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The intensification of cyclonic winds in the Gulf of Alaska

during .winter belies the relatively constant geostrophic circulation

as being indicative of actual flow. In the absence of direct current

measurements, effects of various meteorological phenomena have

been eliminated from monthly mean sea level measurements over the

decade 1950 to 1959, and the resulting height anomalies equated to

monthly mean Sverdrup transports. A linear relationship is obtained,

except during summer when it permits an estimate of the increase in

recorded sea level due to runoff. The data suggest that during sum-

mer the geostrophic transport is a good indication of general flow,

but that during winter the distribution of mass does not adjust to the

Sverdrup transport, and the resulting barotrophic flow is about one

and one-half times the geostrophic flow during this period. Mean

seasonal Sverdrup transport indicates maximum recirculation in the

Gulf of Alaska gyre during winter, a reduced but equal recirculation
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during summer and fall, but none during spring.

These results conflict with existing interpretations of flow in

the Gulf of Alaska, and should form the basis for renewed oceano-

graphic explorations in this region.
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GEOSTROPHIC AND SVERDRUP TRANSPORTS AS
INDICES OF FLOW IN THE GULF OF ALASKA

INTRODUCTION

The oceans are set in motion by internal and external forces but

are constrained to flow within boundaries imposed by land masses.

Although for many centuries the speed and direction of ocean currents

were ascertained from reports of vessel drift at sea, for over half a

century our knowledge of currents has been derived largely from the

classical dynamic method (Fomin, 1964). This method permits the

computation of geostrophic currents, which require a balance between

Coriolis and pressure gradient forces, and the relative field of cur-

rents is derived from the observed field of mass in the ocean. It has

several shortcomings in that no accelerations are permitted and the

computed currents are relative to those at an arbitrary and perhaps

fictional depth usually selected in the belief that it is deep enough for

isopleths of density and pressure to be parallel, and, thus, this depth

can be considered a depth-of-no-motion. This requires extensive,

synoptic observations at sea which are impossible to obtain at the

present time. Yet, the quasi-synoptic observations by single or mul-

tiple ship surveys have been useful in ascertaining the general

character of ocean flow and the transport of water in specific current

systems. However, the curiosity in, and utilization of, ocean
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resources during the last decade has required more extensive and

more accurate knowledge of oceanic flow than can be obtained from

isolated, aperiodic cruises of oceanographic research vessels, and

other methods must be explored and established.

Another method, completely independent of oceanographic

observations at sea, that has proved to be useful in determining flow,

is the computation of ocean transport induced by wind-stress, usually

referred to as Sverdrup transport (Sverdrup, 1947). Munk (1950) and

Hidaka (1955) have shown that these transports indicate flows closely

approximating those found in the open ocean by direct and indirect

methods. Wyrtki (1964) found Sverdrup transports were in good

agreement with the observed surface circulation and the distribution

of water masses in the eastern south Pacific Ocean. Yoshida and

Kidokoro (1967) have used similar methods to show the existence of

a newly discovered subtropical countercurrent heretofore undetected

by previous sporadic observations at sea.

The Gulf of Alaska is a region where specific, accurate knowl-

edge of oceanographic conditions is being demanded. It is a rather

unique region. A glance at a chart of surface currents in the Pacific

and Atlantic Oceans reveals that, although the configuration of the

coastlines are quite different, the major currents are remarkably

similar except in the northeast extremities. Both oceans are

characterized by large anticyclonic and cyclonic gyres, with intense
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mid-latitude western boundary currents, separated by a rather corn-

plicated system of equatorial currents. But, in the northeast Atlantic

Ocean,the generally easterly flow at mid-latitude (40 to 500 N.) has a

significant northerly component that flows along the west coasts of

England and Norway into the Arctic basin. In the northeast Pacific

Ocean a similar northward component of the easterly flow discharges

into the Gulf of Alaska and is constrained by the coastline to turn

westward near lat. 60° N. , long. 145° W. and then southeastward

along the Alaska Penninsula.

This region was under extensive oceanographic exploration in

the late 1950rs (Dodimead, Favorite and Hirano, 1963), but these

studies terminated abruptly in 1962. Charts of geostrophic currents

and distributions of water properties showed reasonable correspond-

ence, and little change from year to year, or season to season,

except for normal changes in heat content due to insolation. It appeared

that oceanographic conditions and processes had been clearly defined

and the extensive effort was no longer justified. However, two fac-

tors remained either unnoticed or at least unresolved: first, that the

intensification in wind during winter should result in an increase in

flow, and thus, a change in conditions from those existing during

summer; and second, that tide gage records at locations in the Gulf

of Alaska indicated an anomalous increase in sea level during winter

(Pattullo, Munk, Revelle and Strong, 1955 and Pattulo, 1960).
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Favorite (1967) utilizing data collected in summer 1959 found

that the geostrophic transport flowing westward out of the Gulf of

Alaska in the Alaskan Stream was in good agreement with the north-

ward Sverdrup transport in the Gulf of Alaska.

The purpose of this research is to investigate the effects of both

geostrophic and Sverdrup transports in the Gulf of Alaska to ascertain

which provides the best indication of actual conditions. In the absence

of direct current measurements, which, at this time, have not been

made in the Gulf of Alaska because of the great expense and technical

problems involved in deep mooring, flow will be estimated by changes

in mean sea level after meteorological and oceanographic effects have

been removed.

