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The facts, conclusions and issues appearing in these reports are based
on interim results of an Alaskan environmental studies program managed by the
Outer Continental Shelf Environmental Assessment Program (OCSEAP) of the National
Oceanic and Atmospheric Administration (NOAA), U.S. Department of Commerce, and
primarily funded by the Bureau of Land Management (BLM), U.S. Department of
Interior, through interagency agreement.

DISCLAIMER

Mention of a commercial company Or product does not constitute an
endorsement by National Oceanic and Atmospheric Administration. Use for
publicity or advertising purposes of information from this publication
concerning proprietary products or the tests of such products is not authorized.
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I. Summary of Objectives:

Qur purpose is to understand from laboratory experiments and field
traverses how oil and sea ice would interact in an arctic oil spill,

II. Introduction:

A. General Nature and Scope of Study:

To understand how spilled oil might interact with the various

kinds of ice in the Beaufort, Bering and Chukchi Seas, we have

done field traverses in these regions, with particular emphasis

on ice types which have previously not been studied. These include
grease and pancake ice in Norton and Kotzebue Sound, and most re-—
cently a field investigation of the ice bands which form at the

pack ice edge in the Bering Sea. In the laboratory, we have carried
out experiments on how spilled oil interacts with grease ice, pan-
cake ice, and simulated multi-year ice.

B. Specific Objectives:

1. To understand how first-year sea ice entrains petroleum;

2. To understand from laboratory experiments the interaction of
petroleun with grease and pancake ice;

3. To understand from field observations the behavior of the
Bering Sea ice edge and the relevance of this behavior to oil

entrainment from industrial development.

C. Relevance to Problems of Petroleum Development:

The above specific objectives have an obvious application to the
impact and problems of oil spills in sea ice.

I11. Current State of Knowledge:

Our work over the past year has been written up in five papers and
reports.

A. Martin, S., P. Kauffman, 1979. Data report on the ice cores taken
during the March 1979 Bering Sea ice edge field cruise on the NOAA
ship SURVEYOR. (Data report submitted to BLM/NOAA, 14 September 1979.)

B. Martin, S., 1979. Anticipated oil-ice interactions in the Bering
Sea. (Chapter 8 in the proposed Bering Sea ice behavior book. Submitted
to Don Hood, 21 December 1979.)

¢, Martin, S., J. Bauer, 1979. Bering Sea ice edge phenomena. (Chapter 5
in the proposed Bering Sea ice behavior book. Submitted to Don Hood,
21 December 1979.)




D. Bauwer, B., S. Martin, 1980. Field observations of the Bering Sea ice
edge during March 1979. Monthly Weather Review (submitted). (Revised
version of C, above).

E. Squire, V.A., S8.C. Moore, 1980. Direct measurement of the attenuation
of ocean waves by pack ice. Nature, 283: 365-68. (See Auxiliary
Material for copy).

IV. Study Areas:

We have worked in the Beaufort, Bering and Chukchi Seas. 1In the Beaufort,
we worked on the ice over the Alaskan continental shelf, with particular
emphasis on the Prudhoe Bay region. In the Bering and Chukchi, we
concentrated on Norton and Kotzebue Sound, and most recently on the
Bering Sea ice edge.

V. llethods:

In the field we rely on working from helicopters, taking ice cores, then
analyzing the cores for their salinity and temperature profiles as well
as their crystal structures. During the past year, we also worked co-
operatively with Dr. Vernon Squire of the Scott Polar Research Institute
in Cambridge, England, who carried out measurements of wave attenuation
by pack ice and the flexure of floes in a wave fleld from the NOAA ship
SURVEYOR. We have also recently concluded our laboratory program on oil
spills in sea ice.

VI. Results:

Our formal results are contained in the papers and reports cited in

Section IIl. The first report gives the ice core data which we took from
the cruise. The second report, which is intended as a chapter in the BLM/
NOAA book on the Bering Sea, summarizes all of our work on oil spills and
pack ice. The third and fourth report and paper on the list, which will
also go into the Bering Sea book, interpret the field ice core observations
in the field report, and summarize our observations on the formation and
movement of the bands of ice which form at the ice edge. Finally, the
fifth paper on the list is the analysis of some of the wave decay data
gathered on SURVEYOR cruise.

VII. Discussion:

I feel that the problem of the small-scale interaction of oil with first~
year ice is now sufficiently well understood from the field and laboratory
experiments described in Martin (1979) above. Also, our laboratory experi-
nents give consistant results with field spills such as the Buzzards Bay
spill, for example, on the behavior of oil spilled in grease and pancake
ice. Two major problems remain: First, the interaction of oil with the
grease ice-Langmuir roll circulation which form in the large lee-shore
polynyas as exist south of Port Clarence and St. Lawrence Island; second,
the interaction of oil with the ice edge bands and the broken ice floes
near the ice edge.  As Martin (1979) discusses, in both the bands and ice
edge case, the ice is heavily deformed and strongly worked by swell and winds.
Addition of o0il to this ice might create a rapidly-moving, difficult-to-
clean up oil-ice mixture. From the analysis of our existing cruise data,
we hope to obtain more information on these ice edge processes,




VIII.

IX.

Conclusions:
These are summarized in the two chapters submitted to the BLM/NOAA book.

Needs for Further Study:

We need to address the problem of how the ice edge in the Bering Sea and
Chukchi Seas behave during periods of rapid southward advancement, and
periods of retreat during spring and summer. Second, we need more infor-
mation on how wave and tide absorption at the ice edge contribute to
relative ice motion and to the formation of currents parallel to the ice
edge. Third, we need more research into the formation, movement and
decay of the ice edge bands. Our work on the bands from the 1979 SURVEYOR
cruise show that they move more rapidly than an oil slick; and satellite
photographs suggest that they move distances of 60 km in two days. These
bands may play an important role in redistributing and transporting oil
over large distances. Fourth, we need to verify a numerical model of the
generation of ocean swell by storm for the Bering Sea with field measure-
ments of swell, Such a model will play an important role in the future
determination of both ice edge properties and oil slick trajectories.

Summary of January-March Quarter:

Dr. Vernon Squire arrived in Seattle on 1 February 1980, and continued his
work on the analysis of the Bering Sea data. Since his arrival, he has
worked on the problem of the response of a single floe to ocean swell.

Specifically, he has interpreted the heave and strain records from instru-
ments mounted on the floes, using spectral analysis in the light of the
measured open water ocean wave forcing. From these records, he has computed
the approximate directionality and spread of the ocean wave energy. Most
important, his statistical calculations have enabled him to estimate the
strain necessary to fracture a Bering Sea ice floe. This work should be
written up by the time of his departure in July.

Second, he is presently visiting the NASA Langley center to obtain the

laser imagery gathered from an overflight during the cruise. From this data,
we plan to compute the wave attenuation by the pack ice along a flight line
parallel to the swell. Because we also have simultaneous aerial photography
for this run, we also plan to look at the floe size distribution, then use
this data to calculate the theoretical wave attenuation.

Also during the past quarter, S. Martin worked with J. Bauer on the writing
up of our ice edge data for publication in Monthly Weather Review. S.

Martin has also been working with NASA Goddard on the Scanning Multichannel
Microwave Radiometer (SMMR) data for the Bering Sea for March 1979. The
period 1-15 March 1979 has just been released; in the coming months begin-
ning during a visit to Goddard 30 March - 3 April we plan to analyze this
data and compare it with our existing surface truth data and our ice charts.
If our analysis is successful, we also plan to work on the period March 16-31.
Our long-range plan is to see if the SMMR data can be used to analyze the

ice properties during periods of heavy cloud cover and darkness. We also
plan to incorporate this SIR data into a general report on the ice properties
in the Bering Sea during March 1979.




XI. Auxiliary Material:

A, Papers in Print or Submitted: See Section III.

B, The paper, "Direct measurement of the attenuation of ocean waves by
pack ice'" by Squire and Moore, is attached below,




Reprnted from Natwre, Vol 283 Noo 3745 pp. 365 368, January 24 1980
Meaveglian Jowrnaly Lid., 1980

Direct measurement of the
attenuation of ocean waves by pack ice

Vernon A. Squire & Stuart C. Moore

Seott Polar Rescarch Institute. University of Cambridge. Uk

Early experimental work in the Antarctic' using a ship-borne
wave recorder has shown that pack ice can significantly attenu-
ate incoming ocean waves, particularly those of shorter period.
Wadhams®® has subsequenthy reported similar wave decay
through Arctic ice in data obtained remotely by means of
airborne laser profiling and inverted echo sounding from u
submarine. The two predominant mechanisms by which the
decay can occur—scattering by individual ice tloes and energy
loss by creep within each flexing floe—have been studied
theoretically by Wadhams**, Squire™’, and Squire and Allan®.
We present here the results of further experiments to measure
wave decay which took place in the Bering Sea during spring
1979 from the research ship Surveyor of the National Oceanic
and Atmospheric Administration®. During the cruise, oceano-
graphic, meteorological and remote sensing data were also
collected'™'". The results show the energy decay of waves in
pack ice to be exponential with an attenunation coeflicient which
increases with decreasing wave period.

The attenuation experiment comprised cight floe stations of
similar size and thickness, which lay along a line parallel to the
direction of the observed principal swell ithe attenuation line).
Thev were chosen so that their separation increased away from
the ice edge (Fip. 1. The seven floes within the ice pack were
visited using the ships Bell 206 helicopter cquipped with a
(INS-SO0A global navigation system which had been pre-
programmed from Loran-C on Surveyor. Distances calculated
from position tixes should therefore be good to within 0.2 km
{Tuble 11, The tirst floe, situated on the ice edge itsell ~1 km
from Surveyor, was reached using the ship's whaleboat. The
heaving motion of each floe was measured using a Schaevitz-EM
vertical accelerometer. For logistic reasons we were not able to
instrument floes simultaneously so that the complete experi-
ment lasted about eight hours, Ideally such an experiment
should take place over a very short time so that waves incident
on the e cover muy be assumed to be statistically stationary, To
overcome this problem a Waverider buoy was deployed from
Surveyor to monitor the open-water wave spectrum.

Rautine ice observations were carricd out during each heli-
copter flight, The tee margin was diftuse with an average
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Fig. 2 Three-dimensional graph showing evolution of power
spectra from Waverider buoy during the experiment,

concentration of four Oktas for tens of kilometres into the ice
cover with occasional isolated bands of higher concentration.
Floe diameter increased gradually from 10 m at the ice edge 1o
40 m some 30 km in. At 30 km, the floe size increased abruptly
to more than 100 m in diameter, the typical size thereafter.
From the air the ice cover could be divided into three distinet
zones made up of floes of quite different character: the edge
zone, which stretched from the ice edge some 5 km into the
pack; the transition zone, which stretched a further 25 km: and
the interior zone. This zonal structure had becn observed earlier
in the field trip and was the reason behind our choice of floe
separation. The edge zone was made up of floes which had been
buffeted together in waves of sufficient intensity to ridge, raft
and fracture the ice. Floes were typicaily 10 m across, of uneven
thickness, with heavily rafted perimeters. Floes within the tran-
sition zone were much smoother since the incoming waves had
lost much of their energy in the extremely active edge zone. The
penetrating waves were still able to fracture the ice, however,
and the average floe diameter remained 10 m. Further into the
ice cover, the incoming swell had been attenuated to such an
extent that little or no fracturing took place and floes in the
interior zone were typically smooth and =100 m across.

All the floes visited werc between 10 and 20 m across, less
than .5 m thick and relatively smooth. CTD casts had shown
the underlying scawater to be well-mixed and well above the
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Fig. 3 The attenuation run showing time series at cach floe and corresponding power spectra.

freczing point, and this together with several days of warm
weather, had left the ice in a mushy and decaying condition.
Twenty minutes of wave data were collected on each of the floe
stations and it was noted that there were atleast two components
of swell present. There seemed to be a noticeable attenuation
hetween Hoes but at this stage we could not be sure that the
change in amplitude was not due to a decline in the open-water
wave forcing. The wave records obtained at each site were
digitised and, together with the Waverider buoy data. were
calibrated and transferred to IBM digital tape for further analy-

sis. All data processing was carricd out on the IBM 370 at
Cumbridge University using  the  FFT/graphics package
developed by the Sea lee Group at the Scott Polar Research
Institute (SPRI).

The Waverider buoy data are presented in Fig. 2. Each power
spectrum represents a 20-min sample of the open-sea wave
conditions during the experiment. Records are between 1 and
2 h apart. Within the statistical errors generated by a frequency
domain analysis'?, the smoothed power spectra show the wave
conditions off the ice cdge to be stable throughout the day. This




Table 1 Position of ice floes along attenuation line

12 3 4 N 6 7 8

Floe station
Distance from

ice edge (kmy 0 0.7 22 53 103 {89 386 651

being so, the wave forcing for the attenuation run may be
assumed stationary and any comparison betwcen wave data
from individual ice floes is valid.

Figure 3 shows the time series and the unsmoothed and
smoothed power spectra for the wave data recorded at each floe
station. All records are 20 min (1,200 s} long and are plotted to
the same scale so that a direct comparison may be made. Each
time series represents the vertical acceleration at a point along
the attenuation line. There is a clear attenuation with distance
from the ice edge topether with a noticeable filtering of the
incoming waves in favour of longer wavelengths. The power
spectra confirm these observations. Each pair of spectra,
derived from the corresponding time series and corrected for
acceleration, shows the power spectral density (PSD) as a
function of frequency. The first spectrum of the pair is un-
smoothed and is presented for completeness. The second
has been frequency smoothed with a grouping factor of
nine. There is a striking decay in the available wave energy
as the reader proceeds from floe to floe. Furthermore,

Table 2 The attenuation coctheients for cnergy decay ar vanous
central wave penods

Attenuation coethoent

Central period i) m et

122 02722105
9.4 Ho3is s 0030
T h XSS+ 0099
.4 LORT 20037
hI 1214 r 0 92

waves of shorter period are attenuated more rapidly than long
Waves.

From the smoothed spectra, five central wave periods were
selected at which significant wave energy was present. Figure 4
shows these wave energies plotted against distance from the ice
edge. The energy decay is seen to be approximately exponential
with the attenuation coefficient a function of wave period (Table
2). The line corresponding to a period of 5.5 5 shows the most
scatter. This is belteved to be due to an increase In energy at
shorter periods oceurring late in the day (see Fig. 2). If the 5.5 5
point for floe 8 is assumed to be an overestimate and is neglec-
ted, the best straight line between the remaining seven stations
pives an attenuation coetlicient of (1.824 £0.183)x 10 *m .
With this revised value for the energy decay at 3.5 5, the data fit
the empirical inverse square relationship between attenuation
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Fig. 4 Enearpy decay as a function of wave period.

coefficient and wave period found by Wadhams®. Similar studies
carried out off the coast of East Greenland'® by SPRI, the
Cavendish Laboratory at the University of Cambridge, and the
Technical University of Denmark promise attenuation runs for
thicker floes and longer wave periods,

We thank Dr Seelye Martin who was chief scientist for the
cruise, Dr David Halpern of the Pacific Marine Environmental
Laboratory for the loan of the Waverider buoy, Ms Jane Bauer
for preliminary analysis of the Waverider tapes, and the officers
and crew of Surveyor. We thank the Office of Naval Research
{contracts NO0014-78-G-0003 and N00014-76-C-0234) and
BP Co. Litd for support. This study was part of a program
managed by the Outer Continental Shelf Environmental
Assessment Program Office, and was supported by the Bureau
of Land Management through the National Oceanic and
Atmospheric Administration.
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I. SUMMARY OF OBJECTIVES, CONCLUSIONS, AND IMPLICATIONS

R.U. #88 investigates the movement, deformation and structure of sea ice
along the coasts of the Beaufort, Chukchi, and Bering Seas. New results
reported during FY80 include further documentation of coastal ice pileup and
over-ride events, the statistical aspects of ice-induced seafloor gouging,
the crystal alignment characteristics of sea ice as determined by direct
petrographic and indirect radar observations and radar studies of near-shore

lakes on the North Slope that may serve as year-round sources of fresh water.
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TI. INTRODUCTION

A. General Nature and Scope of Study

There are several principal thrusts to the present proposal. These are
concerned with

1) studies of the nature of ice morphology, pressure ridging and ice
gouging along the coast of the Beaufort and Chukchi Seas and in Norton Sound,

o) gtudies of the deformation and movement of shore-fast ice, including
ice pile-ups and override of beaches,

3) sastudies of the crystal orientation of sea ice and the relation
hetween this orientation, the physical properties of the ice, and the current
under the ice.

L) radar measurements of the movement and deformation of the pack ice
in the vicinty of the Bering Strait,

5) SLAR determination of near-shore lakes on the Beaufort Coast that
contain fresh water during the late winter.

B. Specific Objectives

Our five research thrusts can be broken into eight sub-programs as
f'ollows:

A. Statistical Studies of Ridging and Ice Gouging Via the Use of Remote

Sensing Techniques (Weeks and Tucker) [Thrust #1] - Our previous studies of

coastal ridging via the use of laser profilometry have produced quite significant
results. To be specific, that the average ridge height changes as a function

of season but not as a function of location, that the number of ridges show
large systematic variations both normal to and parallel to the coast and that

it is possible to estimate the occurrence of rare large ridges. The problem

is that these conclusions were based on a very limited data set in a time sense.

11




We are currently expanding this temporal sampling base by analyzing laser data
collected in 1978 by NASA (Beaufort Sea and Norton Sound), 1980 by Canadian AES
and in addition collecting new data ourselves during 1979 and 1980. This study
will allow statements to be made concerning the year-to-year variations in
ridging intensity and ridging patterns. We will also be able to make greatly
improved estimates of rare ridging events. We will also complete a study of
the statistics of ice gouging along selected profiles off the Beaufort Coast.
This is a cooperative program with P. Barnes and E. Reimnitz of the U.S.
Geological Survey.

