the Alaskan Peninsula during

March, where normally the transition occurs in April (Table 2). The

trend toward less positive than normal ODI values in the northern Gulf

continued through the spring to considerably stronger thannormal

negative values in May, representing quite energetic downward pumping

in the offshore area, particularly in the northeastern Gulf. The last

quarter of 1973 featured a strong predominance of coastal upwelling

along the outer Alaskan Peninsula.

During the first quarter of 1974, stronger than normal convergence

(negative CDI values) is indicated along the coast of the Gulf of Alaska,

except in the extreme east. Maximum offshore divergence (positive ODI

values) appeared, as in the previous year, in the northwestern Gulf.

An extremely large mean ODI value was computed for February at 59N, 151W.

Actually, anomalously large values appeared during all of the first

three months of 1974 at both 59N, 151W, and 60N, 146W. The values at

59N, 141W, the normal maximum along the coast, although much smaller

than those further east, were near the 9-year mean values for that

location. The result is an extremely strong "type A" couple for the

northern Gulf during early 1974. The implication is that dramatically

increased baroclinicity in the ocean structure may have had an important

effect on the dynamics of the area for some period to follow.
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During the spring and summer of 1974, the indices tended to have

values near the seasonal means, but by fall a situation of weaker than

normal coastal convergence (smaller negative CDI values) seems to have

set in. This situation generally persisted through the whole winter

over much of the Gulf and was coupled with generally weaker than

normal divergence offshore during December and January. An exception

was the eastern Gulf where a reasonably strong "type A" couple is in-

dicated for January and February. In total, the winter of 1974-75

appears to have been one of less energetic "type A" pumping than seems

to be normal. Certainly the situation contrasts highly with the very

energetic situation of the previous winter.
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VII. SUMMARY AND CONCLUSIONS

Our knowledge of the physical oceanography of the Gulf of Alaska

is quite inadequate to forecast flow. This stems largely from the lack

of a persistent, challenging oceanographic program that permits progres-

sive advances based on acquired knowledge.. The focus of attention has

been not only limited, but intermittent, however, this has not been due

to a lack of interest on the part of the oceanographer, rather because

of lack of funds, equipment, and adequate theory. Thus, a normal advance

from the descriptive phases of presenting observed and steady-state

conditions to the analytical phases of understanding processes and

forecasting various time-dependent phenomena has not taken place.

There have been several periods of rather extensive research activity:

in the late 19th century by the U.S. Bureau of Fisheries, the late 1920's

and early 1930's by the International Fish Commission, the mid 1950's to

the early 1970's by the International North Pacific Fisheries Commission,

and in recent years by the Institute of Marine Science of the University
6/

of Alaska- The interval between periods of activity has gradually

decreased from about 50 years to the order of 5 years or less, and hope-

fully the instigation of the OCSEAP studies will result in the continuing

research effort required to obtain adequate knowledge concerning flow.

The dominant physical phenomena in the Gulf of Alaska is the

Aleutian low pressure system whose center moves anti-cyclonically out

of the northern Bering Sea in early autumn, crosses the Alaska Peninsula

and attains a mean position of about 55°N, 155 0W in the gulf in late

fall and early winter. During winter it moves southwestward to about

6/ See Rosenberg (1972).
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500N, 175 0E before returning northward into the western Bering Sea in

late winter and early spring. The cyclogenesis and cold air advection

in the gulf associated with the mean position of the low pressure center

in fall and winter determines the extent and intensity of winter overturn

and vertical divergence, as well as, the containment of precipitation,

in the form of ice and snow along the coast and in the snowshed ringing

the gulf which determines to a great extent the amount of dilution in

coastal waters in spring and summer. Station data are marginally

adequate in period 1955-62 to show considerable differences between

the upper layer temperature distributions in 1956 and 1958, and between

the surface salinity distributions in 1957 and 1958, but these are

certainly not extreme conditions. ADproximate ranges for temperatures

in coastal waters are -1.8 - 180 C, and in the central part of the gulf,

1 - 14°C; approximate ranges of salinity in coastal waters are several

parts per thousand to 32.6 o/oo and in the central part of the gulf, 32.2

- 33.0 o/oo. At depth, below the effects of seasonal influences,

conditions are somewhat in a steady-state condition, this makes it

difficult to trace anomalous intrusions, or percentage of flow attributed

to various sources without extensive data, but there is evidence in

the temperature fields that significant changes can occur over periods

of several years and certainly longer trends must also exist. Temperature

data in the gulf are considered too fragmentary to show the rather

consistent 2-3 year variations of + 1-2°C detected in the central and

western parts of the Pacific Ocean by Favorite and McLain (1973).
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In regard to surface flow, drift bottle studies have shown that