The Gulf of Alaska is considered to extend from its land bound-

ary southward to lat. 550 N. All monthly mean values of parameters

denote mean over the decade 1950 to 1959 unless otherwise specified,

and atmospheric pressures and wind-stress transports have been

computed or interpolated from data on charts at grid points separated

by 50 of latitude and 10° of longitude (Fofonoff, 1962; and Fofonoff

and Dobson, 1963).
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PREVIOUS STUDIES

Knowledge of oceanographic conditions in the Gulf of Alaska has

been fragmentary until the last 10 to 15 years. Although unpublished

charts of surface currents, temperature and density of water compiled

by masters of early commercial fishing and sailing vessels are occa-

sionally encountered, they are usually incomplete and of questionable

validity.

Oceanographic Cruises

Fleming (1955) presents a chart of oceanographic cruises mdi-

cating that the first scientific studies in the Gulf of Alaska commenced

about 40 years ago. These studies were conducted by the International

Fisheries Commission (I. F. C.) in 1927, 28 and 29: observations at

Ocean Cape, Cape Cleare and Cape Chiniak, and drift bottle and other

experiments were carried out. The results of this research (Mc Ewen,

Thompson and Van Cleve, 1930; Thompson and Van Cleve, 1936; and

Thompson, Mc Ewen and Van Cleve, 1936) indicated that a general

cyclonic (counterclockwise) circulation existed. The strongest flow,

about 50 crn./sec. occurred just off the continental shelf, and the

eastward flowing water (Subarctic Current) shifted southward in winter

in agreement with the latitude of separation of winds having northerly

and southerly components. Cruises of the U. S. C. G. S. CHELAN in



1934 (U.S. Coast Guard, 1936), the R.V. CATALYST in 1941 and

U.S.S. HIDATSA in 1947 (O.O.P. , 1961), provided only afew

observations in the Gulf of Alaska. Bogdanov (1961) refers to a Soviet

paper written by I. N. Davidan in 1948 reporting the presence of an

anticyclonic (clockwise) gyre in the Gulf of Alaska. And the cruise of

the U. S. S. SERRANO in 1949 (0. 0. P., 1957) provided the first

oceanographic data in coastal and central parts of the region.

Doe (1955) utilizing data obtained off the British Columbia coast

in August 1950 and May 1951 found that contrary to the results of the

I. F. C. research that the division of the Subarctic Current was not

apparent in the wind fields. He combined the earlier I. F. C. oceano-

graphic data with the results of his research and presented a non-

quantitative, schematic diagram of cyclonic flow around the Gulf of

Alaska showing the strongest flow to be at the edge of shelf, but that

there was no indication of an intensification along the western shore.

The cruise of the R. V. HORIZON (0. o P., 1963) was also conducted

in 1951 but contributed little information regarding flow because no

salinity values were reported.

The establishment of the International North Pacific Fisheries

Commission (I. N. P. F. C. ) in 1953 to solve fisheries problems of

mutual interest to Canada, Japan, and the United States revived con-

siderable interest in oceanographic conditions in the Pacific Subarctic

Region. Except for the cruise of the R. V. BROWN BEAR in summer
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1954, for which only a data tabulation is available (0. 0. P. , 1965),

the results of cruises prior to 1955, and, specifically, during the

period 1955 to 1959 have been summarized by Dodimead, Favorite and

Hirano (1963). They divided the Gulf of Alaska into three domains--.

Coastal, Central Subarctic and Alaskan Stream, which were character-.

ized by specific water properties (Figure 1). Results of subsequent

research are available in unpublished reports and documents of the

I. N. P. F. C. and in the Manuscript Report Series of the Fisheries

Research Board of Canada.

Transport Studies

The first report on transport in the Gulf of Alaska was

presented by Bennett (1959) in a summary of the results of the

NORPAC Expedition which was conducted in summer 1955 (0. 0. P.,

1960). He obtained a volume transport of 14 x io6 m. 3/sec. into,

and 17.5 X 106 m. 3/sec. (referred to 2,000 db.) out of, the region,

(the discrepancy probably due to inadequate station spacing) and

clearly showed the presence of a boundary current along the western

shore which he referred to as the Alaskan Stream. Bogdanov (1961)

using data collected in 1957 and 58 noted that circulation in the Gulf

of Alaska was fairly strong with highest velocities 30 to 40 cm. /sec.

near the coast. He concluded that a cyclonic gyre existed throughout

the year and that, although there was an indication of some increase
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in current speeds in winter compared to those in summer, there was

not much seasonal variation in the water circulation. Mc Alister

(1962) used geostrophic and wind-stress transport to estimate

meridional and zonal reference levels in the North Pacific Ocean.

Carrier and Robinson (1962) as a result of theoretical considera-

tions suggested that transport into the Gulf of Alaska was one of a

number of examples of inertial flow and showed that an eastern bound-

ary current should develop because of the intense eastward wind stress

transport (Figure Za). However, Veronis (1963), found that the sign

of the change in wind-stress with latitude determines whether or not

an eastern or western boundary current closes the flow, and, thus,

either could exist in the Gulf of Alaska (Figure 2b). Fofonoff and

Tabata (1966) using data collected along a line of stations from

Vancouver Island to Ocean Station P were able to show that inertial

flow did not exist, and that flow in this area was in local equilibrium

with the mean wind-stress acting on the surface of the ocean during

summer.
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Figure 2. Schematic diagrams of theoretical flow patterns that
could exist in the Gulf of Alaska; (a)- - according to
Carrier and Robinson (1962); (b) and (c)--according
to Veronis (1963).
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GULF OF ALASKA ENVIRONMENT

The distributions of oceanographic properties in the Gulf of

Alaska have been described by many authors (Schott, 1935; Doe, 1955;

Fleming, 1955; Robinson, 1957; Muromtsev, 1958; Bennett, 1959;

Eber and Sette, 1959; Reid, 1961; Saur and Eber, 1962; Dodimead

etal. , 1963; Uda, 1963; Plakhotnik, 1964; and others). Only those

aspects concerning flow will be discussed here.