B. Interrelstions between Pressure Ridge Characteristics aﬁd Ice Thickness-

(Tucker) [Thrust #1] - Previous studies of nearshore ridging have shown little
spatial variation in mean ridge height. However, there was a significant
variation in mean height with season. This suggests that the ridge height may
be related to the thickness of the ice being deformed. Such considerations also
pose the question "Are stresses in the nearshore ice zone sufficiently large to
cause the complete thickness of the winter ice cover to fail or is deformation
in this region almost completely limited to thin, new ice formed in cracks and
leads?" No study has been made in which a statistically designed sampling
scheme was used to select ridge sites for study and then block thickness and
geometry and ridge height were measured. We plan to undertake such a study.

C. TIce Morphology Within the State-Federal Lease Area (Kovacs) [Thrusts

1 and 2]. Here we will attempt to acquire sea ice morphology information within
the Alaska Beaufort Sea federal-state lease area which can be used in the assess-
ment of ice forces against and ice pile-up and ride-up on offshore structures.

We have collected a limited body of data to date and any additional data will
greatly hglp in expanding the existing data base. Qur studies will include

recon flights along the barrier ilslands for the purpose of recording ice pile—~

ups and over rides. We will also investigate major deformation features found

12




along the fast ice édge and any unique features, e.g. ilce islands, which may
be found.

D. Net—Winter Fast Ice Motions Along the Beaufort Coast (Kovacs) [ Thrust

#2]. Our study of fast ice movement will center on making measurements of past
ice displacement events. This will be accomplished by measuring the offset of
geophysical survey roads. The measurements in past years have allowed us to
record the largest fast ice displacements which have been measured inside the
15 ﬁ depth contour.

E. Petrographic Studies of Crystal Orientations in Sea Ice (Weeks, Gow)

[Thrust #3]-During the 1977 and 1978 winter field seasons we collected infor-
maetion on the occurrence and characteristics of horizontal c—axis alignments
along the northern coast of Alaska. The sampling sites are scattered between
Shishmaref and Camden Bay covering almost the complete coasts of the Chukchi
and Beaufort Seas. We also did fabric studies in support of physical property
measurements on sea ice undertaken by several different groups of investigators
at locations off Barrow. We plan to complete the final editorial work neces-
sary to produce two papers on this general subject.

F. Radar Studies of Crystal Orientations in Sea Ice (Kovacs) [Thrust

#3]-In our previous work we have investigated the c-axis orientation phenomena
by visual core analysis and with the use of impulse radar. The results have
shown that when the antenna E field is parallel to the ice c-axis direction

we receive a strong reflected signal from the ice bottom. However, when the

E field is orientated perpendicular to the ice c-axis direction a very weak
reflection is received from the ice bottom. In the spring of 1979 we began a
study to determine if we could detect this effect from the air by mounting our
radar system on the NOAA helicopter. Our results indicate that we were succes-

cful. Inasmuch as the c-axis alignment is controlled by current direction under

13




the ice we should be able to use our radar to rapidly collect under-ice
current direction data for areas where such data does not exist. This spring
we plan to undertake further tests to further evaluate this remote detection
technique.

C¢. Radar Measurements of the Movement and Deformation of the Pack Ice

Near the Bering Strait (Weeks, Frank) [Thrust #L]-We have been attempting to

measure the time-lapse photography of the PPI display a 50KW X-band radar unit
which we have installed on top of Cape Mountain at Tin City. Until this

last spring the program had been largely unsuccessful because of a string of
equipment problems ultimately related to a power surge that occurred soon
after we installed the radar unit. It is intended to continue to operate the
radar unitl until the spring of 1980.

H. Radar Determination of the Presence of Fresh Water Beneath the Ice

Cover on North Slope Lakes (Weeks, Gow). [Thrust #5]-Although the North Slope

is covered with lakes, the vast majority of these are very shallow and freeze
completely to the bottom during the late winter. Therefore, they cannot be
used as water supply during the complete year. When offshore development is
considered it is very useful to know the location of the nearest "deep" lake
where fresh water can be obtained on a year-round basis. This information can
be obtained through the analysis of SLAR imagery in that the radar return from
lakes frozen to the bottom is significantly less than the return from lakes
with water under the ice cover. During the late winter of 1979 we were able
to obtain SLAR data over a wide swath of the near coastal area of the Beaufort
Sea (a cooperative effort with NASA Lewis Research Center). We were also able
to complete extensive field observations (ground—truth) to verify the inter-
pretation of the imagery. We plan to complete the final analysis of this

data which will result in a map giving the location of the deep water sites.
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C. Relevance to Problems of Petroleum Development

The specific relevance of these programs to problems of petroleum develop-
ment is as follows:

A. The studies of ridging and ice morphology contribute directly to
estimating the magnitude of the design ice events that will impact offshore
structures.

B. The studies of ice gouging are essential to estimating safe burial
depths for offshore pipelines.

C. The studies of winter fast and pack ice motions are essential input
to adequate design of offshore structures.

D. As crvstal orientation has a pronounced effect on ice strength,
studies of the nature of such orientations contribute to our knowledge of the
directional nature of ice forces in the near-shore environment.

¥. As direct measurements of crystal orientation are time consuming, the
ability to measure these orientations indirectly via radar would allow the
regional mapping of such orientations. This in turn would contribute to our
knowledge of ice forces and offshore current directions.

F. As most North Slope lakes freeze to the bottom during the wintér,
sources of fresh water for coastal operations are hard to find. The jdentification

of potential sites would be most useful in locating adequate water sources.
TII. CURRENT STATE OF KNOWLEDGE

The majority of the work on near-shore ice motions and ice properties
relative to offshore development that is currently available in the non-
proprietary literature has been produced by this project. A listing of these

papers is given under results.
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IV. STUDY AREAS
Areas of field study for this program include Norton Sound and the

coastal areas of the Chukchi and Beaufort Seas.

V. RESULTS
Qur results are documented in the following reports:
1. Published reports (DB indicates availabity in the OCS Data Bank)

a) Kovacs, A. (1976) Grounded ice in the fast ice zone along the
Beaufort Sea Coast of Alaska. CRREL Report T76-32, 21 pp. (DB).

b) Kovacs, A. and Gow, A.J. (1976) Some characteristics of grounded
floebergs near Prudhoe Bay Alaska. CRREL Report T6-3L4, 10 pp,;
also available in Arctic 29 (3), 169-73 (1976).

¢) Weeks, W.F., Kovacs, A., Mock, S.H., Tucker, W.B., Hibler, W.D.
and Gow, A.J. (1977) Studies of the movement of coastal sea ice
near Prudhoe Bay, Alaska. Journal of Glaciology, Vol. 19, No. 81,
p. 533-46 (DB).

d) Kovacs, A. (1977) Sea ice thickness profiling and under-ice oil
entrapment. Offshore Technology Conference Paper OTC 29-49, (DB).

e) Schwarz, J. and Weeks, W.F. (1977) Engineering properties of sea
ice. Jourmal of Glaciology, Vol. 19, No. 81, p. 499-531 (DB).

f) Gow, A.J. and Weeks, W.F. (1977) The internal structure of fast
ice near Narwhal Island, Beaufort Sea, Alaska. CRREL Report T7-29,
9 pp. (DB).

g) Sodhi, D.S. (1977) Ice arching and the drift o7 pack ice through
restricted channels. CRREL Report 77-18, 1L p. (DB); also published
by Sodhi, D.3. and Weeks, W.F. in Proceed. Part 2 IAHR Sympos. on

Tce Problems, Lulea, Sweden, p. 415-32.
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h)

m)

o)

p)

Kovacs, A. (1977) Iceberg thickness profiling. In "Conference on
Port and Ocean Engineering under Arctic Conditions" Memorial
University of Newfoundland, St. Johns. (DB).

Kovacs, A. (1978) Iceberg thickness and crack detection. Iceberg
Utilization (A.A. Husseiny, ed.) Pergamon Press, p. 131-1L5.

Weeks, W.F. and Gow, A.J. (1978). Preferred crystal orientations
in the fast ice along the margins of the Arctic Ocean. C(RREL
Report 78-13, 24 pp; also published in Journ. Geophys. Res., 83

(c 10), p. 5105-21 (1978).

Weeks, W.F. (1978). Environmental hazards to offshore operations.
In "Environmental Assessment of the Alaskan Continental Shelf;
Interim Synthesis: Beaufort/Chukchi," NOAA/FRL Boulder CO., p. 335-
3L8.

Tucker, W.B., Weeks, W.F., and Frank, M. (1979). Sea ice ridging
over the Alaskan continental shelf. Journal of Geophysical Research,
84 (¢ 8), p. 4B85-97; also published as CRREL Report 79-8, 2L pp.
Weller, G. and Weeks, W.F. (1979). Problems of offshore oil drilling
in the Beaufort Sea. The Northern Engineer 10 (4), p. L4-11.

Weeks, W.F. and Gow, A.J. (1979). Crystal alignments in the fast
ice of Arctic Alagska. CRREL Report T9-22, 21 pp.

Kovacs. A. and R.M. Morey (1979) Anisotropic properties of sea ice
in the 50-150MH, range. JL. Geophys. Res., Vol. 84, C9: also given
at Int. Workshop on Remote Estimation Sea Ice Thickness, Memorial
University of Newfoundland, St. Johns, Newfoundland.

Kovacs, A. (1979) Recent ice observations in the Alaskan Beaufort

Sea federal-state lease area, Northern Engineer, Vol. 10, No. 3.
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Completed reports currently in press

a)

b)

¢)

h)

i)

Kovacs, A. Radar profile of a multiyear pressure ridge. Arctic.
Tucker, W.B., IIT, Weeks, W.F., Kovacs, A., and Cow, A.J., (1980)
Near-shore ice motion at Prudhoe Bay, Alaska. AIDJEX Sea Ice
Symposium. Univ. of Washington Press.

Weeks, W.F., Tucker, W.B. III, Frank, M., and Fungcharoen, S. (1980)
Characterization of the surface roughness and floe geometry of

the sea ice over the continental shelves of the Besufort and

Chukchi Seas. AIDJEX Sea Ice Symposiwm. Univ. of Washington Press.
Weeks, W.F. and Russer, J. (1980) Tce related environmental problems:
Appendix VITI. In "Environmental Exposure and Design Criteria for
Offéhore 0il and Gas Structures" Report of the Committee on Off-
shore Energy Technology of the Marine Board, Assembly of Engineering,
National Research Countil, Washington, DC.

Kovacs. A., and D.S. Sodhi (1980) Shore ice pile-up and ride-up;
field observations, models, theoretical analyses. In "The Seasonal
Sea Ice Zone" C(Cold Regions Science and Technology.

Kovacs, A. Some problems associated with radar sea ice profiling.
Cold Regions Research and Engineering Laboratory Technical Note,

6 p.

Kovacs, A. Remote detection of water under ice covered lakes on

the North Slope. C(Cold Regiong Research and Engineering Laboratory

Report.

Weeks, W.F. (1980). The seasonal Sea Ice Zone: An Overview. In
"Workshop on Problems of the Seasonal Sea Ice Zone." Cold Regions
Setence and Technology.

Kovacs, A. aﬁd D.S. Sodhi (1979) Ice pile-up and ride-up on arctic
and subarctic beaches, 5th Int. Conf. on Portland Ocean Engineering

Under Arctic Conditions, Trondheim, Norway.



3. Reports currently in preparation

a) Gow, A.J., Weeks, W.F., Olheoft, G., Kohnen, H. Shapiro, L.,
Onstott, R., Moore, R., Noguchi, Y., Aota, M., and Tabata, T.
(1980). Interrelations between the internal structufe and the
physical properties of fast ice at Barrow, Alasks."

b) Weeks, W.F., Gow, A.J., Schertler, R.J., and Gedney, R.T. (1980).
The radar return from ice-covered North Slope lakes. Cold Regions
Research and Engineering Laboratory Report.

¢) Weeks, W.F., Barnes, P. and Reimnitz, E., (1980). Statistical

aspects of ice gouging on the shelf of the Beaufort Sea.

VI. DISCUSSION

Some specific comments on each of our eight sub-programs are as follows:

A. Statistical Studies of Ridging and Ice Gouging.

Frank complefed a series of laser flights during early January. All sample
lines were completed except the line off Lonely (the aircraft blew an engine).
We have arranged to obtain the NASA laser data for March 1979 which includes
runs in Norton Sound and the Beaufort Sea. We are also being supplied with
data in the Beaufort Sea for March 1980 by the Canadian AES. We plan to refly
our lines in April 1980. That will give us 3 sets of laser lines off Cross
and Barter Islands for the winter of 1979-80. The analysis of the ice gouging
data is nearing completion (see Section VII). A paper was published in the
Journal of Geophysical Research on the analysis of the laser results.

B. Interrelations Between Pressure Ridge Characteristics and Ice Thicknesses.

Tucker is planning to initiate data collection during late March 1980.

C. Ice Morphology Within the State-Federal Lease Area.

Kovacs will start field studies in Norton Sound and the Beaufort Sea

during March 1980. Two papers were published on the results of this work (in

Aretie and in The Northerm Engineer). Specific results are given in Section VII.




D. Net-Winter Fast Ice Motions Along the Beaufort Coast.

Field studies are being started in March 1980.

E. Petrographic Studies of Crystal Orientations in Sea Ice.

A CRREL Report was published and a shorter version is in press in the
Journal of Geophysical Research.

F. Radar Studies of Crystal Orientations in Sea Ice.

A report has been published in the Jowrnal of Geophysical Research and
further field studies will start in March 1980.

G. Radar Measurements of the Movement and Deformetion of the Pack Ice

Near the Bering Strait.

This project continues to be bothered by equipment failures. Termination
of this program is planned for the end of the present field season.

H. Radar Determination of the Presence of Fresh Water Beneath the Ice

Cover on North Slope Lakes.

NASA Lewis has completed initial data processing. A report is now in

preparation.

VII. CONCLUSIONS

Recent results that are not as yet documented in published reports are
as follows: |

1. Coastal Ice Pile-ups and Ride-ups. (Kovacs). Field observations of
shore ice pile-up and ride-up were made in November 1979 along the arctic coast
of Alaska from Tigvariak Island to the barrier islands north of Dease Inlet.
The only significant shore ice pile-~up observed was west of Cape Halkett at
about 152°35'W. The pile-up extended along the.coast for approximately 1 km,
and was up to 3.5 m high. The pile-up rested along the top edge of a bluff
which appeared to be something over 2 m above sea level. Ice blqck measurements

revealed that the ice was 25-30 cm thick at the time it was driven ashore.
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Minor shore ice pile-up or ride-up was observed on the north side of an
island at 152°42'W, 70°55'N, con the north and south side of Argo Island, on the
north side of Cross Island and four other unnamed islands of the McClure Islands.
On two of the eastern islands of the Stockton Island group, ice ride-up appeared
to extend up to 15 m onto the low lying beaches.

We have continued our literasture search on observations of shore ice pile-
up and ride-~up and have translated a very interesting 1930 German paper "Ice
pressure ridges" by Kraus on this subject. ‘This work is available as a CRREL
Draft Translation and from the 0CS5 data bank.

Recently, we have learned of =2 major ice over-ride and pile-up (9 m high)
on a dredge spoil island ianside McKinley Bay on Tuktoyaktuk Peninsula. The
event ocecurred sbout 15 December 1979. We are awaiting further documentation
of it.

From Tom Kuglar of Muckliuck it was learned that in the spfing of 1970 ice
piled up on the storage and work pad near the Prudhoe Bay East Dock. This pad
is about 4 m sbove sea level. It was reported that the event occurred in the
early morning on a day at the end of May or very early June. The ice offshore
had melt pools on the surface and a light breeze was coming from the east at the
time. Bob Garrett of Catco confirmed the above event during another interview.
Apparently, fuel bladers were stored on the pad but were not contacted by the
ice. -

5. Statistical Aspects of Ice Gouging (Weeks, Barnes, Reimnitz, Rearic-

A joint CRREL-USGS project). 0f all the aspects of the gouges it is the
variation in the depths of the gouges that arouse the most interest from the
engineering community. The reason for this interest is the need to know for
any given offshore location the hurial depth required to prevent pipelines

from being regularly plowed up during gouging events.
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We initially prepared several histograms showing the frequency of different
depths of gouges for different regions. The nature of graphs was clearly a
decreasing exponential with a rapid fall-off in the frequency of occurrence
of the larger gouges. A similar tendency has been noted by both Lewis (1978)
and Wahlgren (1979) for the gouges occurring north of the Mackengie Delta.
However, an examination of their data (Lewis, in press, 1978) shows that the
number of small gouges are'consistently less than would occur in an exponential
model suggesting that a log normal distribution might also be & possibility.

Figure 1 shows a semilog plot of gouge frequency vs gouge depth for three
representative areas of our study region, a) all the data from the lagoons and
sounds, b) all the data from the L4 profiles (7-39, 4o, 41, 42) off of Lonely
and all the data from the profiles seaward of the barrier islands and east of
Harrison Bay (2-17 and east). Other groupings of the data and data from other
areas gave similar plots. Note that all three plots are effectively linear
over their complete range of I decades. There is no decrease in the observed
frequency of shallow gouge depths as compared to the exponential fit (this
suggests that the utilization of an exponential distribution in the Mackenzie
studies were correct and the "missing" small gouges were possibly infilled by
more rapid sedimentation near the river mouth).

Fortunately, the exponential distribution is a simple, well studied
distribution (see among others Benjamin and Cornell, 1970 and Miller and
Freund, 1977). If the simple frequency distribution is a negative exponential,
then the probability density function (PDF) of X where X is the gouge depth

will also be of a similar form

£ (x) = ke Xz0
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[Here x represents the values that the random variable X may acquire].

Inasmuch as the integral of fX(x) from 0 to « must equal 1 as it contains all

the sample points with nonzero probabilities

f: X emlxdx - %%'e-Xx {: _ §.= 1
or
k= X
Thig gives the following PDF
£o(x) = re X x20

Here the free parameter A is simply the reciprocal of the sample mean

R

The probability that a random variable will assume a value in the interval

(xl, XE) is then
%2 X2 ax
Xsx,] = [T e (x)ax = [ 7 e Max

P[x
X £ X

1

The cumulative distribution function (CDF) is, in turn, found by integration

X X , =Au
Fo(x) = PlXsx] = [ £ (u)du = [ 2e™au
= "e—kutf =1 - e x20

Finally because we will be interested in the probability of occurrence of gouges
that have depths greater than or egqual to some specified value, we will largely

be concerned with the value of the complementary distribution function Gx(x).

