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PHYSICAL OCEANOGRAPHY OF THE GULF OF ALASKA
INTRODUCTION

Although extensive oceanographic investigations have been carried out
in the Gulf of Alaska in the last two decades, our knowledge of actual con-
ditions and processes and their cause and effect is still inadequate to
permit any accurate short- or Tong-term forecasts of oceanic conditions.
However, a fairly extensive data base exists, and the purpose of this report
is to summarize the state of our knowledge concerning the physical environ-
ment of offshore areas of the Gulf of Alaska prior to the commencement of
present OCSEAPl4nvestigations. The Gulf of Alaska is considered to extend
southward from the coast to a line from Dixon Entrance to Unimak Pass,
essentially 54°N.

It should be recognized at the outset that the ocean is a turbulent
regime that can be characterized only by statistical techniques based on
extensive time-series data on water properties and direct current measure-
ments collected on appropriate space scales. Such data are not available
for the Gulf of Alaska area. Physical oceanographic studies up to the
present time have been limited to aperiodic, widely-spaced station data
of an exploratory nature obtained primarily to provide background information
on general flow and ranges of environmental conditions related to specific
aspects of fisheries investigations (Favorite, 1975). The most recent and
comprehensive are those of the International North Pacific Fisheries
Commission (INPFC). General environmental conditions in the Subarctic
Pacific Region for the years 1953 to 1971 have been summarized by Dodimead,
Favorite and Hirano (1963), and Favorite, Dodimead and Nasu (197§); the

latter provides an extensive bibliography that is not reproduced in this

1/ Outer Continental Shelf Environmental Assessment Program.
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report. There is also extensive but fragmentary information available
in reports of results of Soviet fishing activities (e.g. Moiseev,1963-70)7
Although the presently available station data are extensive, they are
aperiodic, non-synoptic and lack the close grid spacing, wide area coverage,
repetitive observations, and direct current measurements necessary to
characterize the specific nature of flow.

A general assessment of oceanographic conditions can be made from
knowledge of meteorology and bathymetry. With respect to water properties,
we can expect seasonal changes in both temperature and salinity. Northward
flow into the gulf brings unseasonably warm water into the gulf year round.
Winter cooling will gradually erode the high temperatures in surface Tlayer,
but these will quickly be restored by seasonal warming in spring and summer,
The vertical extent of winter cooling or convective overturn will depend
on the stability of the water column, and this is affected primarily by
the distribution of salinity with depth. Because there is an excess of
precipitation over evaporation and extensive dilution in spring and summer
from the extensive coastal watershed, a dilute surface Tayer can be expected
to be underlain by a halocline. The readjustment of mass as a result of the

general cyclonic flow around the gulf will result in a horizontal divergence

and an upward vertical transfer in the center of the qulf. This is manifested
i a doming or ridging of isolines of water properties im that area resulting
in high salinities and low temperatures at the surface, particularly during
winter when this process is most active.

There is a general eastward surface flow across the North Pacific Ocean
composed of the northern sector of the anticyclonic flow in the central
North Pacific gyre driven by winds associated with the Eastern Pacific high

pressure system, and the southern sector of the general cyclonic flow of

2/ See also Bogdanov (1961), P]akhotqgk (1962), and Filatova (1973).



the Subarctic Pacific gyre, driven by interactions of the Aleutian Low
pressure system. This confluence and the subsequent eastward advection of
meridional admixtures of subarctic and subtropic waters is subjected to
various bathymetric conditions on reaching the eastern side of the ocean:
first, a gradual shoaling, reducing the water column by half (from 6,000 -
3,000 m); second, the interference of numerous seamounts, (some extending
to within 500 m of the surface); and, finally, an abrupt continental shelf.
This results in marked changes in the fields of acceleration, vorticity
and turbulence, as well as a predominant separation of flow into northward
and southward components and associated disturbances of vertical strata.
The northward branch, increasing in planetary vorticity, impinges on the
head of the Gulf of Alaska where it is constrained by the land mass and

is forced southwestward along the Alaska Peninsula. In order to accomplish
this it must displace the northeastward flow into the gulf offshore, away
from the continental slope. The vorticity balance of this southwestward
flow is altered not only as a result of southward displacement, but also

as a result of increasing depth ( 5,000 - 7,000 m) on encountering the
eastern end of the Aleutian Trench. Further, we can anticipate that fric-
tional and tidal effects on the shallow continental shelf will result in
considerably reduced flow over the shelf compared to flow along and seaward
of the continental slope, and that flow along the edge of the shelf will

be complicated by internal waves and horizontal shelf waves.

The greatest fluctuations in flow conditions will be associated with
the intensification of winds in winter. The center of the Aleutian Low
travels in an anticyclonic patterns present in late spring and summer in
the northern Bering Sea, it occurs in the Gulf of Alaska in late fall, and
in the western Aleutian area in winter. Thus, maximum cyclonic winds occur

3



in the Gulf of Alaska from November to January. Maximum Ekman transport
will occur at this time, piling up water along the coast and resulting in
a seaward flow along the bottom. Maximum total transport also occurs at
this time greatly increasing northward flow into the gulf. In summer, a
northward displacement of the Eastern Pacific High results in anticyclonic
winds resulting in an offshore component of Ekman transport at the surface
and a compensatory onshore flow over the continental shelf. Minimum overall
transport also occurs at this time.

Thus there is a potential for considerable complexity and great vari-
ability in actual conditions, and it is these time-dependent phenomena
that we are most interested in. ATl data available will be used to define
physical conditions in the gulf as accurately and completely as possible.

It is difficult to assess how representative the oceanographic data
being collected or analyzed are in defining conditions in a particular area
unless some measure of variability over extended time periods is available.
About a century ago it was recognized that oceanic conditions in the gulf
were considerably warmer than corresponding latitudes at the western side
of the ocean (Dall, 1882) and this was attributed.to the influence of the
fKuro Siwo" because of the known analogous effects of the Gulf Stream in
the Atlantic Ocean on the climate of Europe. Although data from the "China
steamers" between San Francisco, Yokohama and Hong Kong in the 1870's
provided extensive data on conditions in the central Pacific Ocean, even
the gold rushes and subsequent commercial traffic to Alaska failed to provide
a data base documenting oceanographic conditions in the gulf. There are
surface temperature data for the Gulf of Alaska from the 19th century,

presumably from government and commercial vessels, but these are too



fragmentary in time and space to establish climatic trends. Nevertheless,
there are historical records of monthly mean air temperatures at Sitka
that began when this location, called New Archangel, was controlled by

the Russian-America Company (Dall, 1879) that are fairly complete to this
date. Considering all years data are avajlable since 1828 (Fig. 1),
positive annual anomalies of greater than 1.5C° were recorded in 1829,
1869, 1915, 1926, 1940 and 1941; whereas, only in 1955 did a negative
anomaly greater than 1.5C° occur. Cycles of 4-5 year duration are apparent
in the data from 1850-71. The period from 1920 to 1947 was characterized
by above normal conditionsi however, there was a marked decline of over
3C° from 1940 to 1950. Below normal conditions have occurred from 1965

to the present. Perhaps the most significant aspect of these data is that
the annual mean temperature for 1828-76 is precisely the same as the
present day mean compiled and used by the National Weather Service, 6.3°C
(43.3?F). Thus, both short-term fluctuations of 1-4 years and long-term
trends, such as the cooling evident from 1940-55 have occurred. Although
we have acquired sea level pressure data as far back as 1900, sea level
data prior to 1930 are available only at Ketchikan, and oceanographic
station data are generally available only since 1950. The longer records
will be utilized where applicable, but most comparisons and interactions

will of necessity be based on data from the 25-year period 1950-74.
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IT. WATER PROPERTIES