Oceanographic Conditions

The water column in the Gulf of Alaska is characterized by a

temperature-minimum stratum usually found in the upper 200 m. of

the water column, caused chiefly by winter cooling at the surface and

subsequent turnover above the halocline. Also characteristic is a

dilute surface layer above the halocline, and a monotonic increase in

salinity with depth below the halocline (Dodimead etal., 1963).

Since we are largely concerned with the distribution of mass,

the distributions of temperature and salinity can be shown as a func-

tion of density at oceanographic stations along a line normal to flow

into and out of the Gulf of Alaska (Figure 3). Water associated with

circulation into the region (Sta. No. 's 58 to 63) exhibits a pronounced

temperature minimum and maximum, and a nearly linear relationship

between salinity and density in the upper 500 m. Water that does not
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enter the Gulf of Alaska, but flows southward off the California coast,

exhibits a salinity minimum and a nearly linear relationship between

temperature and density (Sta. No. 's 70 and 71). There is a broad

transition zone separating these two water masses (Sta. No. 66). The

significance of these curves is that they show the uniqueness of water

in the Gulf of Alaska and that major fluctuations in temperature and

salinity occur at values less than the sigma-t surface = 27.0.

Analysis of all station data in the Gulf of Alaska indicates that

in all seasons this surface reaches a minimum depth (180 to 200 m.

in the general vicinity of lat. 550 N. , long. 147° 30' W. , and slopes

downward from this location to an average depth of about 450 m. at

the coast on both east and west sides (Figure 4). Thus, according

to the distribution of mass, this location is the central or pivot point

of flow into and out of the region and will be used later for ascertain-

ing transports based upon geostrophic flow.

Wind Systems

Wind-stress transports are computed from winds at the sea

surface as derived from the distribution of sea level atmospheric

pressure, and it is instructive to examine weather patterns that occur.

A plot of mean sea level atmospheric pressure for January, based

upon the ten year period 1950 to 1959, reveals a cyclonic system with

the low pressure center in the middle of the Gulf of Alaska with sharp
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pressure gradients parallel to the coast (Figure 5). A similar plot

for July indicates the cyclonic system has been replaced by an anti.-

cyclonic system with the high pressure center well out over the Pacific

Ocean off California, sea level atmospheric pressure in the Gulf of

Alaska has increased about 10 mb, and the pressure gradients are

greatly reduced. Thus the low or moderate speed anticyclonic winds

of summer are replaced by cyclonic winds of considerably increased

intensity during winter. These mean patterns, of course, are derived

from various fast and slow moving systems that move eastward as

part of the hemispherical circulation.

Elliot (1949) presents a number of specific weather types for

the Gulf of Alaska region (Figure 6). These are based upon mean

upper-level flow patterns (dashed lines), surface conditions (high and

low pressure systems), and subsequent 24 hour locations of the low

pressure systems. Five basic types are shown. Although these are

primarily winter types, summer patterns are similar, differing only

in reduced intensity and in position.

Two are classed as meridional types: one (Figure 6a) in which

the crest aloft occurs in the western part of the gulf and the trough

well offshore of California; and the other (Figure 6b) in which the

system is shifted eastward about 20° of longitude. In Figure 6a, at

the surface, the oceanic high pressure center merges with that over

continental Alaska and a semi-permanent low pressure center occurs
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Figure 6. Weather types over the Gulf of Alaska according to
Elliot (1949). (See text)



off the British Columbia coast. Although this system is more intense

during winter it may actually be more prevalent during summer. In

Figure 6b, the upper flow pattern steers the surface low pressure

center rapidly southward along the coast between two surface high

pressure centers and the wave becomes occluded as the low pressure

center moves inland over Oregon. This type may occur in any season,

and is also less intense during summer.

Two types have a characteristic mean upper level flow that is

zonal. In one (Figure 6c), frequent during summer, the oceanic high

pressure center is displaced northward of its normal position and the

low pressure center occurs in the northern part of the Gulf of Alaska

and moves directly on shore. In the other type (Figure 6d) the oceanic

high pressure center is displaced southward and the low pressure

center moves eastward near lat. 50° N; this type of flow is more

frequent and intense during winter.

The fifth type, basically a winter type, is shown in Figure 6e.

The upper level flow pattern diverges over the Gulf of Alaska resulting

in a closed high pressure center over the British Columbia coast,

while at the surface a strong and persistent high pressure center

occurs inland.
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EFFECTS OF METEOROLOGICAL CONDITIONS
UPON SEA LEVEL

Numerous authors have considered relationships between flow

along the Pacific coast and mean sea level at shore stations, but most

of these studies have been southward of the Gulf of Alaska. La Fond

(1939) showed that nearly all the variations in sea level on the west

coast of the United States could be accounted for by changes in the

geopotential topography (discussed later) of the ocean off the coast,

and, thus, were directly related to ocean currents. Jacobs (1939)

reported that such relationships were to be explained on the basis of

variations in the Hatmospheric_dynarnichi system over the region under

consideration rather than changes in the density of surface water and

rainfall. Pattullo etal. (1955) in a global analysis of oscillation in

sea level introduced the term Tisostasy" indicating that the recorded

departures of sea level were nearly equal to the sum of the steric

departures and the changes caused by departures in atmospheric

pressure, but found that the Gulf of Alaska was one region in which

isostatic adjustment did not occur. And Pattullo (1960), reporting on

results of data accumulated during the International Geophysical Year

(1957-1958), stated that in low latitudes sea level is high at the end of

summer, whereas, north of lat. 40 N. there was a distinct change of

phase and sea levels around the Gulf of Alaska were highest in

December.
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Roden (1960), in an investigation of non-seasonal variations in

sea level along the west coast of North America, found only a moder-

ate to poor coherence in relation to sea surface temperatures (depend-

ing upon the depth of water in the vicinity of the tide gage station), and

noticeable effect of river discharge at the tide gage station near the

mouth of the Columbia River. Saur (1962) noted that sea level south

of Ketchikan could be explained largely in terms of isostasy, and that

small deviations could be attributed to variability in ocean currents.