(x) = e

GX(X) = P[X>x] = 1-Fy

GX(x) is a particularly simple function to graph as it is a straight line on
semi-log paper and has a value of 1 at x = 0. Figure 2 shows this type of

presentation for the 3 data sets presented in Figure 1. Also on each line we
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have indicated the range of GX(X) values encountered within each class interval

by using GX(x(ﬁ)) =1 - (7/n) where () is the 1P value in an ordered increasing
1ist of the observed values and n is the total number of values in the sample.

Therefore we can use the simple relation

P[Xsx] = n[Xzx] _ e—kx

N
where N is the number of gouges that have occurred to estimate n[X2x], the
expected number of gouges with depths greater or equal to x. We currently
propose to estimate N from the product of the number of years of projected
pipeline operation, the length of the buried pipeline and the average number
of new ridges per km per year. This latter figure will in turn be estimated
as a percentage of the number of gouges/km that are visible on the sea floor
at a given time. We currently are attempting to find a satisfactory PDF for

this latter parameter.

VIII. NEED FOR FURTHER STUDY

Here the letters indicate the specific sub-programs. A number of years
of data are needed in Programs A, C, D, and F to determine the intra-annual
variability of these characteristies. In Program A repeat measurements of
the number of new gouges in the variety of identified areas are essential to
making adequate probalistic estimates of the frequency at which ice will plow
up buried pipelines. Laboratory studies are essential in Program E in order
to understapd exactly how crystal alignments originate. Detailed experimental
studies and model calculations are also needed in Program F to advance our

understanding of sea ice.
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IX. SUMMARY OF JAN-MAR QUARTER

Project personnel were primarily involved in data analysis, report
writing and preparation for field studies.

Frank completed laser flights on Sub-Program A over the northern Bering
Sea, the Chukchi Sea, and the Beaufort Sea in January 1980.

Kovacs and Tucker leave for field programs on Sub-Programs B, C, D, and

F in late March 1980.
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I. Summary

The outer shelf regime extends landward of the 60 m isobath., This
regime is characterized year-round by relatively fast flow parallel to the
isobaths. Speeds exceeding 25 cm sec~! are common. The long-term set is
eastward, but frequent pulse-like flow reversals toward the west can last‘
from 1-10 days or more. At a new mooring site 60 m deep north of Oliktok
there was no indication of a change in this flow reéime, either in speed
or direction. However, at another site in the same depth north of Flaxman
Island, the current speeds were reduced by 50% or more. Furthermore, flow
eventsldirected offshore with typical speeds of 5 cm sec ! were relatively
common at the latter site and may possibly be of significance to cross-
shelf transport. So far, only one instance of deep upwelling, such as is
common further offshore, has been found at these two more shallow mooring
sites, although one instrument record is yet to be analyzed.

The significance of these results to the dispersion of various
materials seaward of the 50-60 m contours 1is as follows:

(1) Material trajectories will nearly follow isobaths. (2) Over a
period anywhere from 1-10 days, displacement may be either eastward or
westward, and the magnitude of such displacement can exceed 40 km over
24 hours. (3) On time scales exceeding about one month, the net displace-
ment will be eastward, with mean speeds corresponding to typical monthly
displacements in the range of 100-250 km. (4) Materials can also move
on- and offshore on time scales of a few days. Some of these movements
represent a deep onshore upwelling originating over the continental slope
and affecting large stretches of the shelf, while others appear to be

of fshore movements, possibly more local, through the mid-shelf zonme.
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II. Introduction

The objective of this work has been to obtain long-term Eulerian time
series of currents at selected locations on the outer shelf of the Beaufort
Sea. Such measurements are necessary to describe and understand the circu-
lation on the shelf and the exchange between the shelf and the deep Arctic
Ocean. It is this circulation and exchange which tranapdrts and disperses
the plankton, substances of biological and geological consequence, and
pollutants. The water motion also influences the ice distributibn and drift.
The current time series must be long enough to define the important temporal

scales of motiomn.

III. Current State of Knowledge

Some of what is known about the circulation on the Beaufort shelf
has been inferred from the hydrography, and these conclusions have been
discussed in past reports (e.g., c¢f. the annual report for RU151 for
1977-78).

Direct current measurements were extremely sparse prior to the work -
done under the present RU91. The measurements made under RU91 began in
March 1976. Since then about 2330 days of current measurements have been
accumulated seaward of the 25 m isobath, extending from 146°-152°W.

Prior to the present contract year, current measurements seaward of
the land-fast ice had been restricted to water depths greater than about
100 m because of anticipated danger to the moorings from drifting ice.
Based on these measurements, we concluded that an energetic current regime
over the outer shelf extends landward to at least the 100 m isobath. The

flow is characterized by a series of pulses, in which the water alternately
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moves eastward or westward along the isobaths in a reciprocating fashion.
The strength of these pulses 1is typically about 20 cm sec™!, but can on
occasion exceed 65 cm sec”!, and their duration varies from a day to

several weeks. The eastward pulses are generally stronger and longer-
lasting. The long-term mean flow is therefore eastward (along the iscbaths)
and in the range of 5-10 cm sec™l, There does not appear to be any seasonal
cycle in the flow. These remarks apply to the motion below about 60 m;
above this depth, the velocity field is unknown, as the drifting ice makes
moored measurements at lesser depths extremely hazardous.

The thermal regime down to at least 65 m is largely advectively con-
trolled, with the water bearing the mark of the freezing process until
mid-summer. At that time, warm water is advected into the regiom, probably
largely from the Bering Sea, and there are strong horizontal temperature
differences. Under these circumgtances, waters of different origin being
advected past a given point cause a highly variable local temperatﬁre regime.
Closer to the bottom there is a frequent invasion of warm and saline Atlan-
tic water, occurring in a pulse-like manner and extending over large
portions of the ‘'shelf. During such events the temperature increases to
1-2°C or more above the freezing point. The pulses occur at all times of
the year and have time scales similar to the reciprocating along-shelf
motion discussed above. These are in effect upwelling events from 350 m
or deeper offshore, and they must bring relatively large amounts of salt
and sensible heat onto the shelf.

On the inner shelf, undér landfast ice, the flow in winter appears to

be extremely slow. This contrasts with the summer situation, when the

wind can drive a vigorous circulation in these same waters.

32



1V. Study Area

The area of interest extends eastward from Point Barrow along the
entire northern Alaska coast, i.e., from about 156° 30'W to 141°W, a lateral
distance of 600 km. The shelf is narrow, with the shelf break typically
80-90 km offshore. The total runoff is small and highly seasonal. Tidal
amplitudes are also small; they are mixed, predominantly semi-diurnal.
Meteorologicai tides can exceed the astronomic tide by a factor of ten.
The prevailing winds are from the ENE and are generally light. The entire
area is covered by sea ice, both first- and multi-year, through all but two
to three months. Even during the height of summer, ice is usually found

well onto the shelf.

V. Data collection
The methods and rationale of data collection have been.discussed at

some length in earlier reports, both annual and quarterly.

VI. Results

The field work accomplished during this reporting period includes the
recovery of two moorings, one north of Flaxman Island and one north of
Oliktok, both in about 60 m of water. The Flaxman recovery was described
in the quarterly report dated 30 September 1979. The first attempt to
recover the Oliktok mooring was described in the quarterly report dated
31 December 1979, and the final successful attempt is described in the
preliminary report (Ref. M80-9) appended to this annual report.

Table 1 summarizes the four current meter records from tﬁese

recoveries, for which there are 25,400 hours of clear data. Figure 1
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ve

Current meter

Latitude
Longitude
Sounding
Depth of meter
Date deployed
Date recovered

Start of record
{GMT)

End of record
(GMT)

Recording
interval

No. of records

Flaxman ! upper

Table 1

Flaxman 1 lower

Oliktok 1 upper

70° 43.6'N
146° 00'W
50 m
39 m
22 Feb 1979
22 July 1979

2205 22 Feb 79

0405 22 July 79

60 mins.

3583

70° 43.6'N
146° 00'W
59 m
49 m
22 Feb 1979
22 July 1979

2206 22 Feb 79

0406 22 July 79

60 mins.

3583

71° 10.0'N
148° 52.7'W
60 m
40 m

‘21 Feb 1979
6 March 1980

0332 21 Feb 79

2032 6 Mar 80

60 mins.

9114

0liktok 1 lower

71° 10.0'N
148° 52.7'W
60 m
50 m .
21 Feb 1979
6 March 1980

0033 21 Feb 79

2033 6 Mar 80

60 mins.

9117
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shows the daily mean velocities for the two Flaxman 1 instruments and the
upper Oliktok 1 meter. Geographic north is toward the top of the figure.
The lower meter at Oliktok 1 has not yet been processed to this stage.
VI1I. Discussion

Figure 2 shows the current roses for all time series obtained under
our RU91 work, including the two Oliktok 1 instruments; and Table 2 shows
the time span covered by the 13 separate records. The current roses repre-
sent the mean speed and the frequency of occurrence of the current in each
sector of angular measure 20 degrees arc. For example, at L0-5 which
recorded from 13 March to 7 October 1978 the current was predominantly
toward 100 + 10° (occurring 43% of the time) with a mean speed over the
nearly 7 months of about 15 cm sec~l, At the same location the next most
commonly observed current was in the reciprocal direction and in the mean
about 2 cm sec” ! slower. The still relatively high occurrence rates in the
sectors 120 10° and its reciprocal (11 and 9%) are due to the method of
computation, which places the vectors into discrete directional intervals.
That is, the predominant current at Lb—S is not distributed uniformly over
the interval 100 + 10°, but is actually directed somewhat south of 100°%;
in fact, a vector mean calculation yields 112°, It is important to note
that this figure by itself provides no information on observational time
spans and may therefore be misleading. It must be examined together with
Table 2. For example, at site LO-1 the rather round current rose represents
just oGer a week of measurements, whereas the elongated elliptical rose
repﬁeseqts nearly seven months and is therefore in a probabilistic sense

far more representative of the current conditions.
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Current meter (depth)

NAR-1
NAR-2
OL
LO-1
LO-1
LO-4
LO-5
LO-6
LO-6

(10 m)
(10 m)
(100 m)
(78 m)
(152 m)
(177 m)
(64 m)
(68 m)
(188 m)

FLAX-1 (39 m)
FLAX-1 (49 m)

OL-1
OL-1

(40 m)
(50 m)

1976

28/3 - 22/4
28/3 - 19/4
27/5 - 1/9

Table 2

1977 1978 1979
29/3 - 6/4
29/3 - 20/10
13/11 ———— 30/10
13/3 - 7/10
11/3 - 4/9
11/3 - 14/9
22/2 - 22/17
22/2 - 22/17
21/2
21/2

1980

6/3
6/3




Figure 2 shows that except at the two Narwhal sites, where the measure-
ments were taken under fast ice during winter, the flow is strongly influenced
by the bathymetry, tending to align with it, whether the motion is generally
eastward or westward. Furthermore, Figure 2 shows that the long-term mean
flow is eastyard, contrary to the westward flow traditionally attributed
to the Beaufort gyre. A third flow characteristic apparent from the current
roses is that the predominant flow directions are reciprocal,-as was shown
above for LO-5. This of course corresponds to the pulse-like nature of
the flow, which was discussed in Section III: the flow is characterized
by a series of pulses, in which the water alternately moves eastward or
westward along the isobaths in a reciprocating fashion. Finally, it is
clear from Figure 2 that the mean speeds are relatively high, typically
15-20 em sec”! for the dominant mode. This is true even for OL-1, in 60 m
of water; the only exception to these general characteristics is at FLAX-1,
in 59 m, where the mean speed for the dominant mode is reduced to about
5 cm sec_ ). The lower speeds at FLAX-1 compared to OL-1 are also apparent
in Figure 1.

The conclusion therefore is that the outer shelf regime of relatively
fast flow parallel to the isobaths, generally eastward but with frequent
reversals lasting for days, extends landward past the 60 m contour. At OL-1
there was no indication of a change in the flow characteristics, but at
FLAX-1 the currents were slower, indicating a possible transition. There
is also another difference between the FLAX-1 and the other records: at
the former site there is an asymmetry between offshore and onshore flow,

with offshore flow being common. That is, Figure 2 shows that flow in

directions other than the two principal modes and their reciprocals occurs
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relatively frequently, and that 70 to 80% of such flow is offshore.
Furthermore, the offshore flow is stronger. In this part of the shelf,
therefore, we're beginning to see a tendency for offshore tramsport. Con-
ceivably, of course, this could be a local phenomenon, and in fact bottom
slopes appear to be less at the FLAX-1 site than at OL-1 (cf. Fig. 2), so
that the topography is less effective in trapping the motion. The offshore
flow events are apparent in Figure 1, where on the average they appear about
once a month and last from a day to a week, with typical speeds in the vici-
nity of 5 cm sec” ), A few events with similar signature can also be seen
1ﬁ the OL-1 record (Fig. 1) later in the year, for example in November.

It's important to note that all of the above discussion pertains to
motion below about 40m; motion in the upper part of the water column has
not been measured.

The temperature record suggests that both the OL-1 and FLAX-1 sites
are landward of the area frequently invaded by Atlantic water (cf. Section I11),
although we have not yet processed the temperature record for current meter
OL-1 lower, where such signals would seem most likely to occur. No large
temperature excursions identifiable with deep upwelling were seen at either
of the FLAX-1 meters, and only one such event occurred at OL-1, in January
1980. At that time the temperature rose to about 1°C above freezing.
The anomaly lasted about one day and was preceded by strong (~v35 em sec”1)

flow toward WSW, i.e., with an onshore component.

VIII. Conclusions

The outer shelf regime extends landward of the 60 m isobath. This

regime 1is characterized year-round by relatively fast flow parallel to the

40




1 are common. The long-term set is

isobaths. Speeds exceeding 25 cm sec”
eastward, but frequent pulse-like flow reversals toward the west can last
from 1-10 days or more. At a new mooring site 60 m deep north of Oliktok,
there was no indication of a change in this flow regime, either in speed
or direction. However, at another site in the same depth north of Flaxman
Island, the current speeds were reduced by 50% or more. Furthermore, flow
events directed offshore with typical speeds of 5 em sec ! were relatively
common at the latter site and may possibly be of significance to cross-
shelf transport. So far, only one instance of deep upwelling, such as is

common further offshore, has been found at these two more shallow mooring

sites, although one record is yet to be analyzed.

IX. Needs for Further Study

The primary immediate need would appear to be to further analyze the
rather considerable body of data that now exists. 0f particular interest
is the correlation between atmospheric and oceanographic events. We have
just recently received some of the necessary atmospheric time series, which

must be formatted and bridged before correlation routines can be run.

It's 1likely that future studies will be rather site- and/or process—
specific, and their design should be guided by a more complete analysis of

data in hand.
X. Summary of January-March Quarter

A. Field operations

See appended report.
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B. Estimate of funds expended to February 29, 1980

Allocation 10/1/79 - 9/30/80 $60,000
1. Salaries, faculty and staff $ 11,731
2. Benefits 1,832
3. Indirect costs 6,826
4, Supplies and other direct costs 14,630
5. Equipment °
6. Travel 4.584
Total expenditures $ 39,603
BALANCE $20,397

XI. . Auxiliary material
A paper is in press after review:
L.K. Coachman and K. Aagaard. Reevaluation of water transports in

the vicinity of Bering Strait. In Oceanography of the Bering

Sea Shelf, D. Hood, ed.
A paper was presented at the Fall 1979 AGU meeting:
K. Aagaard and L.K. Coachman. Time-dependent transports through the

Chukchi Sea, 1976-77. EOS, 60(46), 848.
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1. Objective

To look at the time-dependent circulation and dynamics of‘thé‘outer conti-
mental shelf of the Beaufort Sea, by means of long-term Eulerian time-series
H

acurrent studies at selected locations, where the ice cover is not seasonally

removed. Cruise W-34 was a recovery phase of the current meter studies.

2. Narrative

Mooring recovery phase

One mooring (designated Oliktok #1) was to be recovered.

(a) General area relocation (within 7-8 km) by use of the helicopters
GNC 500A, VLF navigation equipment.

(b) Precise mooring relocation by ranging and bearing on the mooring's
acoustic transponder/release. Upon satisfactory relocation, the mooring
would be released, allowing the flotation to lie against the underside of
the ice cover.

(¢) After further acoustic pinpointing of the mooring (within 50 m),
a diving hole would be cut through the ice and scuba divers would secure a
retrieval line to the mooring. The mooring would then be recovered through
the same hole.

For location of the mooring and a map of the search area, see Appendix.

The report of events is as follows.

‘28 Feb 1980. Dale Ripley and Stephen Harding arrived in Deadhorse.

-When they checked with ERA Helicopter Service, they learned that there was

no helicopter with VHF homing capability available.

29 Feb 1980. §. Harding notified me in Seattle of the VﬁF homer problem.

I contacted Dan Brooks, OCS coordinator in Fairbanks, and began assembling a




VHF homer/antenna system. The rest of the equipment at Mukluk Camp was
allright.
3 Mar 1980. I arrived in Deadhorse and began setting up a JMR satellite

;avigator. This would be the back-up navigation as the helicoﬁter was not
;quipped with a VLF navigation system.

We would first try to locate the mooring by dead reckoning out of
Oliktok DEW site.

4 Mar 1980. We installed the VHF homer antenna and receiver/indicator
head on NOAA helicopter N56RF. The pilot was Lt. Gary Vanderberg, and
mechanic was our old friend Roy DeHart.

In the afternoon, we set up the VHF beacon, and Lt, Vanderberg and 1
flew out to check the operation of the homer system. We made several
approaches (from as far out as 15 nm) and everything worked fine.

The satellite navigator was also working well with many accurate fixes.