Abrupt changes from normal conditions are usually quickly detected,
but gradual changes over long periods often pass unnoticed; nevertheless,
quantification of either requires an adequate data base. Reasonably
complete time-series data in the gulf are available at shore stations,
but none is available at specific Tocations in oceanic areas of the gu]fQA
In the latter case, in order to obtain any semblance of time-series data,
observations over extensive areas must be averaged over Targe intervals;
such data provide an indication of trends but, obviously, numerous spacial
and temporal phenomena are masked by the averaging process.
A. Temperature

Although observations at shore stations are the most complete source
of temperature data, only surface values are obtained. Monthly mean values
(referred to 1950-74 mean, where data are available) for Ketchikan, Sitka,
Yakutat, Seward, Kodiak and Dutch Harbor indicate a progressively colder
regime from southeastern Alaska around the gulf to the end of the Alaska
Peninsula with one exception, that temperatures in winter at Dutch Harbor
are about 2 or 3'C°higher than at Kodiak (Fig. 2a). In southeastern Alaska
the seasonal temperature range is about 9 Cq(from 5 - 14°C at Ketchikan
and 3 ~ 12° at Seward), but the range increases to 11 (Pat Kodiak (1 -
12°) and decreases to 8 C9at Dutch Harbor. Minima occur in January at
Kodiak and in February at all other locations, maxima occur in July at
Seward and in August at all other locations.

There are a number of oceanographic atlases of large areas of the Pacific
Ocean that permit a general assessment of mean temperatures in the offshore
waters of the Gulf of Alaska (e.g. LaViolette and Seim (1969))present

monthly mean, minimum and maximum sea surface temperatures based on a

3/ Extensive data are available at Ocean Station "P" southward of the qulf
-500N, 14504 (e.g. Tabata 1965 aqp Fofonoff and Tabata 1966).
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1 x 1° grid), and there are also a few that are limited specifically to

the gulf and adjacent area--e.g. Robinson (1957), Giovando and Robinson
(1965) and Robinson and Baur (1971). These data are not only easily
accessible, but adequately representative of mean conditions; thus, there
is 1little need for an extensive summary here. It should be pointed out,
however, that such atlases are representative only of offshore areas where
mixing and stirring moderate the extreme conditions that occur in shallow
inshore areas which are influenced by ice-melt in winter and spring, and
runoff and warming over tidal shoals in spring and summerél Maximum surface
temperature, 14°C, occurs in August, but conditions are sufficiently
similar in September to consider either month as representative, and minimum
surface temperature, 3.5°C, occurs in March (Fig. 2b and c) - temperatures
of 0°C, or lower, can be found in Prince William Sound and Cook Inlet
depending on the extent of ice cover.

A representative seasonal temperature cycle to a depth of 122 m (400
ft) is afforded by a compilation of station and bathythermograph (BT) data
in the 5 x 5° quadrangle from 55-60°N, 140-145°W (Fig. 2d). Near isothermal
conditions are present from the surface to approximately 100 m during
January-March and represent the vertical extent of convective turnover
during winter. This process not only determines the extent of the surface
layer in winter, but results in the formation of a temperature-minimum
stratum (~3°C) at depths of 75 to 150 m when surface waters are warmed in
spring and summer. Wind mixing and stirring result in the formation of
a warm surface layer in summer of 20-30 m thickness that is underlain by
a sharp thermocline extending to the depth of winter overturn. Subsequent

downward diffusion in spring, summer and autumn gradually erodes but

4/ See Muench and Schmidt (1975) for a discussion of conditions in Prince
William Sound. 9



seldom eliminates the temperature-minimum stratum, particularly in

the central part of the gulf. The effects of this process are evident
until November. However, year round temperatures of 4.5 to 5.0°C occur
near 122 m around the periphery of the gqulf, over the continental shelf
and slope. These temperatures, 1-2C° higher than those in the temperature-
minimum stratum, appear as a mesothermal, or temperature-maximum, stratum,
but are merely representative of conditions in the water column below

the influence of local seasonal effects.

Further information on conditions at 122 m is provided by a plot of
the geographical extent of selected isotherms (Fig. 3a): the zonal trends
south of 50°N suggest an eastward flow toward the coast; the abrupt
northward trend of the 4.4°C isotherm boundaries west of 140°W suggests a
broad variable northward flow into the gulf east of 150°W; the westward
continuation of this feature south of the Alaska peninsula suggests a
westward return flow in that area; and, finally, the tongue-like area
westward of 147°W between 51° and 54° suggests the presence of‘an eastward
intrusion of cold water from the west or an area of upward vertical
transfer of cold water from depth, or both. A vertical temperature
profile along 145°W (Fig. 3b) based on long-term mean temperatures from
all station data (2 x 2° grid) clearly exhibits a ridging of the 4 and 5°
isotherms in the zone between 48-57°N; and the effects of temperature on
geostrophic flow dictate an eastward, onshore flow to the south of this
zone and a westward return flow north of the zone.

Mean temperature distributions below the range of the shallow bathy-

thermograph (450' or 137 m) must be obtained from station data and are not

10
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readily accessible. Plots based on long-term mean data (2 x 2° grid)

at depths of 200, 500, 1000 and 2000 m (Fig. 4) clearly indicate the

northward sweep of warm water into the gulf on the eastern side and

the permanence of the cold intrusion isolated offshore on the western

side; the two features exist at all levels. It should be noted that

data averaged in this manner (2 x 2° grid) do not adequately represent

temperature fields in the narrow boundary current at the western side of

the gqulf, particularly south of the Alaska Peninsula, but the gradual

lowering of temperature from 5 - 4°C in an east-west direction around the

gulf at 200 m, which is considered the seaward 1imit of the continental

shelf, is fairly representative of actual conditions as far west as Kodiak

Island. A grid of less than 1/2 x 1/2° would be required to show continuity

of isotherms west of this area, and the paucity of data prevent this. Data

obtained east of Kodiak Island in spring 1972 (Fig. 5) indicate character-

istics of the distribution of 4-5°C water near 200 m in this area; and there

are numerous examples of the continuity of this temperature-maximum stratum

from the gulf westward out along the Aleutian Islands (e.g. Ingraham and

Favorite, 1968) based on closely spaced station data from individual cruises.
At all Tevels from 200 to 2000 m the mean temperature distributions

suggest a confluence of cold oceanic water entering the gulf in a north-

easterly direction and warm water entering in a northwesterly direction.