Tabulations of sea level at coastal stations in the United States

are kept by the United States Coast and Geodetic Survey (U. S. C. G. S.

a division of Environment Science Services Administration. Sea level

is computed from daily means of hourly heights referred to a local

datum. Although investigators have used mean daily (Shoji, 1955)

and weekly (La Fond, 1939) sea level data to compare with or to

compute oceanic flow, monthly mean sea level data (computed from

daily means) are more commonly used because tidal influences are

effectively eliminated.

Is ostasy

Isostatic effects are caused by changes in atmospheric pressure

and steric effects. Atmospheric pressure has a pronounced effect

upon sea level and its effect upon the height of the sea surface can be

determined by



(i) Oh = Oppg
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Where h is the height of sea level (cm. ), p is the density of the

water (gm. /cm. 3),
g is the acceleration of gravity (cm. /sec. 2)

and p is the atmospheric pressure (dynes/cm. 2) This indicates

that sea level will be depressed very close to 1 cm. for a rise of

1 mb. of atmospheric pressure. Thus, the variation in monthly mean

sea level (cm. ) due to fluctuations in atmospheric pressure can be

compensated for by adding the departure of the monthly mean

atmospheric pressure from the decade mean atmospheric pressure

(mb.) to the respective monthly mean sea level of a given station.

This was done for stations at Sitka and Yakutat, Alaska, for the

decade 1950 to 1959. Atmospheric pressures at Yakutat were obtained

from United States Weather Bureau monthly climatological data, and,

at Sitka, from the charts of sea level pressure compiled by Fofonoff

and Dobson (1963). Sea level data were obtained directly from the

Tide Division of the U. S. C. G. S. The data reveal at both stations a

gradual increase in mean sea level during fall and winter and a

corresponding decrease during spring and summer (Figure 7). This

is an anomalous condition peculiar to this region because sea level

usually increases in summer when heating and dilution from runoff

increase the specific volume of the water column near the surface.

Calculations of the steric effect assume that mass is conserved
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and changes in temperature and salinity alter the specific volume of

the water column, and, therefore, its height. In actual practice, the

anomaly of specific volume from a water column having a temperature

of 00 C. and a salinity of 35% is usually used to determine variation

in height of the water column. This height is computed as a geo-

potential anomaly and converted to a geometric measurement in the

following manner: at mean sea level the geopotential and pressure

are considered to be zero and thus the geopotential energy per unit

mass, , is

(ii) gdz

and substitution of the hydrostatic equation gives

(iii) a
0

where a is the specific volume for the observed values ofs, t, p
temperature salinity and pressure; denoting

(iv) a = a +s,t,p

then 6 is the steric anomaly. The geopotential anomaly is

p

(v) AS 6dp
0



and the dynamic distance between mean sea level and the height of the

sea surface caused by departures of salinity and temperature from

35% and 0° C., respectively, may be obtained by dividing the geo-

potential anomaly by g (approximately 980 c. g. s. units). Thus,

changes in the geopotential anomaly obtained from oceanographic

station data at a specific location at various times of the year can be

used as an indication of sea level changes due to steric fluctuations.

Using 1, 000 db. as a reference level, which is well below any sea-

sonal effects of heating or surface dilution, variations in the geo-

potential anomaly have been computed in the vicinity of lat. 55° N.

long. 135° W. where sufficient data are available. Conditions at this

location, which are considered to approximate those at Sitka, show

that the average difference in height between winter and summer for

the years 1957 to 1960 was approximately 6 cm. higher during sum-

mer. It is recognized that the computation may be challenged on the

basis that the 1,000 db. surface is offshore, and it is assumed that

these steric effects are recorded on shore, nevertheless, in the

absence of any other data, the conclusion is reasonable.

Thus, the annual isostatic anomaly is approximately 15 cm. at

Sitka and 14 cm, at Yakutat.



25

Local Winds

Unfortunately, wind data at a land station rarely, reflect winds

found at sea due to convection cells caused by differential heating and

cooling of land and sea. This lack of correspondence is further

complicated in the Gulf of Alaska because the coastline is ringed by

high mountain ranges, which probably have a complicated steering

effect upon onshore winds. The only complete wind data available

from climatological data records for the decade under consideration

are at Yakutat and show a remarkable consistency in direction and

speed. Average monthly winds deviate only 45°, from east-northeast

to east-southeast, in all months except the following: June 1950;

May, June and July 1951; July. 1952; June 1953; June 1954; July 1955;

June 1957; June 1958 and June 1959. During these months, the wind

was from either the west or southwest. This practically complete

reversal of the wind direction during early summer, which occurred

during most years, corresponds to the annual presence of a high

pressure system and its accompanying anticyclonic wind in the Gulf

of Alaska during summer, and lends some credence to the representa-

tiveness of the land observations. However, it is difficult to assume

that the gradual periodic rise and fall of sea level at Yakutat is

greatly influenced by these reported winds which average only about

3. 2 m./sec. in summer and 4. 7 m. /sec. in winter.



26

Precipitation

The effect of precipitation on mean sea level is difficult to

approach because little is known concerning rainfall at sea.