5 Mar 1980. Weather: high thin stratus, temperature -18°C, wind 040°T
at 8 kte. We loaded up.

0750 AST. Ripley, Harding and Darnall departed Mukluk in N56RF
(Vanderberg). We would fly to Oliktok and then take a radial bearing of
21°T (350°M) and go out 43.5 nm. The radar transponder in N56RF was not
operating, and the DEW site was unable to get a fix on us. We used the NDB
at Oliktok and the VOR at Deadhorse to get cross bearings. They corresponded
with our dead reckoning at the estimated mooring site.
< 0852 AST. We landed at site #1; The ice was approximately 5 ft. thick.
We received a transponder reply giving a range of 4.3 km at 315°M. We also

got a timed ping reply, 1 pulse/2 sec. The output of the AMF 301 power

amplifier was very weak, <.2 amp. We moved.
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0933 AST. We landed at site #2. The transponder reply was range 1.02 km at
145°M. We moved.
é001 AST. We landed at site #3. The transponder reply was range 480 m.
;iOlZ AST. We sent the release command; The reply was 1 pulse/sec for 60 sec.
The transponder range was 470 m. We paced off the distance and movéd the
helicopter.
1027 AST. We landed at site #4. The transponder range was 100 m. We used
the APL pinger directional receiver to get a cross bearing. We moved the
helicopter to this final site.
1130 AST. We started digging the diving recovery hole. The 1ice was
approximately 5 ft. thick. We heard the pinger many times.
1430 AST. We finished the hole, leaving the center plug and slush to be
removed after it had refrozen. All hands were tired and diving would not
be a good idea. We set up the VHF beacon and marked the ice.
1440 AST. We took off, flew out about 8-10 nm and then homed back in on the
site. All worked well. As we returned to Deadhorse, we lost audio on the
beacon at about 30 nm (at 2300 ft).
1600 AST. After refueling, we landed at Mukluk ‘Camp. The satellite navigator
was not working, and the program had been dumped. I spent some time repro-
gramming and setting up with the satellite navigator, to no avail.
6 Mar 1980, Weather: clear, temperature -20°C, wind 050°T at 11 kts.
It was a bit brisker than the previous day.
* 0836 AST. Harding, Ripley and Darnall departed Mukluk in N56RF (Vander-
berg and DeHart). We got needle heading indication on the VHF homer as soon

as we picked up some altitude. At about 30 nm away, we picked up audio.

L6




0920 AST. We landed at the mooring site. We cleaned out the hole and used
the helicopter to pull the center plug (all very smooth and easy).

1020 AST. Harding and Darnall begin suiting up. )

5040 AST. Divers in the water, The mooring was about 10-15 m away right on
-the bearing received from the APL pinger directional receiver.

1055 AST. Divers out.

1105 AST. Current meters, release and entire mooring out. We packed up and
Ripley joined the P.B. club.

1212 AST. We departed the ice for Mukluk.

1300 AST. We landed at Mukluk, unloaded, removed the VHF homer antenna, and
began packing for shipment home.

1430 AST. The current meters were opened. Equal amounts of tape had been
recorded (about 80-90%) and the batteries were up. The main batteries were
the exact same unloaded voltage as when deployed.

1432/36 AST. Each meter cycled through.

1532/36 AST. Last recorded cycle was recorded.

1900 AST. Darnall returned to Seattle.

7 Mar 1980. Harding and Ripley returned to Seattle. '

3. Methods

Recovery

An AMF (now EG & G) model 301 ranging and bearing command system was
.used for precise relocation of the AMF model 322 transponder/releases.

Additional cross bearings were acquired using an APL pinger directional

receiver.
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The divers used Unisuits (a variable volume dry suit), double 80 cu.ft.
aluminum tanks with independent Poseidon regulators on each tank. Each diver
was connected to a common tether line and used U.S. Navy Diving procedures

and line signals.

4. Personnel

Stephen Harding Research Aide Dept. of Oceanography
University of Washington
Dale Ripley Research Aide "
Clark Darnall Oceanographer "
Lt. Gary Vanderberg Pilot NOAA
Roy DeHart Mechanic "
Acknowledgement

Lt. Vanderberg's and Mr. DeHart's assistance in completing this project

was greatly appreciated.
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Mooring location

Oliktok #1

Flight time

NOAA UH-1H

Appendix

71° 11.0'N, 149° 2.5'W

N56RF

5 hrs., 20 min.
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I. Summar
Field investigations, begun in Autumn 1974, have and continue to provide
data which aid our understanding of hydrographic and current regimes in the
northern Gulf of Alaska. Important results include:
Delineation of baroclinic transport in the Alaskan Stream

Identification of a coastal current system extending from Copper River
delta through Shelikof Strait: the Kenai Current.

Description of mean flow in lower Cook Inlet and verification of the
flow using new field data.

Description of circulation and hydrography over the continental shelf
of the northwest Gulf of Alaska during fall, winter and spring.

Further analysis of the field data collected during the past year will focus

on explaining driving mechanisms for mean and fluctuating flow components and
evaluating their importance.

11. Introduction

A. General Nature and Scope of Study

The general objective of this work unit is to relate oceanic advective
and diffusive processes to potential pollution problems due to OCS petroleum
development. This is being accomplished through field activities including
moored current measurements and water mass analysis using temperature and salinity
observations. The region being considered includes the northwest Gulf of Alaska
continental shelf west from about the longitude of Seward, Alaska to Unimak Pass
and extends offshore to the outer boundary of the Alaskan Stream some 100 km off
Kodiak Island.

B. Specific Objectives
1. Shelf region around Kodiak Island
a) Examine flow over the troughs and banks off Kodiak Island and on
the shelf downstream from Shelikof Strait using current meters, drift cards and

hydrographic data.

b) Characterize temporal and spatial variability in the flow field
as a function of season.

¢c) Relate observed and computed geostrophic surface winds to observed
currents.

d) Determine spatial variability of tidal currents.

e) Characterize seasonal hydrographic distributions.
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2. Lower Cook Inlet

a) Relate observed and computed over-the-water winds to observed
currents.

b) Correlate surface currents obtained by Lagrangian techniques
with subsurface Eulerian observations.

c) Relate surface currents obtained by Doppler radar techniques to
Lagrangian surface current measurements.

d) Characterize temporal and spatial variability in the flow field
including flows through the Barren Islands and upper Shelikof Strait as a function
of season.

C. Relevance to Problems of Petroleum Development

Two distinct environmental problems can accompany petroleum development in
a marine region; catastrophic spills and chronic or long-term leakage. This research
unit addresses both of these problems. The eventual effect of a catastrophic spill
depends upon where the spilled oil goes, i.e., its trajectory, how long it takes to
get there, and how much diffusion of o0il occurs along the trajectory. This study will
provide estimates of the fields of water motion which exert primary control over such
trajectories and over diffusion processes along the trajectories. 0i1 introduced
into the environment via long-term or chronic leakage is more 1ikely to be dispersed
throughout the water column and, possibly, scavenged by suspended particulate matter.
The problem then becomes one of understanding net transport of suspended matter, a
process related to advective and diffusive fields within the water column. Under-
standing of these processes requires an analysis of the velocity field and its driving
mechanisms. This study addresses these latter points.

ITI. Current State of Knowledge

The first annual report (31 March 1975) summarized the state of knowledge prior
to commencing this study. That report, subsequent reports and publications and
Sections VI-VIII of this report update the initial summary.

IV. Study Area

Upon completion of the Final Report for the Northeast Gulf of Alaska Continental
Shelf program (1 October 1978), this study has been concerned with the northwestern
Gulf of Alaska continental shelf from Portlock Bank east of Kodiak Island (about the
longitude of Seward, Alaska) westward to Unimak Pass. Detailed physical descriptions
of this region have been presented in previous annual reports, in manuscripts and in
prior publications.

V. Sources, Methods and Rationale of Data Collection

Instrumentation, field and processing methods are identical to those used in
the past and are documented in previous reports from this series. Where deviations
from standardized methods are significant, they are discussed within the context of
the appropriate subregional study.
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1Now at SAI/Northwest, 13400B Northrup Way, Bellevue, WA 98005.
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PREFACE

Commencing in 1974, the Pacific Marine Environmental Laboratory, NOAA, has been
investigating physical oceanographic processes on the continental shelf in the
northern Gulf of Alaska. The work has been funded by the Bureau of Land Manage-
ment as part of the Alaskan Outer Continental Shelf Environmental Assessment
Program. The initial phases of this effort addressed processes in the north-
eastern gulf, in particular the shelf region adjacent to Icy and Yakutat Bays.
Geographical emphasis has shifted westward with time; the program currently
emphasizes the northwest Gulf of Alaska with stress on the region surrounding
Kodiak Island. Initially, the program was concerned primarily with obtaining
moored current and bottom pressure measurements with only minor attention to
coincident conductivity and temperatures versus depth (CTD) and other data.
More recently, the program has shifted emphasis to include collection of CTD
data along with ancillary information such as that obtained from satellite-
tracked drifters, drift cards and environmental buoys.

The field program in the northeastern gulf was completed in summer 1977 while
that in the western section is continuing. However, based on our observations,
it is evident that the Gulf of Alaska continental shelf can be divided geograph-
ically at Middleton Island into an eastern and western regime. The northeastern
gulf is a region of relatively broad, diffuse westerly flow. The western gulf,
particularly the region off Kodiak Island is characterized by a narrow, high-
speed boundary flow, the Alaskan Stream. In addition to the difference in major
current regimes, the shelf is narrower off Yakutat and Icy Bays than off Kodiak
Island and bottom topography is somewhat more irregular, though considerable
topographic irregularities also exist off Kodiak Island. We would a priori
expect shelf circulation off Kodiak Island to be more heavily influenced by
shelf break circulation than in the northeastern gulf because of the more in-
tense shelf break current in the former location. Conversely, local meteor-
ological effects and freshwater input might be expected to have relatively
greater effect on shelf circulation in the northeastern gulf.

In view of the oceanographic differences between the two regions, we can pre-
sent in this final report an independent synopsis of the results of the north--

. east Gulf of Alaska field program without loss of understanding. The stress
will be measured currents and bottom pressures, consistent with the major thrust
of our field effort. These will be related to regional circulation where pos-
sible, and to coincident temperature, salinity and weather data where appro-
priate. It is hoped that the end product will provide a useful working document
both for environmental planning and for future, more focused, scientific endeav-
ors in the region.
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ABSTRACT

We present current observations from 20, 50, 100 and 175 m depths
obtained over a three year period near the northeast Gulf of Alaska shelf
break. These records, some with continuous segments of over two years,
indicated a moderate (16 cm §' at 50 m) mean flow directed, at all
depths, alongshelf toward the northwest. The typical seasonal alongshelf
mean speed varied from ~12 cm s! in summer to ~20 cm §! in winter due to
intensification of winter southeasterly winds over the Gulf. Very low
frequency (<0.1 cpd) current fluctuations were prominant flow factors and
were coupled vertically to 100 meters depth. Fluctuating kinetic energy
contained in these very low frequencies was a significant fraction of the
total and displaged an inter-year increase with no seasonal trend.
Although correlation between alongshelf local wind and current increased
with the averaging time scale, the majority (~70%) of the very low
frequency kinetic energy was not accounted for by wind forcing. We
suggest that these fluctuations were related to oceanic scale features

such as eddies or meanders in the Alaskan Current.
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1. INTRODUCTION

Past current observations on continental shelves have generally
yielded records of one-year duration or less (e.g. Smith 1978; Hayes,
1979). These investigations have been concerned primarily with such
phenomena as tidal and inertial motions, continental shelf waves and
responses to atmospheric forcing, generally characterized by frequencies
higher than 0.1 cpd.

An exception to this was reported by Mayer et al. (1979), who analyzed
long-term, current measurements from the Middle Atlantic Shelf. They
noted that seasonal variations in monthly mean current were obscwrzd by
transient events, that seasonal shifts in spectral patterns were present,
and that low frequency variability in alongshelf currents was not well
correlated with local wind forcing. In this paper, we investigate long
term flow features using a three-year long composite time series of
current observations obtained from a shelf break location in the
northeastern Gulf of Alaska.

The mooring site, referred to herein as 62, was located in 185 m of
water some 50 km southwest of Icy Bay, Alaska (Fig. 1). This is a shelf
region of complex bathymetry, with ridges and troughs transecting the
shelf normal to the coast. The moorings were located adjacent to a
trough-like feature, which results in a local shoreward trend in the
isobaths. Southeast of the mooring the bathymetry is nearly aligned along
310°T, the direction used to define the alongshore flow axis. Relief of
adjacent coastline is abrupt, consisting of 4000-5000 m mountains cut by
deep, transverse glaciated valleys. This vertical relief affects the

local wind field to 20~30 km out from the coastline (R.M. Reynolds,
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PMEL/NOAA, personal communication). Flow blockage by the mountains causes
crowding of atmospheric isobars near the coastline and consequent acceleration
of the near-coastal winds, which are also constrained to follow the trend

af the local coastline.

Regional oceanic circulation in the northern Gulf of Alaska is dominated
by the Pacific subarctic gyre; a cyclonic wind-driven gyre which occupies
the Gulf of Alaska and which results in a northwestward shelf break flow,
the Alaska current, in the vicinity of 62. About 500 km downstream from
62, the westward flow intensifies to form a western boundary current, the
Alaskan Stream, off Kodiak Island due to the southward trend in the coastline
at that location (Favorite and Ingraham, 1977; Reed et al., 1980). Circulation
in the gyre, hence in the Alaskan Stream, would be expected to fluctuate
seasonally consequent to an order of magnitude seasonal variation in
wind-stress curl over the Gulf of Alaska due to winter intensification of
the Aleutian Low atmospheric pressure system (Royer, 1975). A recent
investigation of baroclinic flow along the shelf break off Kodiak Island
by Reed et al. (1980) suggests,howevexbthat seasonal baroclinic fluctuations
in ttansport}nre negligible. There is not yet sufficient current meter
data from the Alaskan Stream to resolve the seasonal variations in flow,

On the shelf in the vicinity of 62, winter intensification of the
Aleutian Low leads to strong southeasterly winds and, concurrently, a
tendency toward onshore Ekman transport and downwelling (Royer, 1975). In
summer, the North Pacific High pressure system dominates, bringing lighter,
more variable winds and a relaxation of coastal convergence, Inner and
outer shelf dynami?brocesses appear to be decoupled in the vicinity of 62,
Fluctuations in subtidal flow at the shelf break were not well correlated

with cross shelf bottom pressure fluctuations and did not propagate onto
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the shelf (Hayes, 1979; Hayes and Schumacher, 1976). Hayes (1979)
suggested anticyclonic shelf break fluctuations.were associated with
eddies in the Alaskan current. Complex eddy-~like features have been
identified along the shelf break using surface water temperatures as a
tracer (Royer and Muench, 1977) and from dynamic heights and drogue
trajectories (Royer et al., 1979). In this paper we describe long term
behavior in shelf break flow and kinetic energy; in particular seasonal,
inter-year and other very low frequency (<0.1 ¢pd) fluctuations are

addressed.

2. OBSERVATIONAL PROGRAM Currents:

The current data for 62 were obtained from 12 sequential moorings,
each of about three months average duration. The mean location was 50°
36'N, 142°11'W, with a deviation of about 2 km. This position variability
is inconsequenﬁial for our purposes; it is less than either the local
topographic scales (20-30 km) or the internal Rossby radius of deformation
(>15 km). Each mooring consisted of four Aanderaa RCM~4 current meters
emplaced 20, 50, 100 and 175 m below the surface in a tavt-wire
configuration having subsurface flotation at about 17 meters.

Unedited data from the current meters were processed according to
Charnell and Krancus (1976). Each record was then filtered using a
Lanczos two-sided filter (-6 db at periods shorter than 2.86 hours). With
the highest frequencies thus removed, each data set was interpolated to an
hourly sample to provide a common time base for the entire get of records,
A linear interpolator was used which removed less than 1% of the total
variance. The mean gap between successive mooring deployments was about 17

hours and a weighted Fourier series of a small portion of the records
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adjacent to the gap was used as a bridge. Extended gaps (>120 hours)
spanning periods of no data due to instrument failure were zerc filled.
The regults were composite three year continuous time series of hourly
sampled data at 20, 50, 100 and 175 m depths. These included continuous
(i.e. no zero filled gaps) series from 50 m and 100 m depths spanning more
than two years of observations (Fig. 2). Extended gaps precluded
continuous series of this length from the other depths, but these data
nevertheless were useful as supporting observations. These series were
subsequently low pass filtered (-6db) at 35 hours and 240 hours.
Subsurface moorings can have increased mean speeds due to surface
wave~induced rotor pumping (Halpern and Pillsbury, 1976). Hayes (1979)
has shown that high frequency motions (>5.0 cpd) at 62 at 50 m depth were
more energetic during high winds than those observed at nearby moorings
having subsurface flotation 45 m below the surface. Mayer et al. (1979)
found consistant increases in energy in the semidiurnal tidal band at
shallower moorings on the Middle Atlantic shelﬁéuring winter. To test
whether our records were contaminated in this ;anner we performed a
sequence of 29-day harmonic analyses of the 50 m record. No significant
seasonal) variability was evident in the M2 component. We show below moreover,
that the variance energy at frequencies helow 0.1 cpd at 62 reveals no
seagonal trend (Fig. 7). We conclude that contamination of the current
records at 62 due to rotor pumping is confined primarily to the higher
frequencies (> 5.0 cpd) and has no significant effects upon the low

frequencies addressed here.

b. Winds:

Two sources of wind data were available. A NOAA environmental buoy,
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EB-70, measured surface wind in the vicinity of 62 during a six month
portion of the experiment (Figure 2). In addition, geostrophic wind data
spanning the entire period of current records were supplied by Fleet
Numerical Weather Central (FNWC). These winds are computed from atmospheric
pressure using the geostrophic relation, and an assumed frictional paramter
(Bakun, 1973). Since EB-70 data did not span the entire current observation
period, it was necessary to use the FNWC computed winds in our analyses.
Correlations between the two data sets have been computed by R.M. Reynolds
(PMEL/NOAA, personal communication). His results show better correlation
in speed than in direction. The EB-70 winde had greater east-west symmetry,
whereas the FNWC winds were more omnidirectional. His c¢omparisons with a
buoy inshore from 62, EB~43, suggested that there may have been short-term
mesoscale features, such as flow reversals, that were not resolved on the
synoptic scale of the FNWC model. Our computed correlation coefficients
between FNWC and measured (EB-70) alongshore wind components after 35~hr
and 240-hr low pass filters were r = .83 and r * .89, respectively. These
high values may have been somewhat biased by the input of EB-70 data to

the FNWC model. However we feel this effect waz small and that use of the

FNWC winds for 1ong1brm analysis was justified.