There is also a perturbation evident in isotherms in the eastern side of

the gqulf at 200, 500 and 1000 m that appears to suggest that flow related

to the former has a blocking effect on flow related to the latter. These

phenomena are discussed in later Sections on Water Properties and Currents.
Anomalies from monthly mean surface temperatures at shore stations

around the gulf indicate that marked short-term deviations occur at indi-

12
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vidual stations that are not manifested at others. There is a similarity

in the medium - term (1-3 years) trends, that is not apparent in the
long-term trends (Fig. 6). For example, only at Dutch Harbor and Sitka

is there evidence of a prolonged cooling period, 1958-73. The 12-month
running mean clearly indicates cold periods centered around 1955 and 1972,

and warm periods around 1958, 1963 and 1968. Similar trends in the oceanic
area (5 x 5° Marsden quadrant 195-3; 55-60°N, 140-145°W) are evident (Fig. 7),
and the transpacific occurrence of large areas of positive and negative
anomalies at periods of 5-6 years has been pointed out by (Favorite and
McLain, 1973). There are sufficient station data in offshore areas during
the period 1955-1963 to indicate temperature changes that can occur at
depth during cold and warm periods. Comparison of data in summer 1956

and 1958 indicates that values in the temperature-minimum stratum were over
1C° lower in 1956 over a wide area in the gulf (Fig. 8). Assuming winter
convective overturn to 100 m, this represents a difference of 10,000 ca1/cm2
(of sea surface), a significant change in the heat content of the water
column and the heat budget of the area.

Temperature anomalies in the water column are related also to advective
processes. It is difficult to isolate the effects of winter turnover from
advection in the upper 100 m or so, but at depths below seasonal influences
there are secular changes that can be detected even with fragmentary data.
Favorite (1975) has shown the apparent eastward intrusion of cold water
from the west into the gulf indicated by the distribution of temperature
on the salinity surface = 34.0 9/oo (which occurs at about 250 m) from 1955

to 1962. Any consideration of flow at depth in the gulf must take into

15
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consideration the fact that this anomalously cold water intruded nearly
to the continental shelf in the eastern part of the gulf in 1961 (Fig. 9).
B. Salinity

Atlases depicting salinity distributions (e.g. Muromtsev, 1958;
Barkley, 1968) provide Timited information on actual conditions because of
the paucity of these data. This is unfortunate because in many instances
extensive salinity data, particularly near the surface, would provide
more information concerning flow than temperature data. Because of a
net excess of precipitation over evaporation (Jacobs, 1951) and extensive
runoff, Tully and Barber (1960) have 1iKened the oceanic regime to an es-
tuarine system.

Although extensive runoff around the gulf in spring and summer dilutes
coastal waters, this flow is difficult to quantify. Some clues as to the
timing of this phenomenon are available from data on the monthly mean
discharge from the Copper River, the dominant system in the area. Minimum
discharge occurs from December to April; flow increases in May and reaches
a maximum in July (Fig. 10). The effects of coastal runoff on offshore
conditions is evident in station data averaged by season and 2 x 2°
quadrangles (Fig. 11). Spring and summer data are the most complete but,
although values as low as 16-18 ®/oo occur in inshore areas, the 2 x 2°
grid is too coarse to reflect precise inshore minima. Nevertheless, the
seasonal offshore movement of coastal dilution is evident, specifically,
the 32.0 %/00 isohaline, which moves offshore as much as 200 km in summer
compared to its position in winter. Also evident is a region of high

salinity in the southwestern part of the gulf reflecting vertical divergence.

19
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Maximum values (>33.0 900) in this area are evident in spring rather
than as might be expected in winter, but this is believed due to 1imited
data in the winter period.

Associated with the dilute surface layer is the marked halocline
between 100-200 m (Fig. 12) evident in a vertical profile along 145°W. —
This feature gives a marked stability to the water column and greatly
influences the vertical extent of winter convection and, thus, effects
the vertical distribution of temperature and other water properties.

The salinity data are inadequate to show convincingly any anomalous
salinity distributions in the gqulf either in time or space. This does not
mean that they do not occur. Considerable variability in the timing and
volume discharge of coastal runoff takes place. An example of the variability
possible is evident in the distributions of surface salinity off southeastern
Alaska in summer 1957 and 1958 (Fig. 13). Considerable offshore dilution
is evident in the 1958 distribution compared to that in 1957. However,
the distributions represent mean fields over 3 month periods constructed
from various data points, and it is difficult to ascertain which, if either,
represents average or anomalous conditions.

There has always been speculation as to the existence of a frontal
zone at the edge of the continental shelf indicating not only boundary
processes such as shelf waves, but a simple separation of dilute coastal
from saline oceanic water. Data from a continuously recording surface
salinograph (Fig. 14) obtained during numerous transects of a short 1line
of stations normal to the shelf edge eastward of Kodiak Island in spring

1972 (Favorite and Ingraham, 1976a) prove the existence of such a frontal

23
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zone. Salinity distributions at 200, 500, 1000 and 2000 m (Fig. 15)
reflect primarily the presence of the surface divergence in the offshore
portion of the western gulf and the suggestion of cyclonic circulation
found in the temperature distributions. There is also an obvious area of
dilution off Cape Spencer in the 200 m temperature field.
C. Water Masses

A11 oceanic waters attain marked characteristics when they are in
contact with the atmosphere and these characteristics are subsequently
altered by lateral and vertical mixing. When discrete temperature and
corresponding salinity values of a water parcel below the depth of seasonal
infTuences are plotted against each other a well-defined temperature-
salinity (T-S) curve results that is characteristic of a given area and
defines a water mass (Sverdrup, Johnson and Fleming, 1942). Such a curve
defines the Subarctic Water Mass, characteristic of the area lying generally
north of 50°N in the eastern North Pacific Ocean.

The Tow temperatures and salinities that distinctly define this curve
are due in part to the waters moving eastward at depth from the Okhotsk
Sea, a general vertical movement of intermediate water due to the Ekman
divergence at the surface, and an undetermined northward transport of deep
water in the Pacific basin that is deflected upward in this area by the
land boundaries in the gulf and the Aleutian-Commander island arc. Modi-
fications to this basic T-S curve are caused by a northward flow of warm
water on the eastern side of the gulf that originates not only from eastward
flow south of 50°N, but also from northward flow in the California Under-
current., The Tatter is manifested at the surface in winter, but is over-
ridden at the surface in summer by a southward flow stemming from the

southern branch of the easterly onshore flow.
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Monthly mean, as well as maximum and minimum, values of temperature
and salinity at standard depths were computed from all station data by 2 x
2° quadrangles and are presented in the form of T-S curves at 4 selected
locations at which winter and summer data were available (Figs. 16 and 17).
Because of the paucity of data, in some instances only 3 stations, the
curves and extreme values must be considered as only indicative of condi-
tions rather than representing precise values and ranges. The water mass
at the head of the gulf (area A) is formed from the merging of three major
water masses moving northward into the gulf. In general, all have equiva-
lent surface temperatures during the periods of maximum heating (summer,
13-14°C) and cooling (winter, 4-5°C), except in area B where winter tempera-
tures of 3°C are evident, and there is a noticeable decrease in surface
salinity shoreward from areas B to D, the greatest dilution occurring in
area A, The elimination in winter of the temperature gradient, or thermocline,
evident in the upper 50-75 m of the water column during summer is readily
apparent in all areas. There are marked differences in temperatures from
100 and 300 m, about 3C°, between areas B and D; conditions at these
depths in areas C and A reflect an admixture of the water masses in areas
B and D, although the temperature maximum between 150 and 250 m is main-
tained. There is also a suggestion of a downward diffusion of summer
heating below 125 m during winter. Below 300 m the T-S curves in areas
A, B and C are similar and follow the trend of the general Subarctic
Water Mass curve, however, there is a significant departure from this
curve in area D attributed to northward flow along the coast. As might

be expected, variability in temperature and salinity conditions is largely
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Timited to the upper 300 m of the water column and the greatest ranges
occur in area A, primarily because that 2 x 2° quadrangle encompasses
part of the continental shelf and is subjected to coastal runoff.
Obviously conditions at the head of the gulf are dependent upon the

relative components of flow in these three water masses.
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IIT. CURRENTS