Montgomery (1937) in discussing the causes of fluctuations in sea

level along the east coast of the United States stated that the addition

and subtraction of mass by precipitation and evaporation was of no

significance with respect to fluctuations in monthly sea level. But,

La Fond (1939) found that in California rainfall greater than 1. 3 cm. /

week usually increased sea height, but he was unable to separate the

effect of rainfall from that of the accompanying winds and atmospheric

pressure changes. Of course, it is well known that precipitation is

considerably greater than this along the Alaska coast. Climatological

data records indicate that Yakutat has the greatest of precipitation in

this area, averaging almost 300 cm. /yr. during the period 1950 to

1959. Maximum precipitation occurred during November, a mean

value of 42. 1 cm., and progressively decreased until June. This

trend is somewhat similar to that shown for mean sea level, but

several things must be taken into consideration. First, it is difficult

to ascertain how widespread the precipitation is because of the paucity

of data; second, the intensity may be due to the effects of the land and

adjacent mountain ranges and not indicative of the amount falling on

the sea surface off the coast; and third, freezing conditions at sea
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level occur during November. Freezing certainly occurs much

earlier at higher elevations, and precipitation on the coast may be

held in the form of snow from November until April. After April,

it will melt rapidly, and its effect upon the steric level should be

most pronounced. Even though the climatological data for the decade

show an increase in precipitation during April and May, neither this

increase, or any effect of an increased runoff in spring are reflected

in the monthly mean isostatic sea level anomalies at Yakutat.

The effect of precipitation upon sea level measurements by tide

gages in the Gulf of Alaska is not ascertainable from data available,

but can be put in a somewhat quantitative perspective by considering

a period of anomalous precipitation. It has been shown that except

for the effect of precipitation and transport, the annual fluctuation in

monthly mean isostatic sea level anomalies of about 14 cm. is largely

unexplained. During November 1956, a total of 11].. 5 cm. of precipi-

tation (rain) occurred at Yakutat, Alaska. As shown in Table 1,

November is the month of greatest precipitation, and this amount is

69. 4 cm. greater than the ten year mean for that month. Monthly

mean air temperature at this time was 2° C. , and snow cover on the

ground increased only 5 cm. during the month; thus, only a small

amount of normal runoff in the local vicinity was retained as snow.

Although approximately normal precipitation occurred in the preceding

month, the increase in mean sea level for November was 7. 9 cm.
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This is only 3. 4 cm. greater than the average increase in sea level

between the months of October and November for the decade.

Table 1. Monthly mean precipitation (cm. ) at Yakutat.

January 18.4 July 17. 5
February 19. 6 August 24. 8
March 17. 0 September 33. 9
April 17.7 October 38.3
May 21.2 November 42.1
June 9.0 December 30.1

Further evidence that local precipitation has little effect on

local sea level is the fact that, although the annual precipitation at

Sitka is over 80 cm. less than that at Yakutat, the isostatic mean

sea level anomaly curves at these locations are similar in amplitude

and phase. Thus, it appears that the effect of precipitation upon

mean sea level in the Gulf of Alasks is due to widespread, not local

conditions. Two methods have been used to estimate the effect of

precipitation--one on a monthly basis and the other on a seasonal

basis.

Tully and Barber (1960) accepted a mean value of 60 cm. /yr.

as an indication of the net precipitation over evaporation in the

Subarctic Pacific Region based upon an earlier study by Jacobs (1951).

Disregarding evaporative effects, a first approximation of the monthly

mean values of precipitation over the Gulf of Alasks can be obtained

by reducing the monthly mean values at Yakutat by 80% (thus
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60 cm. /yr.). The estimated monthly anomalies obtained (Table 2)

indicate a maximum positive anomaly of 3. 5 cm. in November and a

maximum negative anomaly of 3. 1 cm. in June. This still leaves

12. 8 cm. of the mean sea level anomaly unaccounted for.

Table 2. Estimated precipitation anomaly over the Gulf
of Alaska and adjusted mean sea level anomaly
at Yakutat.

Adjusted mean sea level
Precipitation (cm.) (cm. )

January -1.3 9.2
February -1.0 4.2
March -1.5 -0.6
April -1.4 -2.0
May -0.7 -3.0
June -3.1 -0.6
July -1.4 -1.9
August 0 -3.6
September 1.8 -2.7
October 2.7 0.8
November 3.5 6.8
December 1.3 9.2

The second method is to utilize the seasonal values presented

in the form of charts constructed by Jacobs (1951). These values do

not apply to the decade under consideration, but are based upon long-

term climatological data; however, it can be shown that there have

been no appreciable climatic changes in this area. Evaporation, E,

was computed from a basic heat budget equation which assumes that
Q

(vi) E=
L
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where is the total heat reaching the sea surface, r the per-

cent reflected, b the heat loss through back radiation to the sky,

the heat exchanged between sea and atmosphere through convec-

tive processes, Q the quantity of heat added to or removed from

the unit water column through advective processes, and L is the

latent heat of vaporization of water at temperature, t.

The precipitation data were sparse and acknowledged to be valid

only on a seasonal basis; monthly values were not given. The months

were grouped into seasons as follows: December, January, February

(winter); March, April, May (spring); June, July, August (summer);

September, October, November (fall). This reflects the fact that

maximum cooling in the ocean occurs in January, or even February,

rather than December; the lag from the terrestrial atmosphere is due

to the high specific heat of water, and particularly due to the mobility

of water molecules and the resultant vertical transmission of energy.

Interpolation of data applicable to the Gulf of Alaska from charts of

precipitation and of evaporation minus precipitation over the north

Pacific Ocean are presented in Table 3.

The net precipitation is similar to that obtained by the first

method, but the phase almost opposite. The negative anomaly occurs

during winter and amounts to 3 cm. and the positive anomaly occurs

during summer and is 2 cm. The change in phase is due to the

effects of evaporation. Since both of these methods have obvious
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shortcomings, they both will be compared to transport in a later

section.

Table 3. Seasonal evaporation and precipitation over the Gulf of
Alaska (Jacobs, 1951).