¢. Hydrographic Data:

Cross shelf hydrographic transects adjacent to 62 were occupied
intermittantly during the study. Data were recorded with a Plessey CTD
system, signal processer and data logger. The data processing included
despiking and 1-m depth averaging before being used to compute dynamic

heights,
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3. DISCUSSION
a. Mean Flow:

The progressive vector diagrams (PVD's) depict the mean flow for the
composite records (Figure 4). The flow was northwestward (alongshelf) for
both the wind and currents at all depths. Current directional shear was
insignificant.

Fromkthg continuous two year segments (Figure Z)Jlinear Cross
correlations were made between the 50 m and 100 m depth series. The
240-hr. low pass filtered data yielded coefficients of r? = 0.86 (cross
shelf), r = 0.95 (alongshelf) and r = 0.94 (speed). These results imply
that the currents were vertically coupled between these depths for time
scales longer than 10 days.

The 50 m current record was assumed to represent flow conditions at
62 and was used for the following analyses. The mean current for this
series was 16.3 cm sec ! at 307°. Using the alongshelf axis of310°
yielded a mean alongshelf speed, v, of 16.3 cm sec ! and cross-shelf
speed, u, of ~0.8 cm sec 1. Variances about those means decreased sharply
as the cutoff period of the low pass filters was increased. Figure 4
depicts the distribution functions of the u and v components for the two
filtered series. Both components showed nearly normal distributions;
variances and confidence limits are given in Table 1. The ratio of the
alongshelf standard deviation to the alongshelf mean was 0.69 for the 240
hr filtered series, indicating considerable variability with periods
longer than 10 days. Variation about the cross-shelf axis was nearly
random, and there was no evidence of a net long term cross-shelf flow at

this depth.
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With the degree of variance measured, mean flow was clearly not
representative of short term conditions. To assess the time scale
required to compute a mean with reasonable certainty, autocorrelation
fuctions were generated (Figire 5). We note that the auto-~correlation
function for v does not converge on the abscissa due to long term trends
or non-stationarity in this component. The area under the curve (from oo
to +oo since the auto correlation is symmetrical about zero, assuming
stationarity) represents the integral time scale T for independent
measurements. Keeping in mind the lack of stationarity, we eatimated T
from ~15 to +15 days of lag and obtained the results shown in Table 1.

The rms error, £, of the mean velocity components was estimated using & =
0(%),i (Kundu and Allen 1975); where T is the series length and 0 is the
series standard deviation. These rms errors are also given in Table 1.
The error indicates the reliability of the estimate of the true mean since
it decreases as the averaging time (t)‘increases. The equation for £ can
be used to estimate the minimum averaging time, t, needed to gain a
maximum acceptable error (Monin and Yaglom, 1965). Table 2 shows the
estimated rms errors for various averaging time. The ratio t/T represents
the number of independent observations that can be formed by taking means
over the sequence of subsets of length T. Using a T of 10 days from the
alongshelf component, s series of 10-day means was generated from the
two-year data set. The rms errors (i.e. standard deviations) for this set
of observations were 3.7 cm s ! and 9.9 cm s ! for u and v respectively.
These values were slightly smaller than the rms estimates for 10 days in
Table 2, which indicates that the time scale T is somewhat overestimated.
This is attributed to the aforementioned trends in the series which

increased the autocorrelation function at large lags. Referring again to
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Table 2 with a2 95% confidence limit estimated by 2¢, a 30 day mean has a
positive v as its lower 95% limit. The series of 30 day mean current
vectors is shown in Figure 6a. Only one of 24 or ~4% of the mean
observations had a direction other than northwest. The foregoing
calculations and observations lead us to conclude that 30 days is a
minimum sampling time required to obtain a reliable estimate of the mean

flow at 62.

b. Kinetic Energy Distribution of Wind and Current

Temporal behavior and frequency distribution of kinetic energy were

investigated to determine forcing mechanisms for the current.

The total kinetic energy is defined by KEtot =KE + KE° , where
KE and KE* are the mean and fluctuating kinetic energies defined in turn

by KE = %(u2+v2?) and KE™ = % (Uu2+0v2) where u and v are the component means

Uuz and ovz are the component variances. The ratio of KE “/KE was used to asgess the
changes in the degree of flow variability. For monthly mean kinetic

energy computations the ratio showed no seasonality, indicating that the

flow was no more uniform in one season than another. The seasonal variability

in KEtot is apparent in the monthly means (Figure 6b). This result

contrasts with that by Mayer et al. (1979) from the middle Atlantic

shelf where seasonal trends were apparently magked by long term transient

events. The wind data exhibited high winter and low summer kinetic energy

levels with high and low energy divisable into consecutive 6 month

periods. Partly based upon this observation and partly upon the timing of

the recovered current meter data, analyses to follow used gix month

"seasons'" defined as March - August and September - February.
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A least squares cosine fit was used on the 240 hour low pass
filtered data to measure and remove the annual signal. The resultant
cosine had an amplitude of 6.2 cm/sec and removed 22% of the variance.
Figure 6c shows the monthly mean data before and after the annual signal
was subtracted, along with a plot of the computed cosine. Those results
show that subtracting a 365 day cosine was insufficient to completely
detrend thg series. There are fluctuations both shorter and longer than
one year that remain.

The distribution of variance by frequency bands was approximated by
computing the energy removed by each filter. The ratio, o, of the speed
variance to the sum of the component variances was also computed o =
cszlauzovz). The limits of this ratio are 0$0$l, being 1 if the variations
were purely rectilinear and zero if purely directional. The results
(Table 3) show that tidal and inertial bands contained 41% of the
variance, and this was nearly all directional, (o = .04) and that the
lowest frequency band was the second most energetic (34%) and its variance
was primarily rectilinear (a = .58).

The seasonal and longer-term behavior in the distribution of kinetic
energy with frequency is shown in (Figure 7). The currents during the
second year were more energetic than during the first year and the energy
increase was greatest in the very low frequencies (<0.1 cpd). The mean
kinetic energy did not change appreciably. Segmenting the two-year series
into six-month '"'seasons" brought out some interesting features. Like
seasons had different characteristics from one year to the next in the two
lower frequency bands. In the very low frequencies, there was an
inter~year trend of steadily increasing kinetic energy over the continuous

two-year observation period. Subtracting the annual signal damped some of
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the summer-winter behavior but did not affect the interyear trend. The
tidal band became nearly stationary, and the stationarity of the middle
band was improved. However, both energy at the very low frequencies and
the mean kinetic energy remained highly non-stationary. These band
distributions for the FNWC winds and the 50 m current did not show good
agreement except in the band conventionally attributed to wind forcing (35
to 240 hour periods). It did display similar seasonality with increases
in current coincedent with increases in wind. In the very low frequency
band the wind exhibited a seasonal fluctuation where the current had the
aforementioned increasing trend.

With this long-term trend in mind, it was of interest to investigate
whether there were dominant frequencies in the lowest band, what
relationship these may have had to the trend and what role the wind
played. Given the bottom depth and proximity to the coast of station 62,
an alongshore wind induced slope current should, by Ekman's theory, take
5 - 10 days to become steady (Neumann and Pearson, 1966). We therefore
expected a correlation between alongshore wind and alongshore interior
geostrophic current (represented by the 50 m data) longer than 10 days.
Figure 8a is a periodogram of the very low frequency band generated from
the two~year alongshore component current and wind series. There was no
significant peak in these spectra. This suggests that wind and current
fluctuations either were aperiodic or perhaps occurred in unevenly spaced
trains of peribdic fluctuations. The alongshore current spectra for two
one-year gubsets and four six-month subsets show an increase in total
energy for the second year and the absence of any significant peak
(Figures. 8b and 8c) The six~month subsets also show that there was no

consistant spectral signature between seasons or from year to year. The
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lack of a dominant frequency or consistant spectral signature suggests
that the very low frequency fluctuations were random in spacing and
duration. The wind-current cross and rotary spectra (not shown) for these
subsets also did not show a consistant peak. However, this does not rule
out a relationship, because covarience energy would also have been
distributed across the spectrum of aperiodic fluctuations.

Linear correlations, on the other hand, are not dependent on periodic
components. The cross-correlation coefficients between alongshore winds
and currents were r = 0.45 (at a lag of .5 days) for the 35 hr low pass
data and r = .56 (at a lag of 3 days) for the 240-h low pass data. The
linear correlation of the monthly mean longshore components was r = 0.75.
These correlations indicate that the response of currents to wind
increased with the length of the time considered. Nevertheless, most of
the overall current variability was not correlated with wind. The sguare
of the correlation coefficient provides an estimate of the percentage of
variance in one series due to the variance in the other. In the case of
the 240 hour filtered data r? = 0.31, which meant that about 70% of the
current variance was not accounted for by winds.

¢. Baroclinic Effects:

Figure 9 shows a section of the 240 hr filtered series at 20, 50 and
100 m depths. Several events, apparently not related to the concurrent
wind activity, are evident during which the current vector rotated through
a large arc. A possible explanation is that these events reflect
advection of meanders and/or eddies past the mooring. Figure 10 depicts
the current record which would result from advection of a hypothetical
eddy past the mooring. This hypothetical pattern bears strong

similarities to several events depicted on the time series.
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As mentioned above, eddy~-like structures have been identified in this
region. Additional evidence is available in the form of 0-100 db dynamic
topographies (Figure. 11). Though contouring is subject to individual
interpretation, we find credibility in the April 1976 0-100 db contour
presented by Royer et al. (1979), which agrees closely with our yet was
contoured independantly from the same data set. Since the dynamic height
only represents the baroclinic shear between two depths, we did not
attribute total flow to this source. Nevertheless, these illustrations
show that the baroclinic field in this region was complex, with meanders
and eddies. Comparison of the dynamic contours with the current time
series showed a reasonable correspondence between baroclinic eddy-like
structures and fluctuwations in the current meter record. Though there
were not enough dynamic height data to sufficiently corroborate all of the
fluctuations in current, it appears that variability in the baroclinic
field was an important factor affecting the very lowest frequency
fluctuations.

The baroclinic structure presented here indicates the degree of
structure and variability in the Alaska Current in this region. Hayes
(1979) suggested that the shelf break flow was associated with eddies in
the Alaska current. Smith (1978) also attributes fluctuations of 10 to 30
day periods to off shore forcing at the Nova Scotian shelf break. Our
regults support the foregoing in attributing very low frequency
fluctuations in the shelf break flow to oceanic foring in the form of

eddies and meanders incident upon the shelf break

4. CONCLUSIONS This analysis of our three-year composite of current
records from the shelf break in the northeast Gulf of Alaska has yielded

the following results: 71




1. The flow was alongshelf at all depths, with negligible wvertical
directional shear;

2. The cross-shelf current component had essentially a zero mean and was
normally distributed;

3. Vind and current kimetic energy increased significantly during winter;
4. An interyear trend of increasing kinetic current energy was

detected. The increase came primarily from the very low frequency (<0.1
cpd) fluctuations and was not well correlated with wind forcing;

5. The very low frequency fluctuations exhibited no dominant periodic
components; and

6. These fluctuations are attributed to larger scale non-~local aperiodic

features such as mesoscale oceanic eddies or meanders.
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alongshelf and cross-gshelf currents at 62,
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Table 2. Estimated rms errors £ for alongshelf and
cross~shelf current companents u and v

at 50 m for averaging times T.

t(days) eu(cm/sec) ev(cm/sec)
10 4.5 13.7
20 3.2 9.7
30 - 2.6 7.9
60 1.8 5.6
90 1.5 4.6
180 1.1 3.2
365 7 2.3
730 .5 1.6
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Table 3. Values for component and

speed variance at different frequency bands.

Band cu?+ov? os? 052/ (ou3+av?)
1 183.0 cm?/sec? 7.9 cm®/sec? .04
2 110.0 cm?/sec? 31.9 cm?/sec? .27
3 148.2 cm?/sec® 86.5 cm?/sec? .58
Band:
1 3% hr > T > 2.9 hr
2 250 hr > T > 35 hr
3 T > 240 hr
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FIGURE 1: Showing the location
of Station 62.

FIGURE 2: Summary of current meter data recovered and of the deployment
of EB-70.
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FIGURE 644
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FIGURE 8c: Kinetic energy spectra for four six-month subsets; 50m current.
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FIGURE 9: 240 hour fi]tered current meter data segment.
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SEA LEVEL VARIATIONS IN RELATION TO
COASTAL FLOW AROUND THE GULF OF ALASKA

R.K. Reed and J.D. Schumacher

ABSTRACT
Adjusted sea level deviations at six tide stations around the Gulf
of Alaska were examined in light of our recent knowledge of the flow
regime. On the east side of the Gulf, a maximum in the deviations seems
to be caused by winter barotropic flow on the shelf. On the north side
of the Gulf, the maximum in fall is apparently produced by a marked increase
in flow of the baroclinic coastal current. Farther west the seasonal sea

level signal is greatly reduced.
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ABSTRACT

Near Kodiak Island the Alaskan Stream, a southwestward-flowing boundary
current, exhibits no significant alongshore variability in volume transport;
hence data in this region are suitable for examination of temporal changes in
flow. Seventeen CTD sections occupied during 1975-79 were used to compute
baroclinic transport by two methods: (1) referred to 1500 dbar.or the deepest
common level; and (2) adjusted to 1500 dbar by the method of Jacobsen and
Jensen. The second method gave larger values and less variability than the
first. The mean adjusted volume transport was 12 x 10%m3/sec, and maximum
and minimum values were 17 and 8 x 106m3/sec, respectively.

Baroclinic transport computed from the CTD data did not reveal a seasonal
signal, even though wind-stress curl in the Gulf of Alaska increases by an
order of magnitude from summer to winter. A combination of changes in location
of the Stream along the continental slope and failure to adjust the transport
to 1500 dbar seems to have caused some of the previously inferred variability.
It appears that the baroclinic flow does not consistently spin up or down

seasonally because of insufficient response time at these high latitudes.
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INTRODUCTION

The eastern limb of the North Pacific subarctic gyre is a broad, variable
flow northward into the Gulf of Alaska; this flow narrows and intensifies near
the head of the Gulf and then moves westward along the Alaska Peninsula and
Aleutian Islands (DODIMEAD, FAVORITE, AND HIRANO, 1963; see Fig. 1). FAVORITE
(1967) concluded that the northern limb of the subarctic gyre, the Alaskan
Stream, is a return flow for the wind-driven transport in the northeast Pacific
and that its characteristicz (narrow, deep, asymmetric velocity profile) are a
result of vofticity conservation. Peak surface speeds in the Alaskan Stream
are of the order of 100 cm/sec, and there is some evidence that the flow is in
geostrophic balance (REED and TAYLOR, 1965).

Wind stress in the Gulf of Alaska displays a strong annual cycle. Long-
term integrated total wind-driven transports into the Gulf vary from about 20 x
10%m3/sec in winter to less than 5 x 10°m®/sec in spring and summer (INGRAHAM,
BAKUN, and FAVORITE, 1976), although there are considerable year-to-year
variations. One would intuitively expect such variations to be accompanied by
changes in the volume transport of the Alaskan Stream. OHTANI (1970) and
FAVORITE (1974), however, concluded that baroclinic transports were fairly
constant. Later, REID and MANTYLA (1976) suggested that winter intensification
of the subarctic gyre occurred. The present study is an attempt to ascertain
if changes in baroclinic transport of the Stream do occur and if there is

evidence of a seasonal cycle in the variationms.

THE DATA
From September 1975 through February 1979, oceanographic observations

were made in the vicinity of Kodiak Island as part of the Outer Continental
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Environmental Assessment Program (OCSEAP) of the Bureau of Land Management and
the National Oceanic and Atmospheric Administration. The emphasis of this work
was to provide information about continental shelf circulation, but a number of
oceanographic sections did extend far enough seaward to allow computation of
the baroclinic transport of the Alaskan Stream. The observations were obtained

on cruises aboard the NOAA ships Discoverer and Surveyor by the Pacific Marine

Environmental Laboratory (PMEL) and on the R. V. Acona and R. V. Moana Wave by
the University of Alaska's Institute of Marine Science (IMS). Both the PMEL
and IMS data are used in this study. The hydrocasts were made with Plessey
model 9040 CTD units, and the data were recorded every 0.2 sec on Plessey model
8400 data loggers. Calibration samples were obtained on almost every cast.

The digital data were processed by computer; various routines eliminated
spurious scans to derive 1-m averages of temperature and salinity from which
density and other parameters were computed. All of these data are on file at

the National Oceanographic Data Center.

HYDROGRAPHY

Before discussing the computations of transport and the resulting values,
we will discuss the rationale for using data near Kodiak Island and will
describe some features of the Alaskan Stream. If one is to examine temporal
changes in transport, regions with large spatial changes should be avoided. It
has been known for decades that spatial changes in transport of the Stream do
occur (FAVORITE, DODIMEAD, and NASU, 1976). This happens in three major ways:
(1) loss of water to the south or by recirculation around the Alaska gyre; (2)
gain of water from the south (Subarctic Current), usually west of 175°W; and
(3) loss of water to the north through some passes in the western Aleutians

(see Fig. 1). We are mainly concerned here with loss by southward recircula-
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tion, which may occur in one or more places and seems to vary in intensity
(FAVORITE et al., 1976). The large body of available data suggests, however,
that this recirculation rarely if ever occurs east of about 155°W; thus,
observ;tions in the vicinity of Kodiak Island should be suitable for an
examination of temporal changes in transport.