Bering, Chirikof, Cook, Clerke, Portlock, Dixon and countless other
early explorers of the coastline around the gulf encountered the treach-
erous winds and coastal currents that exist in the area, and such infor-
mation reported by mariners is constantly updated in the Alaska Coast
Pilots. There are also early papers that synthesize this information.
Wild (1877) presented a Current Chart of the Ocean that showed northward
flow into the gulf stemming from a bifurcation of eastward onshore flow
into northward and southward trending branches that occurred well seaward
of Vancouver Island. Dall (1899) reported that the zone of separation
was just seaward of Vancouver Island. Schultz (1911) indicated that only
in summer did the separation occur at this latitude; during winter it
occurred off the California coast near 41°N. Such schemes were Targely
based on sporadic reports and data from ship's logs, but the absence in
the gulf of extensive commercial vessel traffic, whose daily observations
of set and drift have provided an extensive historical data base on circu-
Tation in other areas, has resulted in a paucity of specific information
concerning flow. Drift bottle studies provide information concerning
gross circulation patterns, however, only the release and recovery points
are known and actual trajectories are subject to various interpretations.
The computation of geostrophic currents in which the relative field
of currents is derived from the observed field of mass in the ocean,
provides an indirect method of estimating oceanic flow. This method has
several shortcomings and requires extensive synoptic observations at sea
which are not possible to obtain from present platforms. Nevertheless,

this method permits the calculation of relative currents and transports
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that provide considerable insight into oceanic flow throughout the area
observations are made. No significant direct current measurements have
been made in offshore waters of the gulf prior to OCSEAP studies. However,
measurements off the west coast of Vancouver Island where a similar climate
occurs reveals interesting patterns of onshore and offshore flow that are
probably duplicated in gulf waters (Dodimead et al. 1963).

Long before planned drift bottle or drift float programs were in-
stigated, the presence of debris from Japanese fishing operations and
remnants of California redwood trees on the southeast Alaskan coast
signaled two widely differing sources of water flowing into the gulf.
Although there have been a number of recoveries of bottles or floats
from a variety of experiments, there are several studies that provide
most of the basic information that can be deduced by such studies.

The first extensive study was conducted by the International Fisheries
Commission, (IFC)--predecessor to the International Pacific Halibut
Commission (Fig. 18); over 4,000 bottles were released from 1930-34
(Thompson and Van Cleve, 1936). Those released along an east-west line
across the gulf from Baranof to Kodiak Island and at several locations
inshore along the Alaska Peninsula in spring 1930 indicated a broad
northward flow into the head of the gulf, with recoveries only at Cape
St. Elias and Cook Inlet, and a southwestward drift along the Alaska
peninsula and through Unimak Pass. Releases just east of Kodiak Island
were recovered only along the southern coast of the island and on the
Alaska peninsula to the west and north of the island; releases from
three locations inshore along the Alaska Peninsula indicated a south-

westward drift along the coast. Releases off the west coast of the
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Queen Charlotte and Vancouver Islands in summer 1931 indicated a marked
bifurcation of onshore flow at the northern end of Vancouver Island.
Two bottles in the northern component of flow were recovered near Cape
Spencer and one on Kodiak Island. In a similar experiment in spring
1932, except for one recovery at Cape Flattery (directly east of the
release point), all recoveries were made northward of the release points,
at various locations around the gulf. The Western most recovery was made
in Shelikof Strait and numerous recoveries were made in Prince William
Sound where none was recovered in the 1930 and 1931 experiments. Releases
north of 50°30'N and recovered north of 57°N were estimated to travel 9.4
miles per day. In winter 1933 and 1934, releases just north of Cape
Spencer were recovered in Prince William Sound, along the west coast of
the gulf, and on the Pribilof and Umnak Islands. These studies reflected
a southward shift in winter of the zone of separation of the onshore
flow off Vancouver Island that had been indicated earlier (Schutz, 1911).
The northward branch, which moves cyclonically around the gulf, had a
general drift of about 20 cm/sec and an inherent onshore component.
Although a large cyclonic gyre encompassing the entire gulf at the
latitude of Kodiak Island was inferred, there is no evidence other than
delays between release and recovery to justify such a conclusion. The
authors noted that, although westerly flow was predominant, at the head
of the gulf, the currents were not regular or constant.

A subsequent experiment was conducted by the Pacific Oceanographic
Group (POG), Nanaimo, from August 1956 to August 1959 (Dodimead and Hollister,
1962). Forty-two releases (33,869 bottles) were made from Ocean Station

"P" (50°N, 145°W) and surrounding locations. Twenty-three of the releases
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were made at Ocean Station "P" at approximately 6-week intervals and

these indicated a fairly complicated pattern in drift currents between

the station and the quth American coast. For example, of 998 bottles

released on August 25, 1956 only one of the 114 recoveries was made

north of Ketchikan and it was made on Middleton Island; whereas of 1,008

bottles released on August 24, 1957, all of the 39 recoveries were made

at or west of Middleton Island. Of particular interest to the present

study are the 5 releases north of Ocean Station "P", especially the 2

that were made north of 55°N. At the 3 Tlocations south of 55°N between

155 and 160°, an esterly set was indicated, recoveries being made through-

out the head of the gulf. However, recoveries from the two releases north

of 55°N (approx. 142°W) made on February 17, 1957 and August 17, 1957

were made only at the western side. Perhaps of more significance is that

recoveries from the winter release (Fig. 19) were recovered as far north

as the Pribilof Islands, as far west in the Aleutian area as Amchitka Island, as

far east as the Washington-Oregon-California coast, and as far south as

the Hawaiian Islands and Wake Islands--a tremendous dispersal that requires

considerable thought when one contemplates possible o0il pollution in

the head of the gulf and the subsequent formation of floating tar balls.
Whereas the IFC studies were concerned with coastal drift 2/and the

POG studies largely with onshore drift from discrete offshore locations,

the studies conducted by the National Marine Fisheries Service Northwest

Fisheries Center. (formerly Bureau of Commercial Fisheries Biological

Laboratory) extended over a large area of the northern North Pacific Ocean.

5/ See Ingraham and Hastings (1974) for results of seabed drifter study off
Kodiak Island in May 1972.
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The two experiments that pertain to flow in the gulf were conducted in
1962 (Favorite, 1964) and in 1964 (Fisk, 1971); releases made along ex-
tended north-south and east-west cruise tracks (Fig. 20) indicated the
broad north-south oceanic boundaries of eastward surface flow that moves
directly into the gulf or toward the coasts of British Columbia, Washing-
ton, and Oregon where, in winter, a northward flow surfaces along the
coast (Reid, Roden and Wyllie, 1958; Burt and Wyatt, 1964; and others).
B. Geostrophic Flow

The geostrophic (dynamic) method has been thoroughly described and
evaluated (e.g. Fomin, 1964); basically, the method, which requires a
balance between Coriolis and pressure gradient forces permits the computation
of current relative to that at an arbitrary and perhaps fictional depth,
selected in the belief that it is deep enough for isopleths of density
and pressure to be parallel and thus a depth or level at which no motion
exists (a zero reference level); no accelerations or physical boundaries
are permitted. Fleming (1955) has presented a chart showing the locations
in the northern North Pacific Ocean where the oceanographic station data
required by his method had been obtained prior to 1955, and Dodimead
et al (1963) showed station Tocations from 1955-59, as well as winter
and summer fields of geopotential topography. McEwen, Thompson and Van
Cleve (1930) and Thompson, McEwen and Van Cleve (1936) were the first to
use this method in the Gulf of Alaska and found a westward flow in excess
of 50 cm/sec at the edge of the continental shelf. The complexity of
geostrophic flow in this area was evident in the closely spaced station
data obtained by Doe (1955). Roden (1969) and Thomson (1972) have contributed

to present knowledge of flow around the gulf.
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The Tocations of all oceanographic station data on file at NODC
(prior to OCSEAP studies) and used in this report are shown in Figure
21. Current speeds normal to a line between two oceanographic stations

are obtained by the Sandstrom Helland-Hansen equation:

o Y

where D is the accepted depth-of-no-motion expressed in decibars; §, the
geopotential anomaly; x, distance between stations; f, Coriolis ac-
celeration; and, p, pressure.