Wintera Spring Summer Fall Total

Precipitation (cm. /3 mos. ) Z7 29 25 39 120
Evaporation (cm. /3 mos.) 18 11 1 18 48
Precipitation minus

evaporation (cm. /3 mos. ) 9 18 24 21 72

Mean (cm. /mo.) 3 6 8 7
Anomaly (cm. /mo.) -3 0 2

aWinter -December, January, February
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TYPES OF TRANSPORT

Sea level along a coastline is also influenced by the piling up of

water as a result of the action of wind stress. This stress, the

result of friction of the moving air at the air-sea interface and the

pressure effect of the wind upon waves imparts a movement to the

surface layer that acts normal (to the right in the northern hemi-

sphere) to the wind direction. This flow is referred to as Ekman

transport and an onshore component will result in an accumulation

of surface water and an increase in sea level.

Geostrophic transport is derived from geostrophic currents.

Since the latter are computed from ana priori depth-of-no-motion,

they represent speeds relative to that depth. Similarly, geostrophic

transports are relative transports, dependent upon the distribution

of mass frçxi the surface to the selected depth. This flow is some-

times referred to as baroclinic flow. In the northern hemisphere,

a ncrthward flow will result in an upward slope of the sea surface to

the east, and a southward flow will result in an upward slope to the

west. These fluctuations can be determined from the anomaly of

dynamic height.

Sverdrup transport has only a meridional component which is

cai.cul3ted from the curl of the surface wind-stress. The density

field is slow to adjust to changes in this transport and it may exist as
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a barotropic mode; that is, the wind may cause a slope to the sea

surface which is only distinguishable by a direct measurement of the

height of the sea surface, such as recorded by a tide gage.

Ekman Transport

Ekman transport may be derived in the following manner.

Assuming a balance between the Coriolis acceleration, f, and the

viscous acceleration, A8'az, the Navier-Stokes equation of

motion simplifies to

(vii) -fv = a/az (Az au/az)

fu = a/az (Az av/az)

and rearranging terms and integrating from the surface to an

unspecified depth of no motion, D,

(viii) S-fv dz = (A au/az)

SD dz = (Aav/az)

Since the terms in the left represent transport, and those on

the right stress, (viii) can be written as
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(ix) ME() -Tx/f

ME(X) = Ty/f

signifying that the northward meridional Ekman transport, MEN.
is caused by a westward wind-stress (-Tx), and the eastward zonal

Ekman transport, ME() is caused by wind-stress from the south

(Ty). The wind-stress is calculated from the stress law

(x) T Kp'C2

where K is an empirical drag coefficient (Deacon and Webb, 1962;

Fofonoff, 1962), p' is the density of the air, and C is the wind

speed. Because extensive wind data are not available over the oceans,

the wind velocity is obtained from sea ].evel pressure gradients using

the general geostrophic wind relationship

(xi) fc ap/8n

Average monthly values of zonal and meridional Ekman trans-

port near Sitka for the period 1950 to 1959 were obtained by inter-

polation from a series of charts (Fofonoff and Dobson, 1963) and

resolved into a northeast component to conform to the approximately

northwest-southeast trend of the coast. The results (Table 4) indicate

a significant increase in shoreward transport during winter and a

minor offshore component from May to August.
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Table 4. Monthly mean Ekman transport and wind-stress
in the vicinity of Sitka.

Ekman Transport Wind-stres2s
Month (m.3/sec./km.) (dynes/cm.

January 1580 1.89
February 860 1.03
March 300 . 36
April 170 .20
May -40 .05
June -30 .04
July -60 .07
August -10 .01
September 80 . 10
October 420 . 50
November 780 . 93
December 1020 1.22

An estimate of the change in sea level caused by the maximum

shoreward transport can be obtained from the relationship

(xii) dh/dx = -T /pgh (Defant, 1961; p. 420)

where h is the elevation of water surface, '1 is the wind-stress

which can be obtained from (ix), and d is the water depth.

(xiii)

Integrating to obtain the actual change in elevation gives

h = T/p g dx

and numerical integration at 10 km. intervals from Sitka Harbor to

a depth of 1,000 db. (the reference level for steric computations)
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gives an increase of less than 2 cm. Integration farther seaward

would result in a negligible increase due to the deep depth of the

ocean floor. Sturges (1966) using a similar procedure found that the

elevation of mean sea level of Tatoosh Island, just off the Washington

coast, due to this cause was only 0. 4 cm. Since monthly mean

atmospheric pressure at sea level is tabulated only to the nearest

millibar the sea level change due to the piling up of water by Ekman

transport may be neglected.

Geostrophic Transports

Geostrophic transports are computed from geostrophic cur-

rents, and the conditions under which these currents are valid and

the cautions to be used in evaluating were discussed previously. The

Sandstrom Helland-Hansen equation permitting the calculation of the

speed of these currents normal to a line between two oceanographic

stations is

(xiv) C2-C1 lO/fx[S dp S 62 dpI

where D is the depth of no-motion expressed in decibars. Thus

the speed is a function of the geopotential anomalies which are usually

shown as anomalies of dynamic topography, the distance between the

stations,' x, and the Coriolis acceleration, f. These currents
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are poorly represented in the Gulf of Alaska in previous atlases and

reports of cruises because there is rarely continuity of dynamic

topography. One could argue that it would be more realistic to corn-

pute gradient currents, in which the effect of curvature of the stream-

lines is accounted for; however, because of the low speeds and large

radius of curvature, r, the curvature term, C2/r, is negligible.