The PMEL cruises in March 1978 and May-June 1978 had the best offshore
coverage. Station locations, geopotential topography, surface salinity, and
subsurface maximum temperature are shown in Figures 2 and 3. Only casts which
reached (ér were extrapolated to) 1000 m are used here, although numerous casts
were made at lesser depths. DODIMEAD et al. (1963) used the horizontal
distribution of surface salinity and subsurface maximum temperature to infer
the path and continuity of the Alaskan Stream, which is chéracterized by
dilute, relatively warm water. (In summer the sub~surface maximum temperature
nearly always underlies a subsurface minimum, but in winter the minimum is
frequently at the surface.) The distributions of surface salinity and subsur~
face maximum temperature from our data in Figures 2 and 3 show that the warmest,
most dilute water is inshore, in agreement with DODIMEAD et al., (1963), and
there is no evidence of any large-scale offshore movement of this water.

As expected, the property distributions in Figures 2 and 3 are closely
paralleled by the geopotential topography. As we will discuss later, 1000 dbar
is not an adequate reference level for computation of transport, but the proper
direction of flow is nevertheless shown. The March data show a continuous,
southwestward flow with no major perturbations. Such "unperturbed" flow was
also present in May 1972 (FAVORITE and INGRAHAM, 1977) and in September.1977
and October-November 1977 (PMEL data, not shown). On the other hand, a major
perturbation was present in May-June 1978; in the north-east part of the area

the flow turned south, then veered north, and a clock-wise eddy was present
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inshore. The flow was again "unperturbed" to the éouthwest. Although the data
are inadequate to indicate what caused the perturbation, the northward turn and
movement after the flow moved south into deep water is in agreement with con-
servation of potential vorticity. The data for stations 610-613 (just west of
stations 571-772) were not used in the map of geopotential topography because
it appeared that marked temporal changes had occurred in the eight days since
occupation of stations 571-772. A clockwise eddy also appeared to be present;
its geopotential anomalies were almost 0.1 dyn m greater than eight days
before, however, and isopleths had deepened by almost 100 m. It is tempting to
speculate that this feature may have been a cut-off eddy that migrated westward
and intensified in some unknown manner.

Representative vertical sections of temperature, salinity, and density for
stations 693-776 (see Figures 2 and 3 for location) for March and June 1978 are
shown in Figures 4 and 5 to acquaint the reader with the cross-stream distri-
bution of these properties and hence flow. All of the sections show steeply
sloping (downward) isolines along the inner portion of the continental slope in
agreement with the westward baroclinic flow. The slopes decrease offshore in
concert with weaker flow, and the last station pair (weak flow to the east) is
seaward of the Alaskan Stream. Over the continental shelf, the slopes also
indicate a flow reversal or zones of negligible baroclinicity.

Two reviewers pointed out that there was a noticeable difference between
the deep density structures in March and June 1978 (Figures 4 and 5); in March
the isopleths below 200 m were deeper and more steeply sloping than in June.
These were the two most extreme cases we encountered of this variability in
subsurface structure, and they were accompanied by appreciable changes in
baroclinic speed (Figure 6). Horizontal density gradients throughout the

baroclinic layer were smaller in June than in March and may reflect a geo-




strophic readjustment as found by REID (1973) off Kamchatka. The lower speeds
in June occurred during a time with relatively small volume transport (Table

1), which was also the period of perturbed flow with the eddy shown in Figure
3. 1In general, however, maximum surface speeds were not well correlated with
variations in volume transport in this data set, in agreement with the results

obtained by FAVORITE et al. (1976) off Adak Island in the western Aleutians.

METHODS

The baroclinic mode in the subarctic gyre extends to relatively great
depths, but sampling frequently did not. Horizontal gradients of geopotential
do not vanish until depths of about 3000 m (REED, 1970; REID and ARTHUR, 1975);
flow computations, however, were usually referred to depths of 1000 or 1500 m.
Consideration of the deep geopotential topography would indicate that compu-
tations of volume transport referred to 1500 dbar are deficient by perhaps 3 x
10m3/sec; speeds are not appreciably in error, however, and temporal and
spatial variations in transport are believed to be properly shown (REED, 1970),
although small temporal changes may occur as deep as 1500 m as suggested by the
data in Figures 4 and 5. It should be stressed that we are not attempting to
quantify the barotropic mode, even though its transport could be significant.

Computations of the baroclinic volume transport of an ocean current are
often less straightforward than the frequent quotation of values would imply.
Currents such as the Gulf Stream often have complex counterflows, and deter-
mination of what is the "Gulf Stream'", especially on the seaward side, is not
always a simple matter (WARREN and VOLKMANN, 1968). The situation may be
further complicated by a sloping surface of no motion. Also, some current
systems impinge on the continental slope or shelf and are flowing in water

depths shoaler than a realistic reference level, which suggests the need for
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some adjustment to the transports. This latter factor is the major
complicating feature in computing transports of the Alaskan Stream.

It is apparent that it is inappropriate to ignore sloping isopynals near
the bottom and refer flow to the deepest common reference level between
stations. FOMIN (1964) describes in some detail three methods for adjusting
the geopotential in water depths less than the reference level; the three
methods are generally attributed to (1) Helland-Hansen, (2) Jacobsen and
Jensen, and (3) Groem, although MONTGOMERY (1941)Iseems to have first used this
last method. Helland-Hansen's method was not seriously considered because it
involves graphical construction and seems to have no particular advantage over
the simpler method of Jacobsen and Jensen. Intuitively, one might expect that
the Montgomery-Groen method would give the most realistic results because it
does not assume, as the first two methods do, that the horizontal pressure
gradient along the bottom is zero. Recently, REID and MANTYLA (1976) used this
method, and we also attempted to use it with the PMEL data. Our results were
inconsistent, however; some values were implausible, and transports for nearby
sections were not in good general agreement. We suspect that the problem lies
in the fact that in this region isopycnals near the bottom have steep and often
varying slopes; the method of step-wise extrapolation up the slope causes any
uncertainties to be additive as one proceeds inshore, unlike in the method of
Jacobsen and Jensen.

Hence we used the method of Jacobsen and Jensen. The difference in
geopotential anomaly, referred to the deepest level common to two stations, was
corrected by:

A= h/2(61—62), (1)
where h is the depth difference between the deepest level common to two stations

and 1500 dbar, and 61 and 62 are the specific volume anomalies at the deepest
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common level for the two stations. These corrections were then incorporated
into the computations of tramsport.

The locations of the PMEL CTD sections used to compute transport are shown
in Figure 7. The most seaward station on each line is shown even if it was
beyond the offshore edge of the Alaskan Stream. Although the sections extended
across the continental shelf, the most northerly station shown is the station
that was considered to define the inshore boundary of the Stream as discussed
below. The location of the IMS sections is shown in Figure 8; except for 8(b),
all of the IMS lines were occupations of sections A or B and will be so
identified when the values are listed. The most northerly stations in 8(a) are
the farthest inshore locations of the Stream found in the IMS data.

In computing transport, only those sections which met one of the following
criteria were used: (1) if seaward stations showed a flow reversal, the station
with minimum geopotential anomaly was used as the offshore boundary of the
Stream; and (2) if there was no clearly defined minimum anomaly, the most
seaward station was used as the boundary provided that values of geopotential
and physical properties clearly showed the station to be near the center of the
subarctic gyre. The inshore boundary of the Stream was in all cases
unambiguously defined by a flow reversal or by a zone of very weak flow which
made virtually no contribution to the transport. Transports were first computed
relative to 1500 dbar or the deepest common reference level in depths less than
1500 m, and these "unadjusted" transports were then "adjusted" by the corrections
computed by tﬁe Jacobsen and Jensen method. Although "unadjusted" transport
was computed, corrections were not applied to station data in water depths less
than 300 m. Water properties near the bottom on the continental shelf tend to
vary considerably, probably mainly as a result of mixing over the complex

topography, and these local features create unrepresentative isopycnal slopes
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which lead to erroneous corrections. A calculation using plausible speeds from
shelf-edge current-meter records (SHUMACHER, SILLCOX, DREVES, and MUENCH, 1978)
suggests that transport inshore of 300 m is not likely to be greater than 1 =
10°m®/sec. Finally, the inshore edge of the Stream, as indicated by a flow

reversal, was frequently in water deeper than 300 m.

RESULTS
Transport Values

Both the unadjusted and adjusted transport values for the 17 PMEL-IMS
sections are given in Table 1. Two features are immediately apparent; the
unadjusted values are less than the adjusted values, and there is greater
variability between the values for individual sections on a single cruise
(sections A and B in September 1975), for example) in the unadjusted than the
adjusted values. (The one exception to this trend occurred in the three
sections for April-May 1976; the large adjusted transport for section B though
is strongly influenced by a computed correction of 4.4 x 10%m3/sec between two
stations with the inshore cast in 400 m depth, near the limit, 300 m, of where
we consider the method reliable.) The general lack of variability between
adjacent sections on the same cruise is logical because we would not expect
large alongshore changes in transport in this region as the unadjusted values
would imply.

The adjusted values in Table 1 indicate that the mean transport of the
Stream is about 12 x 10%m3/sec. As discussed previously, this value would be
increased by perhaps 5 x 10%m3®/sec if the baroclinicity at 1500 dbar and below
were not neglected. Most values were close to 12 x 106m3/sec, but the maximum
and minimum values were 17 x 10®m3/sec (July 1976) and 8 x 10®m3/sec (June

1978), respectively. Also, these latter values were not strongly influenced by
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corrections to the unadjusted transport. The data in Table 1 do not support
the existence of any significant seasonal variation in baroclinic transport
which could be associated with the large seasonal changes in wind stress over
the Gulf of Alaska. The winter values in March 1978 and February 1979 were
near the mean, and the maximum and minimum transports both occurred in summer,
the period of minimum wind-stress curl. Although rather large changes in

transport do occasionally occur, they do not appear to be of a seasonal nature.

Wind-Stress Transport

It is of interest to compare the observed volume transport of the Stream
with transport computed from wind stress.. Various components of wind-stress
transport are routinely prepared by the National Marine Fisheries Service from
monthly average pressure data on a 3° x 3° grid (see BAKUN, 1973 for discussion
of methods). INGRAHAM et al. (1976) used the total transport integrated along
a latitude circle from the coast line at 55° N as an index of the westward
outflow of the Alaskan Stream. We have determined the integrated total trans-
port at 55°N, 149°W from the monthly wind-stress transport listings, provided
by A. Bakun, for comparison with the observed transports near Kodiak Island
(Figure 9). The observed volume transports in Figure 9 are shown as averages
when more than one section was occupied on a cruise.

The most striking feature about the wind stress transport is the order-
of-magnitude change from winter to spring and summer. Large values usually
occur as early as October and persist through February or March. An exception
to this general trend occurred in winter 1976-1977; however, except for
February, values were generally much lower than for the other winters shown
here. We noted that the observed volume transports in March 1978 and February
1979 were very close to the mean value. Wind-stress transports for these

winters were not abnormally low, INGRAHAM et al., 1976), however, so this
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cannot explain the lack of a winter increase in baroclipic transport. The
maximum observed Stream transport was in July 1976, and the minimum was in June
1978; again, computed wind-stress transports near these times were not unusual
for the season. Thus there is no apparent relationship between integrated
total transport calculated from the wind stress and observed baroclinic volume
transport. In fact, the correlation coefficient between the mean wind-stress
transports (averaged for the two months prior to the cruises) and the observad
transports was only 0.04. An attempt was also made to compare observed values
with other components of wind-stress transport (meridional total and Ekman

transport), but no clear relationships were apparent.

DISCUSSION

Obviously, it would be desirable to have more data then presented here;
the fact remains, however, that normal baroclinic transports occurred in two
winters with above normal wind-stress transport, and the largest baroclinic
transport appeared in a summer with typically weak wind stress. Earlier, REED
(1968) suggested that the Alaskan Stream intensified in winter, and REID and
MANTYLA (1976) attributed an increase in coastal sea levels to intemsification
of the subarctic gyre. On the other hand, OHTANI (1970) discounted the concept
of large winter-summer differences in Stream transport, and FAVORITE (1974)
also concluded that baroclinic transports lacked a clear seasonal signal.
Furthermore, INGRAHAM et al. (1976) cast doubt on the existence of large winter-
summer differences in the northward flow into the Gulf of Alaska. Finally, S.
Tabata (Institute of Ocean Sciences, Canada, personal communication) has not
found clear-cut seasonal differences in northward flow across the hydrographic

line between Vancouver Island and ocean weather station P.

100



FAVORITE et al. (1976) presented data which at first glance would appear
to refute our conclusions from the observations off Kodiak but on closer
examination are in agreement with them. They list 24 transport values between
155°W and 178°E during 1965-1970. Because of these variable locations west of
Kodiak, they are subject to much more uncertainty because of alongshore changes
than are transports in the area which we have studied. Twelve sections, however,
were near the same location off Adak Island. Except for one winter and one
spring transport, there does appear to be a trend of relatively large values in
winter-spring and small values in summer-fall. (One would expect maxima and
minima to occur later near Adak Island than in the Gulf of Alaska because of
the downstream location of the former area.) The values reported by FAVORITE et
al. (1976) were computed relative to 1500 dbar or the deepest common level
between stations, but the transport in depths less than 1500 m was not adjusted
as in this study. FAVORITE et al. (1976) concluded, however, that the Stream
was generally well offshore in winter but closer inshore in summer. A more
inshore location in summer than winter would result in appreciablé Stream water
inldepths less than 1500 m; lack of an adjustment inshore would result in
transport being deficient by generally 2-4 x 10 m3/sec, as seen in our Table
1. The winter values though should need little if any correction because of
the offshore location of the Stream. Thus the contrast seen between winter and
summer values would be greatly reduced. This same problem of location of the
Stream and the method used led REED (1968) to the erroneous conclusion of a
winter enhancement of transport. Furthermore, REID and MANTYLA (1976) suggested
that the subarctic gyre intensifies in winter, but their departures in coastal

sea levels may be related to changes in coastal currents rather than the offshore

Alaskan Stream (HAYES, 1979). We must conclude then that none of the available
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data provide convincing evidence of a significant seasonal cycle in baroclinic
transport of the Alaskan Stream.

Why does the baroclinic transport seem to be unaffected by the order of
magnitude increase of wind-stress curl in winter? One reason may be that 8,
the planetary divergence, becomes relatively small at high latitudes, and thus
the response dictated by the Sverdrup balance of mass transport to the imposed
curl is also small. VERONIS and STOMMEL (1956), using‘the B-plane approximation
with a two-layer ocean but ignoring bathymetry, predicted baroclinic response
times on the order of a year for high latitudes. (One would expect that the
barotropic mode, if significant, could undergo relatively rapid perturbations,
but we have no confirmation of this.) LIGHTHILL (1969) used a linear, stratified
model to demohstrate a relatively rapid response of the ocean circulation to
time-varying winds near the equator, but a response time of order ten years for
the latitudes in the Gulf of Alaska was indicated. In his model, baroclinic
response is limited primarily to the upper oceanic 1a§érs, which is at variance
with our finding that baroclinic structure may vary to appreciable depths,
This apparent disagreement is not surprising; Lighthill has pointed out that at
high latitudes the problem becomes nonlinear and, moreover, that topography
should be allowed for in any theoretical model. Variations in density gradients
may occur which are unrelated to changes in volume transport but rather result
from other influences such as interaction of the stream with bathymetry along
its inshore boundary. In order to explain the observed variability and adequately
account for baroclinic response to variable winds, a model should include
nonlinear and topographic effects in addition to stratification and B-effects.
Such a model would clearly be a major undertaking and is beyond the scope of

this effort.
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TABLE 1. Summary of Alaskan Stream volume transport near Kodiak Island.
The unadjusted transports were computed relative to 1500 dbar or thg'deepest
common level. Adjusted transports were computed by the method of Jacobgen

and Jensen in water depths between 1500 and 300 m.

Stations or Unadjusted Adjusted
section Dates Transport (10°m®/sec) Transport (10%m3/sec
2989-2996  21-22 Sept. 75 5.8 10.4
A
2968-2976 18~19 Sept. 73 8.7 10.6
B
A 6-10 Nov. 75 5.1 ' 8.6 -
B 4-5 Nov. 75 10.7 10.7
A 30 Apr. - 1 May 76 12.2 12.2
B 29 Apr. 76 10.8 _ 15.9
3049-3053 10-11 May 76 9.1 12.5
A 27 July 76 13.5 __ 16.8
192-279.2 29-30 Oct. 77 8.4 11.6
231-235 2 Nov. 77 9.4 11.4
A 9~10 Nov. 77 10.8 12.3
568-769 7-8 Mar. 78 9.5 11.0
697-774 16 Mar. 78 12.0 12.4
696~775 3~4 June 78 7.1 8.0
19-25 6~-7 Oct. 78 9.6 10.4
87-79 11 Oct. 78 8.0 11.3
B 15~16 Feb. 79 9.7 12.3
Mean 9.4 11.7
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

LIST OF FIGURES
Schematic diagram of surface circulation in the subarctic Pacific.
The area near Kodiak Island shown on subsequent maps is indicated

by the rectangle with a thick border.

Observations during 4-16 March 1978. (a) Location of CTD casts
that reached 1000 m; (b) geopotential topography (in dyn m) of the
sea surface referred to 1000 dbar; (c) surface salinity (°/00); and

(d) subsurface maximum temperature (°C).

Observations during 26 May - 6 June 1978. (a) Location of CID casts
that reached 1000 m; (b) geopotential topography (in dyn m) of the
sea surface referred to 1000 dbar; (c) surface salinity (°/00); and

(d) subsurface maximum temperature {(°C).

Vertical sections of (a) temperature (°C), (B) salinity (°/00), and

c) density (sigma~-t) near 153°W, 15-16 March 1978.

Vertical sections of (a) temperature (°C), (b) salinity (%/00),

and density (sigma-t) near 153°W, 3-4 June 1978.

Vertical profiles of maximum geostrophic velocity (cm/sec)
computed from the density data shown in Figures 4 and 5,
March and June 1978. The velocity profile for June 1978 was
adjusted to a reference level of 1500 dbar by the method of

Jacobsen and Jensen.
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Figure 7.

Figure 8.

Figure 9.

Location of the PMEL CTD sections used to compute volume transport;
(a) 29 October - 2 November 1977, (b) 7-16 March 1978, (¢) 3-4

June 1978, and (d) 6-11 October 1978.

Location of IMS CTD sections used to compute volume transport;
(a) 18-22 September 1975 and (b) 10-11 May 1976. The other IMS

sections were occupations of section A or B as in (a).