the source of surface flow into the gulf is not from the Kuroshio but

largely from the Oyashio and its extension the Subarctic Current, and

there is a well documented coastal flow northward along the west coasts

of the United States and Canada that also extends into the gulf. Studies

have shown that the nature of the separation of the Subarctic Current

off the coast is quite variable and complex and, thus, the effect of the

northern branch of this flow, which penetrates into the gulf, is

equally variable and complex. There is an indisputable onshore component

of surface flow around the gulf. But it is not known whether the drifting

objects are transported around the gulf largely seaward of the continental

shelf and only when they are carried out of the oceanic flow and over

the shelf are they trapped in a coastal regime and carried directly

ashore, or whether, in spite of tidal currents and increased frictional

effects, there is continuity in northward flow in offshore and onshore

areas that results in a gradual dispersal of floating objects on the

coast as the flow sweeps around the gulf. Nevertheless, it is apparent

that floating objects released over the continental shelf at the eastern

part of the gulf drift into coastal embayments such as Prince William

Sound and Cook Inlet, and move southwestward on either side of Kodiak

Island. Further, there is evidence that floating objects in the

northern part of the gulf have a potential for wide dispersal: northward

into Bering Sea, westward out along the Aleutian Islands, eastward in

the Subarctic Current to the coast of Southeastern Alaska, the west
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coasts of British Columbia, Washington, Oregon and California, and westward

again to the central Pacific Islands and the Asian coast.

Geostrophic currents are somewhat of a dilemma. First, closely

spaced data suggest that the broad sweep of cyclonic flow around the

gulf, generally shown in atlases or summaries of widely spaced

data, is actually a highly turbulent regime composed of eddies of

various dimensions. There is a frequent suggestion of a large perturbation

at the eastern side of the gulf whose dimensions and configuration do

not suggest a shelf wave phenomenon, but rather the possibility that

at times some of the northward flow funneling into the eastern side of

the gulf is unable to move westward across the head of the gulf and is

found to turn back on itself. Second, although geostrophic currents

clearly reflect the area of divergence, the Ridge Domain, a dominant

oceanographic feature in the gulf, there are no direct measurements that

permit ascertaining to what extent this feature is governed by (1)

Ekman transport (2) a normal internal readjustment of mass between two

opposing flows, and (3) a vertical movement of northward flowing deep

water, caused by the effect of the land barrier imposed by the gulf.

Third, the high velocity cyclonic flow at the edge of the continental

shelf is also a dominant feature and an inshore countercurrent is usually

detected in geostrophic computations. At this time it is not clear

whether this is an aspirative phenomenon not uncommon under such

circumstances, whether it is merely an error caused by inadequacies in

this method in the presence of physical boundaries, or whether it is

largely the effect of eddies or shelf waves along the edge of the
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continental shelf. Finally, there is the large variability in transport

computed from the sporadic cruise data in one instance (1960) a 50%

increase in mean flow, and a 100% increase over low flows, but there is

no consistent evidence of winter intensification in flow expected as

a result of increased wind-stress during that period. However, increases

in sea levels at coastal stations in winter suggest that there is at

least a barotropic response. Thus, it would appear that winter intensi-

fication of flow does occur but the pulses of winter wind-stress are

of too short a duration for the distribution of mass to adjust to the

actual flow regime; however, over decades and centuries the calculated

geostrophic regime appears to have adjusted to an integrated, quasi-

steady state between the effects of winter intensification and summer

relaxation. Thus, there may be an inherent under-estimation of actual

flow in summer when using the wind-stress transport method. The long

data record of sea level pressures provides a qualitative indication

of transport variability. Spectral energy densities indicate a dominant

annual period and a suggestion of an approximate 3-year period. The

latter is evident primarily in the decade 1950-59 and does not appear

to be a dependable forecasting index. Although monthly transports

occasionally show totally unrealistic values, quarterly means and 12-month

running means indicate a relatively ordered system (within limits) with

no apparent indices to forecast anomalous events.

Of course, wind-stress estimates are merely that, estimates,

and so are the outputs of model studies whose results are largely
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dependent on wind-stress inputs. It should also be obvious that fluct-

uations in conditions in the gulf are also influenced by various external

and internal forces throughout the Pacific Ocean. Nevertheless, con-

siderable advances in our knowledge of the physical oceanography of the

gulf will come from short-period monitoring of actual conditions and

extensive direct current measurements, not only across the shelf, but

also across the slope and in the Ridge Domain. OCSEAP studies are

beginning to provide such data.

Studies of surface divergence indices show the extreme variability

in direction and intensity of wind-stress in time and space around the

gulf, as well as insight into mechanisms that essentially pump water in

contact with the shelf shoreward in summer and seaward in winter. The

eastern side of the gulf has been shown to be the most energetic in

regard to these processes and considerable variability is apparent. An

attractive feature of the ODI and CDI computations is their basis in

data fields that are routinely prepared and made available in real-time

by meteorological agencies; in fact the fields are forecast over periods

up to 72 hours or more. Thus, there is a potential for a very inexpensive,

real-time monitoring of conditions affecting the flow field in the gulf.

Hopefully the OCSEAP studies now underway will help to establish the

quantitative linkages required to translate such information into a

practical tool for marine environmental management.
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