In most cases the failure to achieve continuity is due to inadequate

station spacing at the western side of the Gulf of Alaska. For

example, it was shown in Figure 4 that the slope of the sigma-t sur-

face = 27.0 from the central part of the region to the eastern shore is

almost linear suggestin,g a constant speed of flow at the surface

(provided this trend is similar in the upper sigrna-t surfaces); where-

as, the slope from the central region normal to the western shore

w a s exponential indicating that higher speeds could be expected at

the edge of the continental shelf and very close station spacing would

be required to obtain the maximum dynamic height. Cruises of the

R. V. GEORGE B. KELEZ of the Bureau of Commercial Fisheries,

Seattle Biological Laboratory, westward of this location, but in the

same current system, have shown that maximum dynamic heights

are obtained when station spacing near the shelf is as small as 5 to

10 km. (Mc Alister, Ingraharn, Day and Larrance, 1967); whereas,

the station spacing in the vicinity of the shelf near Kodiak Island has

usually been 30 to 100 km. For example, if we consider the charts



of the anomaly of dynamic height for the years 1955 to 1959 presented

byflodimeadetal. (1963) an average difference of over ten dynamic

centimeters in the dynamic topography is found at the eastern side of

the Gulf of Alaska compared to that at the western side (Table 5).

Table 5. Dynamic topography at the eastern side of the Gulf of
Alaska near lat. 550 N. , and the western side near
Kodiak Is land.

Maximum dynamic topography anomaly contour
west side (dyn. m.) east side (dyn. m.)

1955 summer 1.15 1.30
1956 summer 1.20 1.30
1957 winter 1.00 1.20
1957 summer 1.15 1.30
1958 winter 1.15 1.25
1958 summer 1.30 1.30
l959winter 1.15 1.25
1959 summer 1.20 1.30

Average 1.16 1.28

This gives the erroileous impression that part of the water is

prevented from flowing westward out of the Gulf of Alaska (Figure 8).

However, when adequate station spacing is obtained, for example in

summer 1958, or when a logical interpolation of data from a station

over the shelf and one positioned well off the shelf is permitted, con-

tinuity is obtained. Of course, this assumes that flow along the shelf

near Kodiak has not, through instability or other causes, been

separated from the shelf and burst eastward in a tongue-like protru-

sion. Thus, because of the nature of shipboard oceanographic
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GEOPOTENTIAL TOPOGRAPHY
Dynamic Height Anomaly (AD)

0/1000 decibars
SUMMER 1957

72- Velocity (sea miles/day)

Figure 8. Dynamic height anomaly in Gulf of Alaska showing
lack of continuity of isolines along the western side
and representative geostrophic speed of 25 cm. /sec.
(11 sea miles per day) in the northern part.
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observations, we cannot expect absolute continuity at all times, but

closely spaced observations are mandatory.

The most significant aspect of failure to obtain the maximum

anomaly of dynamic height in the western Gulf of Alaska is that it has

a great effect on the geostrophic transports. These are a function of

only the geostrophic velocity, computed from the dynamic topography,

and Coriolis force; they are independent of the station spacing.

(xv) MGS cdz

where MG is the geostrophic (volume) transport. Thus, continuity

of geostrophic transport cannot be achieved into and out of the

northern part of the Gulf of Alaska across the line shown in Figure 4

unless the dynamic topographies are nearly equal because the change

in the Coriolis parameter is small and the vertical density distribu-

tion relatively uniform. Since it has been shown that the average

depth of the surface of sigma-t equal to 27.0 is about 450 m. at both

coasts and that beneath this surface there is an approximate linear

relationship between mass and depth (see Figure 3) we can assume

that continuity of transport is achieved and consider only inflow across

lat. 55° N. east of long. 147° 30' W. because of the larger amount of

reliable data.

For all years during the period 1950 to 1959 in which data are
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available in the center of the Gulf of Alaska and the coastal area on

the eastern side, transport has been computed from interpolated

station data at 0, 50, 100, 150, 200, 300, 400, 600, 800 and 1,000 db.

Very few stations have observations extending below this depth. How-

ever, when considering Sverdrup transports we will be interested in

total transport, and these observations must be extrapolated to a

depth- of-no-motion. Various depths have been used as a reference

level in this region, but these have usually been selected based upon

the depth of observations available. Fofonoff and Tabata (1966) have

demonstrated that such a level must be at a depth of at least 1, 500

db. in this vicinity. At 2,000 db. the density reaches a relatively

uniform value of sigma-t equal to 27. 68 ± .01, and this level will be

used as a level of no-motion. The anomaly of dynamic height for the

depth interval 1,000 to 2,000 db. at both locations has been estimated

by averaging data from observations extending to these depths from

stations in the same oceanographic domains, and extrapolated values

of total geostrophic transport derived from the dynamic method are

shown in Table 6.

A relatively constant transport of about 8 X 106 m. 3/sec. is

obtained in the upper 1000 db. Winter values in 1957 are lower than

in the previous or subsequent summer. There are no data in the

central part of the Gulf of Alaska during 1958 and transport computa-

tions cannot be made. In 1959, winter transport is less than that



in the following summer. No additional variations in transport occur

as a result of increasing the depth-os-no-motion to 2, 000 db. because

below 1,000 m. density increases almost linearly throughout the

region. The mean transport above 2,000 db. is 15.2 X 106 m. 3/sec.

It is obvious that this method does not indicate any increase in magni-

tude of flow during winter which one would expect to occur based upon

the wind systems and adjusted sea level data.

Table 6. Northward transport across lat. 55° N. between long.
147° 30' W. and the eastern shore of the Gulf of Alaska.

Period
0 to 1,000 db. 0 to 2,000 db.

(X 106 m. 3/sec.) (x 1o6 m. 3/sec.)