Time series of the integrated total transport (108m3/sec) computed
from wind-stress curl and the observed volume transport (10%m3/sec)
of the Alaskan Stream, 1975-1979. Observed transports for more than

one section on a cruise were averaged.
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INTRODUCTION

With increasing concern for the environmental impact of petroleum devel-
opment and management of food resources, interest is being focused on the
continentél shelf environment. Although shelf circulation patterns vary
regionally, there are general classes of forcing mechanisms for shelf flow.
As noted by Smith [1978], over an outer continental shelf region, dominant
energy sources are atmospheric variability caused by passing storm systems
and fluctuating ocean currents. On the shelf, the main driving forces for
Meirgt-order flow are winds and tides [Csanady, 1976]. Seasonally varying
wind stress and ensuing mass redistribution result in coastal flow off the

Oregon coast [Smith, 19743 Huyer et al., 1975;.Kundu and Allen, 1976). Qver

the southeast Bering Sea shelf, tides dominate horizontal kinetic energy

[Reed, 1978; Schumacher et al., 1979a]. Model results [Semtner and Mintz,

1977] and momentum considerations [Csanady, 1978; Beardsley and Winant, 1979]

suggest that oceanic circulation results in the observed residual flow off
the east coast of the United States, and runoff appears to be only locally

important [Beardsley and Hart, 1978]. A model of winter circulation for the

Adriatic Sea [Hendershott and Rizzoli, 1976], however, suggests that river

runoff is a significant driving force, and a recent shelf circulation model

(Pietrafesa and Janowitz, 1979] indicates that, in the absence of wind

stress, a reasonable value of surface bouyancy flux results in alongshore
velocities of about 20 cm/sec.

Historically, little information is available on properties, flow, or
dynamics of shelf waters in the northwest Gulf of Alaska. Most investiga-
tions were confined to studies of the of fshore boundary current, the Alaskan

Stream, and the subarctic gyre in general [Dodimead et al., 1963; Roden,
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1969: Thomson, 1972; and Favorite et al., 1976]. The Alaskan Stream is the
northern boundary of the subarctic gyre and acts as a return flow for
wind-curl driven Sverdrup transport northward into the Gulf of Alaska
[Favorite et al., 1976]. An estimate of mean baroclinic transport for the
Stream off Kodiak Island is 12 x 106 m3/sec; however, variations do not
reflect the large seasonal signal of wind-stress curl lBEEﬂ.EE.EL" 1980].
Recent studies of coastal circulation in the northeast Gulf of Alaska

[Hayes and Schumacher, 1976] suggest that, while oceanic forcing is dominant

at the shelf edge, the inner shelf or coastal circulation differs from the
shelf-break flow. Further, Royer et al. [1979] provide evidence for a coastal
flow which extends from Yakutat to Prince William Sound, a distance of approx-
imately 500 km. Royer [1979] discussed the impact that extensive precipita-
tion and runoff have on dynamic height and sea level along the Gulf of Alaska
coast; at high latitudes, and consequent low temperature, salinity primarily
controls density. Royer estimated that maximum monthly freshwater addition

3m3/sec.

is about 20 x 10

Preliminary results from part of the Outer Continental Shelf Environ-
mental Assessment Program (OCSEAP) of the Bureau of Land Management and the
National Oceanic and Atmospheric Administration [Schumacher et al., 1978,
1979b] indicate that in the northwest gulf, the Alaskan Stream is an offshore
feature whose typically high velocities do not extend onto the shelf. Hydro-
graphic data, however, indicate that there is a shoreward flux of heat and
salt. In this paper we present further evidence that a well~defined coastal
flow exists over the inner shelf from at least as far east as the Copper
River to southern Shelikof Strait. This flow, which we call the Kenail

Current, has a transport up to 1 X 106m3/sec toward the west and is primarily

driven by the baroclinic component of a cross-shelf pressure gradient.
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SETTING

This investigation is concerned with a region of the western Gulf of
Alaska in the vicinity of the Kenai Peninsula, Kodiak Island, and Shelikof
Strait (Figure l); The area Is characterized by extreﬁely complex bottom
topography shoreward of the 1830-m isobath, and the continental shelf is
excised by several deep troughs which alternate with prominent banks. The
northernmost of these features is Amatuli Trough, which is a broad, deep
(>200-m) cleft in the shelf as indicated by the 183-m isobath, Water depths in
excess of 150 m occur within 10 km of the Kenai Peninsula. Two passages,
Kennedy and Stevenson entrances, enter Shelikof Strait between the Kenai
Peninsula and Afognak Island. Depths in Kennedy Entrance are as great as 200
m, but east and west of this passage sill depths are about 150 m. Stevenson
Entrance has an average depth of about 120 m. The combined cross-sectional
area for these passages 1s about 5 x 106m2. Shelikof Strait lies between the
Alaska Peninsula to the northwest and Kodiak and Afognak islands to the
southeast. To the north, the Strait connects with lower Cook Inlet. Maximum
depths in the upper Strait are generally 175 m, and the cross-sectional area
is about 6 x 10°m%. To the south of Amatull Trough lies Portlock Bank, which
is an extensive region with depths between 45 and 60 m;: The trough =
separating it from North Albatross Bank 1s indicated by a marked inshore
trend of the 183-m isobath. The rugged undersea topography is similar to
features above sea level; the coastline is ringed by coastal mountains
(typically l-km relief with numerous peaks in excess of 3 km within 60 km of
the coast) and valleys. These features have major effects on winds and

precipitation (mean annual value of about 2.3 m for 1931-1960).
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DATA ACQUISITION AND PROCESSING

Conductivity and temperature versus depth (CTD) data were obtained
¢uring seven cruises (see Table 1) conducted by NOAA's Pacific Marine Envir-
onmental Laboratory from March 1977 through October 1978. CTD data were
collected using Plessey model 9040 systems with model 8400 data loggers.
These systems sampled five times per second for values of temperature, con-
ductivity, and pressure. Data were recorded only during the down-cast using
a lowering rate of 30 m/min. Nansen bottle samples were taken at most
stations to provide temperature and salinity calibration. Data were despiked
and averaged over l-m intervals to yield temperature and salinity values from
which density and geopotential anomaly were computed.

Current-meter station locations are shown in Figure 1. Aanderaa model
RCM=4 current meters were used on taut wire moorings with an anchor and
acoustic release at the bottom and a subsurface buoyant float just above the
top current meter. The taut-wire mooring tends to minimize surface wave~
{nduced noise on the meter's rotor. A summary of current records is given in
Table 2.

Two time-series were produced from edited observations using a Lanczos

filter [cf. Charmell and Krancus, 1976]. The first series was filtered so

that over 99% of the amplitude was passed at periods greater than 5 hr, 50%
at 2.9 hr, and less than 0.5% at 20 hr. The second series was filtered to
remove most of the tidal energy; it passed 997% of the amplitude at periods
over 55 hr, 50% at 35 hr, and less than 0.5% at periods less than 25 hr.
This series was resampled at 6-hr intervals for use in examining subtidal
circulation.

During summer 1978 a number of satellite-tracked drifting buoys were
also deployed as part of the OCSEAP work. These drifters had "windowshade"
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drogues centered at about 10 m, and they were interrogated several times a
day by the Nimbus 6 satellite. A program was written to derive valid daily
positions, and the data through September 1978 were reported by Hansen
[1978].

Wind measurements from Middle Albatross Bank were provided by NOAA's
data buoy EB 46008 (formerly EB 72) located at 5#°06'N, 151°45'W (Figure 1),
approximately 60 km offshore. This buoy was installed.in August 1977 and
provided data from 1 November 1977 until February 1979. Winds were sampled
every three hours by satellite transmission link and were averaged for eight
minutes prior to transmission. Data gaps less than 6 hr were filled by
linear interpolation, and results from a sea-level pressure analysis by Fleet

Numerical Weather Central (U.S. Navy) were used for longer gaps.

ANALYSIS OF HYDROGRAPHIC DATA

Geopotential Topography. Limited evidence was presented [Schumacher et

al., 1978) that net flow from current records agreed with that inferred from
the 0/100-dbar geopotential topography. The paths of drogued buoys tracked
by satellite also support the circulation patterns deduced from the geo-
strophic relation; Royer et al. [1979] found reasonable agreement between the
two methods over the shelf east of this area, and summer 1978 drogued buoy
data [Hansen, 1978] around Kodiak Island showed paths'fhat support fléw
inferred from the 0/100-dbar geopotential topography. The geopotential
patterns presented here are in good agreement with additional direct current
measurements and with various physical property distributions.

We summarize features of geopotential topography from Schumacher et al.
[1978, 1979b] which are relevant to this study. During March, September, and
October 1977, two flow regimes existed: 1) the southwestward flowing Alaskan

Stream over the slope accompanied by inshore counterflows east of Portlock
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Bank and 2) a well-defined coastal flow along the Kenai Peninsula. Weak,
variable circulation occurred between the two more organized flows. During
September and October a southward extension of the coastal flow appeared east
of Afognak and Kodiak Islands and may have been important in initiating a
well-developed (relief of #0.04 dyn m) gyre-like feature between Portlock and
North Albatross banks. The coastal flow appeared to be strongly influenced

by fresh water as indicated by very low surface salinities. Relief across the
coastal flow was about 0.05 dyn m in March and September but increased three-
fold in October. 1In the vicinity of the entrances to Shelikof Strait, geo-
strophic patterns for April-May 1972 also suggested westward baroclinic flow

[Favorite and Ingraham, 1977].

Coastal flow off the Kenai Peninsula had important effects on circu-
lation in Shelikof Strait [Schumacher et al., 1978]. Two cruises listed in
Table 1(March 1978, NOAA Ship DISCOVERER; October 1978) had adequate coverage
to examine concurrent conditions off the Kenai Peninsula and in Shelikof
Strait. We present these data to summarize coastal conditions. The
0/100-dbar geopotential topography in March 1978 is shown in Figure 2A. The
coastal flow was present, and its relief was about 0.06 dyn m. It“entered
Shelikof Strait through both passages and turned south off Cape Douglas.
Conditions in October 1978 (Figure 2B) showed a more clearly defined coastal
flow like that in October 1977, The relief across the flow in October 1978
was about 0.20 dyn m, and a portion of the flow appeared to turn south near
Afognak Island. The remainder of the coastal flow, however, entered Shelikof
Strait through Kennedy Entrance and turned south as a well-defined flow off
Cape Douglas. A relatively strong, southward flow off Cape Douglas seems t6

be a permanent feature, as suggested by Muench et al. [1978].

124

7.

.



We emphasize that the coastal flow off the Kenai Peninsula is distinct
from the Alaskan Stream. This is especially apparent from CTD data extending
east of this area [SAL (1979), Royer et al. (1979)], which we summarize as
follows: the Stream is present seaward of the shelf break, inshore there is
very weak flow (often with reversalsl,but a continuous flow is present along
the coast. This coastal flow had an alongshore extent of over 500 km - that
is, east to the Copper River - and had high velocities and transport. We
call it the Kenai Current; it is a major feature of shelf circulation in the

Gulf of Alaska.

Physical Property Distributions. The distribution of surface salinity,

salinity at 50 m, and the sigma-t difference beteen 50 m and the surface in
October 1978 are shown in Figure 3A, B, and C, respectively. The surface
salinity distribution is similar to the geopotential topography, but there
are significant differences. Along the eastermmost CTD section, low-salinity
water (€32.0 g/kg) is confined quite close to shore and does not reflect the
rather broad flow indicated in figure 2B. The salinity pattern near Shelikof
Strait is quite similar to the flow, however, even suggesting a counterflow
on the north side of Kennedy Entrance as in Figure 2B. A new feature shown
by surface salinity is an intrusion of low-salinity water from the north on
the western side of Shelikof Strait; this could not really be shown by the
geopotential topography because most of the northwest side of Shelikof Strait
is shoaler than the reference level (100 dbar). The salinity distribution at
50 m (Figure 3B) is also similar to the geostrophic flow pattern, and
estuarine outflow (salinity €31.0 g/kg) from Lower Cook Inlet is apparent as
in the surface salinity distribution. The zone of high-salinity water

outlined by the 32.5-g/kg isohaline south of the Kenai Peninsula coincides

with the low in geopotential anomaly on the seaward side of the coastal flow.




The distribution of the sigma-t difference between 50 m and the surface
(Figure 3C) indicates that greatest stratification is associated with the
coastal flow. This is caused primarily by dilute (low-density) near-surface
water, and values are reduced somewhat by eqhanced tidal mixing through the
entrances and near shore. Relatively large differences ( 0.5) occur in
waters off Cape Douglas, but the water column is homogeneous over Portlock
Bank and over a shoal area stretching west of the Kenai Peninsula. This
distribution supports geopotential features previously described and also
depicts zones of vertical mixing which are strongly influenced by the effect
of topography on tidal-power density per unit mass, V3/H [Fearnhead, 1975],
where V is mean tidal speed and H is water depth. Tidal mixing affects the
lower part of the water column, and winds mix the upper layer; thus over
banks water may become homogeneous, especially when initial stratification
and/or positive bouyancy flux are small.

The geopotential topography in March 1978 (Figure 2A) indicated an
appreciably reduced flow into Shelikof Strait compared to that in October
1978. The patterns during the two seasons were similar, however. The surface
gsalinity distribution pattern in March 1978 (not shown) is similar to that in
October 1978 (Figure 3A), but the lowest values in Shelikof Strait were about
1 g/kg greater in March than in the fall. Differences in the salinity at 50
m during the two seasons were less marked, however. The surface temperature
distribution in March 1978 (not shown) shows that the coldest water is
associated with the southerly flow on the western side of Shelikof Strait,
and waters in the Kenai Current are somewhat cooler than to the south. During
October 1978, coastal waters at the surface and at 50 m were warmer than
those in other regions. Coastal waters affected by land drainage tend to be

cooled more rapidly in winter (but warmed more rapidly in summer) than waters

of oceanic origin. 126




Vertical sections of temperature, salinity, and sigma—-t along the CTD
sections off the Kenai Peninsula (stations 59-68, 70-73 in October 1978, see
I'igure 2B; stations 119-134 in March 1978, see Figure 2A) are presented in
Figures 4 and 5. The sections in October display a narrow band ( 20 km) of
warm, dilute, low-density water adjacent to the Kenai Peninsula; this strong
baroclinicity is in agreement with the westward coastal flow that enters
Z..olikof Strait. Indications of weak westward flow, however, extend well
south of this band to the northern flank of Portlock Bank. The three
stations (67, 68, and 70) over Portlock Bank exhibit weak stratification, and
the water at station 68 (63-m depth) is completely mixed. South of Portlock
Bank, the varying density slopes suggest that peak speeds in the Alaskan
Stream were offshore of station 73. In March (Figure 5) thé gradients across

e coastal flow were much weaker than in fall, and there are no indications
»f significant baroclinicity elsewhere. Minimum temperatures were near the
surface (rather than the bottom as in March), and there was muich less stratif-
ication everywhere than that measured in fall. The homogeneous water atop
Portlock Bank extended about 15 m deeper than in October, which suggests that
total mixing (presumably a combination of wind mixing near thé sufface and
tidal mixing near the bottom) was more efficient in winter than in summer
through fall. Another feature shown by these data is that the intermediate
and deeper parts of the water column were more saline in October than in

March, while the coastal flow near the Kenai Peninsula was much more dilute

during fall. This pattern of decreased surface salinity and increased intermediate

and deep salinity during fall is consistent in our data set (Table 1); the
results suggest that the saline water is "drawn up" during periods of peak
¢ransport in the Kenai Current, perhaps as an interior upwelling in con-

junction with buoyancy flux [Pietrefesa and Janowitz, 1979].
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Baroclinic Transport and Speed Variations. The data presented thus far have

indicated that coastal flow was more intense in October 1978 than during
March of that year. The CTD section used to prepare Figures 4 and 5 was
occupied on all of the PMEL cruises (Table 1). These data were used to compute
baroclinic volume transport and maximum surface speed (both referred to the
deepest common level) of the Kenai Current (Table 3). (A CTD section
slightly west of this one was used for March 1977 because the former did not
contain adequate data.) The data from four cruises in March, May, and
September all indicate volume transport of 0.4 x 106m3/sec or less and
surface speeds not greater than 30 cm/sec. In October of 1977 and 1978,
however, transport was 1.0 and 1.2 x 106m3/sec with maximum speeds of 89 and
133 cm/sec. This marked increase in transport is in agreement with Royer's
[1979] conclusions that geopotential anomaly and alongshore flow respond to
an annual hydrological cycle which has a fall maximum,

Precipitation often deviates considerably from the long-term mean, but
these variations do not seem to have marked effects on the Kenai Current.
Figure 6 shows the observed precipitation averaged for the National Weather
Service stations at Cordova, Seward, and Kodiak during 1977 and 1978 and the
long-term mean for these stations (NOAA National ClimatecCenter, 1977, 1978).
During four months prior to the March 1977 cruise, precipitation averaged
over twice that of the long-term mean, but the March transport (0.4 x
106m3/sec) and surface salinity were not unusual for the season. Royer
[1979] concluded that accumulated land drainage over a large area was the
major factor in producing variations in dynamic height. Hence monthly
variations in precipitation, especially in winter when much of it is frozen,
probably do not seriously alter the apparent seasonal pattern of large transport

in fall and reduced values at other times. It seems likely, especially
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after considering Royer's [1979] analyslis of geopotential, sea level, and
runoff, that the material presented provides a reasonable estimate of mean
conditions. Thus we expect the Kenai Current to normally have a transport of
about 0.3 x 106m3/sec and peak surface speeds of perhaps 20 to 30 em/sec; in
October and November, however, transport rapidly increases to over 1 x
106m3/sec, and peak surface speeds may exceed 100 em/sec. These extreme
seasonal changes and very high velocities make the Kenai Current atypical of

coastal flows [Winant, 1979] that are separate from major, oceanic boundary

currents,

ANALYSTIS OF CURRENT OBSERVATIONS

Lagrangian Measurements. Ten satellite-tracked drifting buoys were deployed

during May-July 1978 as part of OCSEAP studies [Hansen, 1978]. Four of these
drifters showed features of the Kenai Current, and we summarize relevant
trajectories from Hansen [1978] as follows. Drifter number 1473 moved westward
in the southern part of the Kenai Current and turned south off Afognak Island
as suggested by some of the property distributions and plots of geopotential
topography (see e.g. Figures 2B and 3B). Number 1775 moved west along the
Kenai Peninsula and passed through Kennedy Entrance at net speeds of about 25
cm/sec. It then moved eastward at very low speeds into Stevenson Entrance,
where it eventually turned west and moved south through Shelikof Strait.
Number 1450 moved westward at low speeds for five days and then ceased trans-
mission. Number 1421 was deployed on Portlock Bank, moved morthwest into
Shelikof Strait, and exhibited weak rotary motion before grounding on Cape
Douglas. In addition, a drifting buoy released as part of another project
[Reed, 1979] entered the coastal flow at the head of the Gulf in December

1978, moved westward along the Kenai Peninsula into Shelikof Strait, and
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grounded on Cape Douglas in January 1979. Net speed for the 10-day portion of
the track near the Kenai Peninsula was about 40 cm/sec.