Computations of geopotential anomalies at all stations were averaged
by 2 x 2° quadrangles to obtain long-term means and seasonal (winter,
spring, symmer and aytumn) means for the depth intervals 0/300 db,
considered to be the layer of seasonal influence, and 0/2000 db, where
2000 db is considered to represent a level-of-no-motion. Mean values
over such large areas (over 20,000 km) cannot be expected to reflect
boundary currents over the narrow continental slope but general circulation
patterns are evident. Data for winter, spring and summer are sparse,
from 1 to 30 or more observations per quadrangle, with an average of about
10; data for autumn are only 20% available. At Ocean Station "P", observa-
tions are more numerous and provide at least a qualitative check on
surrounding data. For example, in the mean summer data there are 112
observations at the quadrangle associated with Ocean Station "P"; mean
value 0.53 dyn cm: althouah there are only 11 observations in the

quadrangle to the west, and 10 in the quadrangle to the east, the mean

values are 0.52 and 0.53 dyn cm respectively.

The seasonal mean fields of geopotential topography for the depth
interval 0/300 db (Fig. 22) are quite simidar. The longitude of the topo-
graphic low, 149°W is the same for all seasons but the latitude shifts
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from 539N in spring to 55°N in summer while winter is intermediate at 54°N
(autumn data is lacking). Although numerous variations in the configurations
of the respective isopleths occur, there is a difference of 15-20 dyn cm
between the topographic lTow in the southwestern part of the gulf and the
topographic high near the coast at the eastern edge of the gulf. Further,
isopleths are not continuous around the gqulf but, rather than representing

a discontinuity in flow, as will be shown in the next section, this is
primarily due to narrow width of the boundary current in the northern and
western part of the gquif. Speeds of 3 - 5 miles per day and a northward
transport, east of the topographic Tow, of 3 Sv are indicated.

The winter and summer mean fields of geopotential topography for
0/2000 db (Fig. 23) are generally similar to those for 0/300 db. The
position of the topographic low remains near 559N, 1499W. The difference
in topography across the eastern side of the gulf changes from 35-40 dyn
cm in summer to 50 dyn cm in winter indicating some winter acceleration;
speeds are 20 and 25 cm/sec and transports are 12 and 15 Sv, respectively.
Isopleths at northern and western sides of the gulf are discontinuous as
before. As might be expected from the foregoing, the long-term mean field
of geopotential topography for 0/2000 db is not much different from either
of the above and the apparent conclusion one can draw is that in winter
the baroclinic mode reflects an increase in flow of about 20 percent,
and this increase stems largely from adjustment in the mass field below

300 m.
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Because of the paucity and non-synoptic nature of the station data
in the gulf, it is difficult to ascertain if irregularities in geopoten-
tial topographies are real or caused by the lack of synoptic data.
However, there are three aspects that can be explored: are there patterns
in individual years that are not obvious in the mean flow; what are the
apparent fluctuations in transport, and do accelerations in the boundary
current result in discontinuities in geostropic flow on the western side
of the gulf? Because most of the data that permit answering these
questions were obtained in the period 1955-63 and many of the observations
were limited to 1000 m at that time (even though this was not considered
a realistic level-of-no-motion), some comparisons must be made in reference
to this Tevel,

One pattern that is represented in one form or another is an extensive
perturbation in the northward flow at the eastern side of the qulf.
Examples of this are found in the geopotential topography (0/1000 db) for
winter and summer 1957 (Fig. 24). The configuration of the isopleths
suggests a possible blockage of westward flow at the head of the qulf
resulting in a seaward plume that extends over 500 km in a southwesterly
direction. The apparent effect of this phenomenon is a convergence of
isopleths, and thus an acceleration of northward flow, at the eastern
side of the gulf. Unfortunately neither closely spaced or repetitive
stations have ever been made in this area so the actually physical
nature or cause of this feature cannot be ascertained. This is also

true of features at the western side of the gulf. At times there is an
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indication of eddies breaking off to the east of the boundary current
seaward of Kodiak Island (Dodimead et al, 1963), but there is also evidence
that this is not a permanent feature of flow in this area.

The question as to whether or not there is continuity of geostrophic
flow around the gulf would require extensive observations and extensive
direct current measurements. However, some new insight into the boundary
flow was obtained in 1972 when closely spaced observations were made on
transects of the continental shelf and slope approximately 100 km apart
east of Kodiak Island (Favorite and Ingraham, 1976a). It was discovered
that approximately 70% of the westward flow out of the gulf occurred
within 50 km of the shelf. Geostrophic velocities of 50 cm/sec (referred
to 1000 db) occurred in a narrow band approximately 20 km wide and in
one instance, velocities of 100 cm/sec (referred to 1500 db) were estimated
withina 10 km band. Little evidence of any major perturbations were evident
in the nearly 600 km stretch along the continental slope in this area. Thus,
it would appear that when appropriate observations are made, fairly
reasonable continuity may be obtained.

C. Volume Transports

Fluctuations in transport can be estimated by the difference in geo-
potential topography across the eastern part of the gulf. Data from
1954-62 (Table 1) indicates that the mean transport from 0 - 1000 m is
approximately 8 Sv and individual values range from about 6 - 12 Sv,
with no particular pattern to winter or summer values. Bennett (1958)
reported that when observations are available to 2000 m the transport

nearly doubles to approximately 15 Sv, with individual values ranging
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Table 1. Northward volume transport (0 to 1000 m - to the nearest 0.5 Sv) into
the gulf across 55°N, computed from geopotential topography (the
lowest value in the Alaskan Gyre versus the inshore value at the
location of the 1000-m isobath at the eastern side of the gulf).

Period Transport (Sv)

B

1954 (summer)
1955 (summer)
1956 (summer)
1957 (winter)
1957 (summer)
1959 (winter)
1959 (summer)
1960 (winter)
1960 (summer)
1961 (spring)
1962 (spring)
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from 13.5 - 16 Sv, and again no particular pattern to winter and summer
values is evident. Thus, it would appear that the year to year seasonal

fluctuations may be as great or greater than the within year seasonal ones.
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IV. WIND STRESS-TRANSPORTS

Because of the paucity of data on actual winds, the wind-stress
at the sea surface is obtained from distributions of sea level pressure.
It should be noted at the outset that there is an unavoidable bias in
long-term sea level pressure data because of not only the varying intensity
and location of reports from shipping, but because of modern devices
and techniques. The establishment of Ocean Station "P" in the mid-forties,
the availability of satellite imagery showing cloud patterns in the mid-
sixties, and the placement of ocean data buoys in the mid-seventies, all
permit an increasingly better estimate of the sea level pressure fields
and associated gradients. Several grid spacings are used in this report
and each will be defined as encountered.
A. Pressure Fields

In order to obtain an initial assessment of variability of pressure,
the historical sea level pressure data at 5 x 5° grid points were obtained
from the National Center for Atmospheric Research (NCAR) and monthly mean
fields (composed of 12 hourly and in some instances 24 hourly data) from
1899-1972 were plotted to ascertain the relative frequency at which the
central pressure of the Aleutian low falls within the selected Tow
pressure intervals (Fig. 25). In 6 instances the monthly mean pressure
was less than 985 mb, these occurred in either December or January; in 32
instances it was less than 990 mb, all occurred from October to March;
and in 91 instances it was less than 995 mb, all occurred from September
to April. Although it appears that data from 1899-1950 are fairly rep-
resentative of the period 1950-1972, we are concerned with the curl of
the wind-stress and therefore details of the first and second derivative

fields, and not
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mere]x_;hewgbso1ute value of pressure minima. 'If we choose 550N,
15504 near the approximate center of the Alaskan Gyre, data at this
grid point, deviations from monthly means, 12-month running means and
power spectrum provide an indication of the general variability of sea
level pressures. Deviations from monthly mean pressures do not exceed
+ 5 mb and, except for the extended period, roughly 12 years, of positive
deviations from 1901-1912 (which may be due to limited data), departures
from normal are generally of 1-4 years duration. Particularly noticeable
is the extended period of below normal pressures centered around 1940.
The power spectrum (cycles less than 1.5 years not shown because of the
obvious annual periodicity) based on annual mean values reflect cycles
of 2.7, 6.7 and 13.3 years (Fig. 26). The 6.7 years is the approximate
periodicity of oceanic temperature cycles (5.6 years) found by Favorite
and McLain (1973). The 13.3 years suggests an influence of the sunspot
cycle of 12.3 years. Favorite and Ingraham (1976b) have shown that if
mean pressures from October to March for the three years centered around
the period of sunspot maxima and minima from 1899 - 1972 are calcualted,
with only one exception (1958), the center of the Aleutian low occurs
in the central Aleutian area during periods of the sunspot maxima and in
the Gulf of Alaska during periods of the sunspot minima; mean pressures
are 2 mb lower during the Tatter period.
B. Transport Fields

Total integrated transports (Wind:stress transports) are derived frem
the mean pressure fields by deriving a wind field that is transformed
into a stress field. The nature of the coupling of energy between wind-
stress and water transport is not precisely known and certainly varies

under different conditions. When the water is warmer than the air, a
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turbulent boundary layer exists and exchange of energy is more effective
than when the water is colder than the air and a stable Tayer exists
at the air-sea interface. Further, when interpolation and averaging
processes are taken into account, caution must be exercised in inter-
preting results. However, a number of authors (e.g. Wyrtkf, 1964) have
indicated the usefulness of this technique in estimating flow.

Sverdrup (1947), by including the pressure gradient term in the Ekman

transport equation, arrived at the following:

. _ 4 9P 9 (/. 2w
—§V = % o T3 (A az> ()
- 3
fu =-<% 3":, +2 (4 ) (3)

After cross differentiating and integrating from the surface to an

unspecified depth-of-no-motion one obtains the transport equation:

M, = (;-’a—gl— ’—%)/@ (4)

where T is the wind stress and (>the variation of the Coriolis parameter
with Tatitude (%ﬁ) . This shows for steady non-divergent flow the
total meridional transport, ﬁ41,is directly related to the curl of the
wind stress and independent of the details of the mass distribution as
long as the pressure gradient is baroclinically compensated at depth.
Using the technique devised by Fofonoff (1962) and the program
constructed by Bakun (1973), geostrophic winds were computed from sea
level pressure values (interpolated from the 5 x 5° field) computed on
an equilateral triangular grid, 222 km on a side, centered at 47°N,
170°W. Pressure data archived on magnetic tape were arranged on the
computation grid surrounding each selected location using Bessel's
central difference formula. Finite difference first and second deriva-

tives were formed and the geostrophic wind field was computed in spherical

55



coordinates:
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vé . S_coscp IA (8)

! ¥p i 1)

%: yE;-U”‘f’(d:br\ aA[TCng)(
3 ¢Rf cos$ A (0)

where ¢ and ) are the latftude and longitude coordinates respectively,
Ug and Vg are the eastward and northward components of geostrophic

wind, p is the atmospheric pressure, ¢ 1is the density of air (con-
sidered to be a constant equal to 0.00122 gm/cm), R s the mean radius
of the earth and £ 1is the Coriolis parameter.

These are transformed to estimates of the wind field near the sea
surface by rotating the geostrophic wind 15 degrees to the left and
contacting it by 30 percent to approximate, in a simplified manner, the

effect of friction in the planetary boundary layer:

U = QqUly + by Uy (”)
AU - g 3l , b DT (12)
3¢ s T 'Te
U = a2Uy + bz (‘3)
WV - a, Yy b3 (1)
3 » T

where U and U are the eastward and northward components of surface

-
wind, V , and the transformation coefficients are: a, = 0.7 eos (15°),
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‘b, = 0.7 sin (15°), @, = -0.7 sin (15°), b= 0.7 cos (15°).

Derivatives of surface wind speed, ]Vlzvu’}v‘ are computed according

to:
7 d A 5
3__;:1 :(u_a% o U%%) |V (' )
vl - J b
5;1. = (u.&;. u} 7] (’ )

The stress on the sea surface, ﬁF , was computed using a relatively
high value, 0.0026, of the constant drag coefficient to partially offset

the effect of using mean data:

2 zg& MY (7)

992; ; ,.co(v_'!. + VI %‘{) (18)
B

% pCo(wdW o+ wid) (1)

->
where 7? and T3 are the northward and eastward components of T . The
curl of the wind stress is then determined as

(Z =k (o 32 3B + B tane) (20)

Integration of wind-stress curl along a parallel of Tatitude from
an eastern boundary, in this case the west coast of North America, to
successive grid points results in a total transport across that parallel
of latitude; and eastward flow is obtained by satisfying continuity between
grid points along two parallels of latitude. Welander (1959) has shown
that wind-stress transport in a semi-enclosed basin (such as the Gulf

of Alaska) must flow out in the form of a western boundary jet because
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eastern boundary currents are excluded, thus, northward transports across
55°N are considered to exit the gulf along the western shore.

When one considers the nature of the variability in location and
frequency of ship reports that make up the bulk of these pressure data,
the averaging processes 1nvo1ved; and the theory employed, there are
severe limitations associated with this method of obtaining flow, but it
provides an indication of the continuity of events that is unattainable
from the fragmentary station data obtained only aboard research vessels.
Mean (1950-74) seasonal integrated total transports (Fig. 27) indicate a
maximum northward transport in excess of 19 Sv into the guif in winter
and an accompanying closed circulation in the gulf area. Northward
transport drops to less than 5 Sv in spring and summer and is concentrated
at the western side of the gulf, whereas there is a suggestion of southward
flow (< 1 Sv) at the eastern side. Intense northward transport greater
than 15 Sv is reestablished in autumn, but the closed circulation evident
in winter east of 155°W is not developed.