These data do provide direct evidence of an organized flow along the
Kenai Peninsula with speeds comparable to those determined by the geostrophic
relation. The westward movement into Shelikof Strait also agrees with the
geopotential topography, but the apparent eastward movement out of Stevenson
Entrance does not. We suspect that this may reflect a relatively brief flow
"event", because similar features are suggested in some of the current meter
records to be discussed.

Fulerian Measurements. Current records were low-pass filtered and then

averaged over seven days on rotated coordinates which correspond to the geo-
graphical boundaries. The coordinate systems are: U positive 3000, V positive
030° for both entrances; U positive 225°, Vv positive 315° for Shelikof Strait;
and for wind stress, U positive 2400, V positive 330°, Wind stress was
calculated following Meyer et al. [1979], where the drag coefficient is a
function of wind speed for winds less than 15 m/sec. The resulting net

speeds through (toward the southwest) Shelikof Strait, net speeds into the
entrances, and the alongshore and cross-shelf net wind stress are shown in
Figure 7. Since the bulk of the Kenai Current flows through Shelikof Strait
and local contributions to flow are minimal [Muench et al., 1978; Schumacher
et al., 1978], current records should be ch;racteristic of flow along the
coast.

During the winter observation period, flow in Shelikof Strait was always
toward the southwest with typical speeds of 20 to 30 cm/sec; during mid-October
and early November, however, speeds were much higher, with a maximum of 70
cm/sec. Similar characteristics were observed during the previous winter
[Schumacher et al., 1978]. During the peak flow period, shear between the

two meters at 25 and 72 m was about five times greater than the shear over
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the remaining observation period. When baroclinic transport in the Kenai
Current attains a maximum, baroclinic shear is not eliminated by mixing,
although tidal speeds in Kennedy Entrance are strong (m65cm/sec). It is
apparent ;hat neither the long-shore nor cross-shelf wind stress was acting
in a manner to contribute appreciably to the Kenai Current during October or
early November. During late December through February, alongshore wind
stress averaged 1.2 dyne./cm2 and was directed such that barotropic set-up
should occur along the Kenai Peninsula; observed currents also generally
increased during this period.

Flow through Shelikof Strait over the summer obgervation period indicated
a single flow reversal in early June. A few reversals were also noted in
Stevenson Entrance but not in Kennedy Entrance. The records for Kennedy and
Stevenson entrances suggest a pattern noted from the CTD data; flow is stronger
and more persistent through Kennedy Entrance, and Stevenson Entrance should
be more responsive to forcing from wind "events". Over the summer observation
period thqugh, neither alongshore nor cross-shelf wind stress are of proper
direction or sufficient magnitude to significantly augment flow of the Kenai

Current.
DISCUSSION

Hydrographic and current observations presented above indicate that the
Kenal Current is a continuous feature which extends for about 200 km along
the Kenai Peninsula and in northern Shelikof Strait. Results from previous
studies allow us to extend the horizontal scale of the Kenai Current. Schumacher
et al. [1978] presented current and hydrographic data which indicated that

the Kenai Current is evident throughout Shelikof Strait and probably follows
131
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the 183-m depth contours across the shelf southwest of Kodiak Island. Royer et al.
[1979] provided data which showed strong baroclinic relief along the coast
ahout 100 km east of the present study area (see his Figures 4 and 8).

Feely and Massoth [1980] indicated that suspended material (aluminosilicate)

derived from the Copper River is found in northern Shelikof Strait. Synthesizing
these results, we identify the coastal flow which exists from the Copper

Kiver westward through Shelikof Strait (about 1000 km) as the Kenail Current.

We note thaf coastal flow east of the Copper River may also contribute to the
Kenai Current.

Although the impact of wind forecing on coastal flow cannot be quantified
with the present data, wind observations support the concept of set-up due to
alongshore wind stress during winter. Royer [1979] showed strong correlation
(r=0.93) between dynamic height anomaly (0/200-dbar) and adjusted sea level
at Seward and noted that the small difference between sea level and dynamic
height cycles implied that annual changes in the barotropic current are
small. The largest differences between sea level and dynamic height anomaly
(see his Figure 2) occurred in January through March, which is in agreement with our
suggestion that barotropic set-up is important only from December through
February.

We can estimate the magnitude of baroclinic and barotropic gradients
using data from this and other shelf studies. The observed geopotential
topography has a relief of 0.04 to 0.20 dyn m, which indicates an elevation
of coastal sea-level of 4 to 20 cm, over a cross-shelf length scale of about
25 km. FEstimates of sea-level changes in response to an alongshore wind

stress of 1 dyne/cm2 range from 9 to 17 cm; [Noble and Butman, 1979] the

harotropic length scale, however, is likely to be larger than the baroclinic

scale here [Hayes and Schumacher 1976]. Using March dynamic topography, as
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representing winter, the baroclinic gradient is about 10“6. If the barotropic
scale were the shelf width (about 150 km), and there is a 20-cm set up from

the observed stress of 1.2 dyne/cmz, the barotropic and baroclinic gradients

nf sea surface glevation might be approximately equal in winter. During

summer and fall the baroclinic gradient increases while the barotropic gradient

decreases and may become negative.

Recent hypotheses for the residual flow off the east coast of the United

States [Csanady, 1978; Beardsley and Winant, 1979] suggest that an alongshelf
pressure gradient is generated by oceanic circulation, and a barotropic
along-shelf flow results from this feature. The Alaskan Stream, however, is
separated from the Kenai Current by a zone of very weak baroclinic flow or

. surter flow; hence it cannot be a major driving force for the Kenail Current.
Water properties, of course, may be affected by transfer of stream water

shoreward by eddies or an onshelf flux through the deep troughs. Royer et al.

[1979] suggested that cross-shelf ageostrophic flow resulted from a combina-
tion of off-shelf Ekman flow in the upper layer and entrainment of water from
below; this may be valid during summer but cannot apply under typical winter
wind-stress conditions. Further experiments are required to determine the
magnitude of the barotropic component of the Kenai Current and the mechanisms

involved in generating the observed on-shelf flux of shelf-edge waters.

CONCIL, USTONS
The organized coastal flow in the northwest Gulf of Alaska is a continuous,
westward flowing current, the Kenai Current, which exists from the Copper
River/Prince William Sound area through Shelikof Strait. This feature is
clearly defined in geopotential topography as a narrow (15- to 30~km) band

whose mean salinity is generally 0.5 g/kg less than that of adjacent shelf
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water. During October-November, when the integrated effect of precipitation,
river discharge, and melt water attains a maximum, the mean salinity of

coastal flow is about 1.5 g/kg less than that of the seaward shelf waters. At
such times, baroclinic transport is about 1.0 x 106m3/sec. Baroclinic transport
at other times is reduced, but still indicates a substantial (#0.3 x 106m3/sec)
westward flow. The magnitude of mean baroclinic transport (0.6 x 106m3/sec)

is about twice that observed over the Scotian shelf [Drinkwater et al., 1979]

or in the Adriatic Sea [Hendershott -and Rizzoli, 1976], where cross~shelf

density gradients resulting from freshwater addition also appear to be the
main driving mechanism.

The Kenai Current is driven by a cross-shelf pressure gradient whose
baroclinic component responds to an annual freshwater flux. The barotropic
pressure gradient component responds to seasonally varying wind stress; due
to the characteristics of this forcing, however, the barotropic component
augments flow only in winter. During winter, it may be of equal magnitude to
the baroclinic gradient, but at other times it typically does not strengthen
Kenai Current flow. Pressure gradients from oceanic currents do not seem to
have a significant impact on the flow., This factor plays a major role in
recent theories of coastal circulation, but our results suggest that "coastal
dynamics" cannot be unified so simply. The Kenai Current has an uncommon
driving mechanism, and its speeds and transports are unusually large, partic-

ularly during the fall maximum.
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TABLE 1. - Dates of observations in the vicinity of Kodiak Island and

Shelikof Strait used in this study.

Date Ship
2=10 March 1977 NOAA Ship DISCOVERER
5-11 September 1977 NOAA Ship SURVEYOR
13-22 October 1977 NOAA Ship DISCOVERER
4-17 March 1978 NOAA Ship SURVEYOR
6~24 March 1978 NOAA Ship DISCOVERER
26 May - 7 June 1978 NOAA Ship DISCOVERER
3-22 October 1978 NOAA Ship DISCOVERER
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TABLE 3 — Variations in baroclinic volume transport and maximum surface

speed of the westward coastal flow off the Kenai Peninsula.

Volume Transport Maximum Speed
Date (106m3/sec) (ecm/sec)
March 4, 1977 0.4 15
September 10, 1977 0.4 30
October 19, 1977 1.0 89
March 6, 1978 0.3 14
May 29, 1978 0.1 13
October 10, 1978 1.2 133
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Figure 1.

Figure 2,

Figure 3

Figure 4.

Figure 5.

Figure 6.

Figure 7.

FIGIRES

Northwest Gulf of Alaska setting with prominent features and
place names. The location of current meter stations and the

NOAA data buoy are indicated.

Geopotential topography (0/100 dbar, in dyn m) observed during
A) 13-21 March 1978 and B) 9-22 October 1978. Some CTD station locations

are shown In italies.

Horizontal sections of A) Surface salinity (0.5 g/kg contour
interval), B) salinity at 50 m (0.5 g/kg contour interval), and
C) sigma-t difference between 50 m and the surface (0.5 sigma-t unit

contour interval), 9-22 October 1978.

Vertical sections of A) temperature in oC, B) salinity in g/kg, and C)

sigma-t, 10 October 1978.

Vertical sections of A) temperature in %¢, B) salinity in
g/kg, and C) sigma-t, 20 March 1978. Additional contours have

been included to emphasize features.

Observed averaged preciplitation (cm) at Cordova, Seward, and

Kodiak during 1977 and 1978 and the long-term mean.

Seven-day averaged net current and wind stress from A)

Shelikof Strait, B) EB 46008, and C) Kennedy and

Stevenson entrances, 142
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ABSTRACT

Three drifting buoys were deployed off Kodiak Island and tracked
by satellite in summer 1978; all three veered out of the south-
westward flowing Alaskan Stream and moved to the east and northeast
around the Gulf of Alaska gyre. This is the first direct measurement
of recirculation around the gyre, but the pattern is strikingly similar
to what was inferred two-three decades ago from property distributions

and has been predicted theoretically.
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1. Introduction

The arcuate Gulf of Alaska coastline forces the northern boundary
of the Pacific subarctic gyre into a westward outflow of water from
the Gulf of Alaska. This narrow, deep, intense flow (the Alaskan
Stream) appears to be continuous from the head of the Gulf to the
western Aleutian Islands, but losses or gains of water across its
southern boundary seem to occur (Favorite‘gg_gl., 1976). A loss of
Stream water to the southeast is indicated frequently in the vicinity
of 160°W (Favorite et al., 1976); this water is presumably entrained
into the eastward flowing Subarctic Current and recirculates around
the Gulf of Alaska gyre. Most of the evidence for this type of circula-
tion is based on physical property distributions, but theoretical
studies also support such a pattern. Munk's (1950) pioneering study,
for example, suggested southward outflows from the northern boundary
of the subarctic gyre, and Thomson's (1972) model of the Alaskan
Stream iﬂdicated one or more zones of eastward recirculation well east
of the western portion of the subarctic gyre,

The salinity pattern in Figure 1 (summer 1959;.Dodimead et al,,
1963) is suggestive of a southeastward recirculation of dilute Stream
water near 160°W, but the data do not provide conclusive evidence that
a significant part of the water column was actually flowing to the
east in a quasi-steady manner. This note presents data from drogued,
drifting buoys, however, which do indicate the existence of a large-
scale recirculation around the Gulf of Alaska gyre that supports the

classical concept of the flow regime.
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2. Data and methods

Three drogued buoys were deployed off Kodiak Island in July 1978
as part of NOAA's Seasat-A verification project. The buoys were manu-
factured by the Polar Research Laboratories; they consisted of c¢ylindrical
aluminum spars with a flotation collar and ballast and "windowshade"
drogues (v2m x 10m) centered at a depth of about 20m. The buoy locations
were determined by the Random Access Measurements System of the Nimbus
6 satellite, and they were provided by Sperry Support Services at
NOAA's Data Buoy Office. Additional details on this system are contained
in Royer et al. (1979). For about the first six weéks af ter deployment,
several locations were obtained each day, but thegngmber of fixes
thereafter rapidly declined, mainly because the recéiving stations
were being used with a new satellite system. The drifters were equipped
with tension devices to determine if the windowshade drogues were
intact; the data received by the satellite could not be used unambiguously
for this purpose, but it seems likely that the drogues remained intact
during the trajectories and that the paths were not strongly affected
by windage as indicated by the results of Kirwan et al. (1978). The
location data were subjectively evaluated, and the resulting positions
probably have reliabilities comparable to the rmsfbbsition error (V4

km) .
3. Drifter paths and circulation

Reed (1979) analyzed the July-August 1978 data from two of these

drifters; mean daily positions were used, and some evidence was found
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for changes in speed associated with inshore-of fshore migrations near
the Stream edge. The drifter paths, from deployment until the last
positions were received, are shown in Figure 2. Representative positions
are given rather than locations at fixed intervals; this was necessitated
by the very irregular nature of the data received after August. All
three drogued buoys moved southwest in the Alaskan Stream, all turned
southeast, and they all moved northeast toward the Gulf of Alaska.
Drifter numbers 400 and 561 moved in very similar paths until both
buoys approached the head of the Gulf of Alaska, when number 561
became entrained in the coastal Kenal Current (Schumacher and Reed,
1980) but number 400 did not. Drifter number 753 was deployed between
numbers 400 and 561: after early August, however, it moved inshore of
the other two buoys and did not turn offshore until almost 500 km west
of where they departed the continental slope. The eastward movement of
number 753 was subsequently to the south of the other two drifters.
Its more easterly course may have been affected by the smaller northward
total wind-stress transport at this latitude than to the north near
the other two drifters (wind-stress data provided by A. Bakun, National
Marine Fisheries Service; see also Reed et al., 1980).

Table 1 compares the net speeds determined for various positions
of the drifter tracks. (Southeast flow is the initial part of the
recirculation, and northeast flow is presumably the movement of the
Subarctic Current.) Speeds within the Alaskan Stream were greatest,
except for the one drifter in the Kenai Current, and the southeast
flow was slightly less than the northeast flow toward the Gulf. The

net speed in the Kenai Current is similar to values in Royer et al.
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(1979). Although flow perturbations are present, the large-scale

movement during the period is quite orderly.
4, Discussion

Maximum velocities in the Alaskan Stream (Favorite et al., 1976)
are generally at least twice as great as the 1arge¥ values here, so it
is likely that the peak Stream speeds were inshore of where the drifters
were deployed. We expect recirculation to occur on the southern side
of the Stream, of course, as these data would suggest; the offshore
movement though occurred in at least two distinct locations (near 158
and 166°W). Eastward velocities in the Subarctic Current afe roughly
twice those obtained from the geostrophic relation as was found by
Kirwan et al. (1978), who attributed the differences largely to an
Fkman component from the westerly winds. Unfortunately, there are not
adequate data during these observations to map the large-scale ggopotential
topography for comparison with the observed flow.

Perhaps the most striking impression from Figure 2 is that the
large-scale flow is quite gmooth. The flow does not seem chaotic or
disorganized, although there is evidence for some‘“eventd' (little
movement during 22-30 September for example) . Thésé results provide
additional evidence that Lagrangian methods can yield very useful
descriptions of the flow field (see also Kirwan et al., 1978 and
Grundlingh, 1978). It is difficult to envision how a large-scale
feature such as recirculation in the Alaskan Stream could have been so

unambiguously and easily determined from Eulerian data.
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These are the first data to conclusively demonstrate recirculation
around the Gulf of Alaska gyre. This modern method subsiantiates the
early inferences about circulation based on property distributions
(Dodimead et al., 1963), and it is heartening to see that these classical

interpretations appear to be essentially correct.
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Table 1. Net speeds (cm/sec) during various portions of the drifter
tracks, July 1978-January 1979.
Drifter Alaskan Southeast Northeast Coastal (Kenai)
number Stream flow flow Current
400 29 13 15 —
561 15 10 ’ 17 43
753 27 11 14 -
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LIST OF FIGIRES

Figure 1. Horizontal distribution of salinity (°/o0) at 10 m

during summer 1959, from Dodimead et al. (1963).

Figure 2. Paths of drogued drifting buoys (numbers 400, 561, and

753), 17 July 1978-13 January 1979. The dashed line on the map

is the 100-fathom 183-m) igobath.
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G. The following is from the Final Report: RUL38 (Northwest Gulf of Alaska),

and in amended form is to be puplished as an ERL/PMEL Technical Report.
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H. Preliminary results from WIST experiment: The following js an initial
abstract of National Research Council funded anaylsis and interpretation
of OCSEAP data by J. Blaha.

From March to June 1977, currents were measured near the bottom
at two sites off Icy Bay in depths of 55 and 108 m (10 and 25 km offshore).
Simultaneous winds were measured at 2 environmental buoys, ~20 and ~5