There are marked departures from mean conditions and these are
most readily apparent in winter. Two winter periods, in 1963 and 1969,
have been selected to reflect the range in values obtained in the period
1950-74 (Fig. 28). Computed northward transport in 1963 was less than
10 Sv, whereas, in 1969 it was nearly 3 times as great, in excess of 25 Sv.
Thus, considerable variability in flow is indicated not on]y‘seasona11y,
but -annually and marked deviations from the smoothed isopleths presented

must occur. One can only conclude that, although a basic cyclonic flow
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Figure 27. Seasonal mean (1950-T4) integrated total transports (Sv)
indicating general cyclonic flow with marked winter intensification

of flow.



[60°W 150° 140°

|

WINTER 1963

REasiid e

WINTER 1969

{56°

Figure 28.

62°N

60°

58°

- 56°

54°

62°N

60°

58°

54°

Total integrated transports for winter (Jan. Feb. Mar.) 1963 and

1969 indicating variability in winter flow.

60



exists in the gulf, the variations and perturbations in flow due to
variable wind-stresses result in a highly complex flow regime.
C. Numerical Model

Further refinements of estimates of water transport in the quif,
over those obtained by integrated total transport method, are obtained
by expanding basic assumptions in the total integrated transport method
to permit inclusion of variable bathymetry and to incorporate analyses
in a numerical model first devised by Galt (1973) for an enclosed basin.
This was configured to fit the North Pacific Ocean, Bering Sea, and
Okhotsk Sea on the 222 km equilateral triangular grid mentioned in the
previous section. Although limited to the barotropic flow assumption,
the model provides an inital look at actual isopleths of flow considering
the great increase in complexity of designing a baroclinic or multilayer
model. Because of problems associated with specifying initial stream
lines and vorticity on an arbitrary mid-ocean southernboundary for the
Gulf of Alaska, the larger ocean area with a southern boundary far away
from the area of interest was selected for the model. This exploratory
version would show if a more detailed grid within the Gulf of Alaska
as a subset of this large area model would be informative.

The basic model outputs are time dependent solutions of the transport
stream function which, when presented in maps and contoured, give transport
stream lines of flow. As before, the wind stress curl field is computed
from sea level pressure; the bathymetry is scaled relative to the mean
depth from flat bottom (0%) to actual bathymetry (100%) to simulate the

effect of stratification; and coefficients may be selected which govern the
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character of the solution by scaling the importance of nonlinear advection
(e ), lateral friction ( @ ), and bottom friction ( ¥ ). As the model
spinsiup from zero initial stream function and vorticity, maps may be
obtained at any time interval which is a multiple of the time step (6
hours or less) to show the development of flow which in most cases reaches
near steady state after about 60 days or 240 time steps. Caution must
be taken when interpreting the results because of the barotropic assumption
which allows minor changes in deep bathymetry to affect flow. Further,
short (one month or less) periods of unusually intense wind stress curl
patterns give unrealistically high transports if run to a steady solution
a considerable time beyond their actual duration.

The model is based on a nondimensionalized vorticity equation (1)
which is obtained by cross differentiation and subtraction of the vertically

integrated equations of motion:

_315? - (xR (EEE) + B S _{_[;+ v-v@)] + vx(X), (21)

where E is the vertical component of vorticity (%:-%;) ; uand v are the

horizontal components of velocity; h is the depth, f is the Coriolis
parameter; e, (3, and &' are constants that specify the effectiveness of
the nonlinear advection, horizontal and vertical frictional forces

respective]y;'r'is the wind stress; and Q) is the transport stream

function defined by -hu = E;z and hv = éjﬁ . The continuity equation
Y X
A L3 () _ g, (22)
dx oy

62



and finally a relationship between stream function and vorticity

V(-&VW)'—' E 3 (23)

complete the basic equations of the model. For further information on
finite difference forms see Galt (1973).

A typical run of the model includes the following sequence of events
throughout the 17 x 42 point array over the area from 33-61°N and 140°E-
120°W. Initially the vorticity ( 2 ) and stream function ( ly ) values
are set to zero at each of the 714 grid points. Then the rate of change
of vorticity ( %;% ) is computed at each grid point from equation (21)
and integration of the rate of change over one time step interval (6 hours)
gives a new vorticity value at each grid point. Using equation (23), new
values for the transport stream function are computed from the new vor-
ticity values by an over-relaxation technique, and streamfunction values
at each grid point are contoured to indicate the néw mﬁgnitude and direction
of flow. This sequence is repeated. The model approaches steady condi-
tions when the gradients are such that the terms on the right hand side
of equation (21) approach zero indicating a balance between vorticity
dissipqtion (by advection of popeptia] vorticity, lateral friction, and bottom
friction) and vorticity input at each grid point (the wind stress curl field).

Using the 25 year mean annual wind stress and a 10% bathymetry factor,
the model after 60 days spin up shows the generally accepted features of
flow around the Gulf of Alaska (Fig. 29). The cyclonic flow,western
boundary intensification, and magnitude of transport (about 20 Sv)

generally agree with the geostrophic calculations from field measurements
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Figure 29. Numericel model of Transpacific ocean transports (Sv) using
annual mean (1950-T4) wind stress, 10% bathymetry factor, and
« s 3 s ¥y coefficients.
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of temperature and salinity if a reference level-of-no-motion of about
2000 db is used. Next the sea level pressure data were averaged by
seasons to observe the effect of variable wind-stress. A1l factors except
wind stress input were kept the same for each of the four runs which were
driven by the seasonal mean (1950-74) wind-stresses, only the gulf

portion of the model is presented (Fig. 30). As expected, the autumn and
winter transport patterns are much more intense than the annual mean
pattern, and the maximum transport of 63 Sv across 54°N (between 130°

and 160°W) occurred for autumn conditions; the winter transport was 51 Sv
followed by summer with 13 Sv and spring with 11 Sv. The general asymmetric
cylonic features of flow were quite similar during both of the high trans-
port seasons and both of the low transport seasons, but details were
considerably different.

During autumn and winter an intense boundary current develops on the
western side of the gulf, about 2 grid lengths offshore, over the continental
slope. Eddy-like features form south of the boundary current. The lack
of synopticity and closely spaced stations in historical oceanographic
data has precluded detecting the existence of these eddies, other than
perhaps isolated instances, which have been generally overlooked. At the
eastern side of the gqulf, the streamlines of easterly flow converge
indicating higher velocities near Yakutat. The flow remains about the
same magnitude zonally across the head of the gulf and intensifies
as it is forced southwestward by the land boundary off Kodiak Island and
the Alaska Peninsula.

During the spring and summer Tow wind stress period, flow is consider-

ably reduced in magnitude, and the center of cyclonic flow shifts southward.
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A new. feature appears in the form of an inshore return flow of 1-3 Sy
over the shelf that is not evident in the 10 (or 5) Sv contour interval
shown. This is perhaps much more significant in terms of mean velocity
considering that the transport in this area is confined to within a depth
interval of 200m compared to the offshore depth interval of about 4000m.
Other features of spring and summer transports include weak eddies or
meanders, a broad northerly flow at the east side of the gulf, and a
slight intensification of the southwesterly flow at the western side of
the gulf.

Computed wind-stress fields for winter 1963 and 1969 (based upon
extremes in the integrated total transport (wind-stress transport) time
series)were selected to show the variability that may be expected during
the high wind stress period (Fig. 31). The general features of the mean
winter condition are clearly present, with 1969 having a high transport
value of 83 Sv compared to only 22 Sv in 1963. The greatest departure
in 1969 from mean conditions occurs in the eastern gulf where the easterly
flow is contained about 400 farther south than normal, resulting in a
more intense northwesterly flow along the coast. This was apparently
associated with unusually strong positive wind-stress curl in the eastern
gulf.

These numerical model studies suggest that flow in the gulf does not
appear to be of a typically uniform cyclonic nature, but rather a funneling
of northward flow into the head of the gqulf that exists as a narrow boundary
flow at the western side. Closure may well occur in nature (see Surface
Salinity section) in the surface layer, which is generally isolated from
the deeper flow by the halocline at 100-300m. Future studies should take

into account the stratification or baroclinic effects.
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in flow than evident in Fig. 28.
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V. COASTAL SEA LEVELS

The geopotential topography computed from hydrographic data provides
a relative indication of sea surface slopes but observations at shore
stations are a direct measurement of actual sea level. Daily means of
hourly heights referred to a Tocal datum are recorded at selected coastal
stations and the data are on file at NOAA Headquarters (Rockville).
Although weekly and even daily departures from normal sea level have shown
good correlations with coastal flow regimes in the Coastal Upwelling
Experiments (CUE) off Oregon, monthly mean sea level data are appropriate
for discussing the seasonal and longer-term variations which are the focus
of this chapter. Distortions caused by changes in atmospheric pressure

are corrected as follows:

sh = L %p 24)
)

where h is the change in sea level, f the density of water, g the accelera-
tion of gravity and p the atmospheric pressure. Steric effects which may
result in seasonal differences as great as 6 cm are not compensated for
because usually only departures from monthly means are considered.

LaFond (1939) showed that nearly all variations in sea level on the
west coast of the United States could be accounted for by changes in the
geopotential topography of the ocean off the coast and thus, were directly
related to ocean currents. Jacobs (1939) reported that such relations
were not due to changes in the density of surface water but actual slopes

caused by atmospheric interactions. Pattullo et al (1955) found that in
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the northern North Pacific isostatic adjustments (steric and pressure
effects) did not account for all seasonal departures from mean sea level,
and Pattullo (1960) noted that in low latitudes sea level was high in summer
but north of 40°N there was a distinct change of phase and sea levels around
the Gulf of Alaska were highest in December. Local effects of river
discharge on sea level at the mouth of the Columbia River were noted by
Roden (1960) in a study of non-seasonal variations in sea level along
the west coast of North America; only a moderate to poor coherence in
relation to local sea surface temperatures were found. Sea level data south
of Ketchikan were studied by Saur (1962) and deviations from isostacy were
attributed to variability in ocean currents. Favorite (1974) showed that
the anomalous increase in sea level at Yakutat during winter could be
explained by an accompanying increase in northward wind-stress transports,
and Reid and Mantyla (1975) have indicated that the winter increase in sea
Tevel along the entire coast of the northern North Pacific Ocean is due to
increased flow in the overall subarctic cyclonic gyre.
A. Sea Level Pressures

A general gradual increase in monthly mean sea level pressure is
evident at Ketchikan, S{tka, Yakutat, Seward, Kodiak and Dutch Harbor
form February to July (Fig. 32) and this is followed by an abrupt decrease
from July to October. Somewhat constant but low pressures prevail from
November until January when an anomalous secondary maxima occurs that is
probably caused in part by a westward shift in the center of the Aleutian

low from the gulf to the central Aleutian Islands that occurs at this time.
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Figure 32. Monthly mean (1950-Tli) sea level pressure (mb) at the indicated
coastal stations indicating maxima in July and minima in October.
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Deviations from monthly means, and 12-month running means of sea
Tevel pressures for the 6 locations for 1950-74 (Fig. 33) indicate a
marked similarity that is even reflected in abrupt anomalies of only a
month or so duration. The abrupt increase in pressure in Tate 1950 at
Dutch Harbor was evident at all stations, although decreasing in intensity
to the south. In 1957 an abrupt increase and a subsequent decrease was
evident at all locations and other examples are evident. Thus, there is
a general response throughout the area to short or prolonged events but
periods of positive or negative anomalies appear to be Timited to from
one month to about a year.

Spectral energy densities were computed for monthly mean values at
each of the coastal stations over the period 1950-74 using a lag time of
approximately 13 percent of the record Tength (40 Tags over a continuous
record of 300 data points). Al11 locations exhibit maximum energy density
at a frequency of approximately .085 cy/mo or 1 year (Fig. 34). Although
the 1imited number of data points prohibits meaningful analysis of lower
frequencies, there is an indication that the total energy distribution
at these frequencies increases from Ketchikan to Dutch Harbor and a consistent
indication of an energy peak at .025 cy/mo or 3.3 years. A coherency test
using the coherence square technique shows a maximum coherence at a fre-
quency of 1 year at all stations. Comparisons of data at all locations
with those at Ketchikan indicates that there is also a good spatial
coherence around the gulf (Fig. 35).

B. Mean Sea Levels

Monthly mean (1950-74) sea levels corrected for atmospheric pressure

at Ketchikan, Sitka, Yakutat, Seward, Kodiak and Dutch Harbor (Fig. 36)

reflect consijderable coherence. Unfortunately there is no horizontal
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Figure 33. Deviations in sea level pressure (mb) from monthly mean (1950-TL4)
values at the indicated coastal stations and 12-month running
mean (dotted line).
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Corrected Sea Level Deviations (cm)
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control between the various stations that would permit relating levels at
the various sites to a common datum which would permit ascertaining relative
levels. Deviations from monthly mean sea Tevel for 1950-74 and 12-month
running mean corrected sea level were compiled (Fig. 37). Here again
there is continuity in short pulses (e.g. November 1952, January 1958,
and others). However, positive and negative anomalies extend for longer
periods up to 4 years. Well above normal sea level was evident at Dutch
Harbor from 1957-61 and at Ketchikan from 1966-70. The apparent progressive
Towering of sea level at Dutch Harbor from 1957 to 1974 is not evident at
the other stations, but the below normal Tevels are evident from 1970 to
1974. These data can be grossly summarized for the area Sitka to Kodiak
as follows: 1950-54 above normal, 1955-57 below normal, 1958-62 above -
normal, 1963 below normal, 1964-69 normal, 1970-74 below normal. As
might be anticipated, power spectral analysis (40 lags) for corrected
sea level at the coastal stations exhibits the 1 year frequency (Fig. 38).
Data at Dutch Harbor, Seward, Yakutat and Ketchikan indicate significant
energy densities at periods of less than one year and there is a high
coherence (».9) at this frequency at all stations compared to Ketchikan
(Fig. 39). In contrast to sea level pressure, there is a marked coherence
at 0.5 cy/mo. As before, the limited data points do not permit clear
definition of periods greater than 1 year.
C. Relation to Transport

An increase in sea level normally signifies an increase in northward
flow into the gulf. Such considerations can only be made when equivalent

transport data are available. Obviously this cannot be obtained from
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Figure 37. Deviations in corrected sea level (cm) from monthly meen (1950-T7k)
values at the indicated coastal stations and 12-month running
mean (dotted line).
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station data which are available only for one or two months in a 1limited
number of years. However, comparisons can be made with wind-stress
transports. Monthly mean wind-stress transports across 55°N (+northward; -
southward) computed for the years 1900-74 indicate a mean transport of 11.22
Sv (Fig. 40). There is a progressive increase in the 25<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>