1954 August-September 9.0 16.0
1955 August 9.0 16.0
l956August 7.5 15.0
1957 January-February 6. 5 13. 5
1957 July-August 7.0 14.5
1959 January-February 8. 5 15. 5
1959 August 9. 16.0

Mean 8.1 15.2

Sverdrup Transport

Although Ekman transport was shown to explain some of the

effects of the coupling between wind and sea, these transports are at

least an order of magnitude less than those known to exist in the

ocean. Sverdrup (1947) included the pressure gradient term with the

Ekman transport equations so that
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(xvi) -fv -1/p ap/ax + a/az (Az au/az)

fu = -1/p ap/ay + a/az (Az av/az)

Cross differentiating before integrating from the surface to a

depth-of-no-motion, he obtained a relationship for what is now called

the Sverdrup transport

(xvii) MT() (aT/ax-aT/ay)/p

where
1

is the variation of the Coriolis parameter with latitude.

This shows that for steady, non-divergent flow the total meridional

transport, MT. is directly related to the curl of the wind-stress,

inversely proportional to 3 (orafy) and is independent of the distribu-

tion of mass in the ocean. Zonal transport is eliminated from the final

result because the Coriolis parameter is not a function of longitude and

af/ax = 0. Integration of wind-stress curl along a parallel of latitude

from an eastern boundary, in this case the west coast of North

America, to successive grid points, results in total transport across

that parallel of latitude; and eastward flow is obtained by satisfying

continuity between grid points along two parallels of latitude.

Welander (1957) showed that Sverdrup transport in a semi-

enclosed basin, such as the Gulf of Alaska, must flow out in the form

of a western boundary jet because eastern boun:lar7 currents are

excluded, and that for a horizontal scale of motion of a few thousand
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order of one or two days. Thus, the Sverdrup transport across

lat. 550 N., constrained by the land at the head of the Gulf of Alaska,

must flow southward as a narrow boundary current along the western

shore.

The coupling of energy between sea and air is imperfectly known

and varies under different conditions. For example, when the water

is warmer than the air, a turbulent boundary layer exists and exchange

of energy is more effective than when the water is colder than the air

and a stable layer exists at the air-sea interface. Further, when one

considers the possible errors in the interpolation of atmospheric

pressures from sparse ship reports, the average processes involved

at all stages of the reduction, and the basic assumption of no inertial

effects, it is obvious that caution must be exercised in interpreting

the results of computations of Sverdrup transports, and precise correla-

tions should not be anticipated.

Before discussing relationships between sea level and transport

two modifications will be made to the calculated Sverdrup transport

across lat. 550 N. between the east and west shores of the Gulf of

Alasks. First, southwestward flow on the western side (between

long. 147° 30' W. and the west coast) will reduce the effect of north-

ward Sverdrup transport in this area and when the latter values occur

they have been reduced by 30 percent. This is an arbitrary correction,
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and has only minor influence on the following discussions, but serves

to recognize this phenomenon.

Second, transports during winter of up to 50 times those that

occur in summer are computed. It seems unlikely that the ocean can

respond to changes of this order of magnitude. Some of these values

are due to the choice of the averaging interval. During winter, when

unusually severe storms move quickly through the Gulf of Alaska,

different results are obtained if monthly data are averaged over

calendar months or from one mid-month to the next. A good example

of this can be found in the data for 1959. The annual mean northward

Sverdrup transport into the Gulf of Alaska across lat. 55° N. was

14.0 x io6 m. 3/sec. computed on a calendar month basis and

11. s x io6 m. 3/sec. when computed on a mid-month basis. This

discrepancy was due primarily to the occurrence of storms during

January when the mean transport for the calendar month was

52.2 x l0 m. 3/sec. , but the mean value for January (computed as

the mean between mid-December and mid-January, and mid-January

and midFebruary) was only 21.0 X 106 m. 3/sec. Thus, to approxi-

mate realistic monthly values a "dampening" factor has been applied

to the higher transport values. Further justification lies in the fact

that at high wind speeds not only is energy lost in the breaking of

wave crests, but also the sea tends to become confused. Assuming

that the relationship between wind-stress and transport decreases
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with increasing winds after a transport value of 10 X 1O6 m. 3/sec. is

reached (which occurs only during the period of late fall and winter

storms, October to March), and after this point, there is a decrease

of five percent for each increase of 5 X i6 m. 3/sec. This correction

has an effect upon the annual mean flow, but is considered necessary

in view of the above discussion. The resulting mean Sverdrup

transports are given in Table 7.

Table 7. Monthly mean Sverdrup transport (X io6
m. 3/sec.,) around the Gulf of Alaska.

January 21.4 July 2.8
February 15.7 August 6.6
March 10.7 September 6.5
April 6.7 October 13.2
May 3.5 November 16.0
June 1.8 December 19.0

Mean = 10.3

Next, a relationship will be sought between these monthly mean

Sverdrup transports and the monthly mean sea level anomalies.



RELATIONSHIP BETWEEN TOTAL FLOW AND
ADJUSTED MEAN SEA LEVEL ANOMALY

The atmospheric pressure, steric level and precipitation effects

upon the monthly mean sea level anomalies at Yakutat have been

estimated and an annual fluctuation of 12. 8 cm. is unaccounted for.

It has been shown that the geostrophic flow is relatively constant and

its effect upon mean sea level is only of the order of a few centimeters,

but there are significant fluctuations in monthly mean Sverdrup trans-

ports and monthly mean sea level anomalies. Before discussing

possible relationships between these two parameters, it may be

beneficial to discuss quantitatively geostrophic and Sverdrup transport.

A dilemma confronting oceanographers is whether the distribution of

density causes currents or currents cause the distribution of density.

Geostophic flow should be considered an integrated or mean flow over

a substantial period of time, depending upon local conditions. The

Sverdrup transport, estimated from wind data is established almost

immediately. In other words, the piling up or deficit of mass caused

by the wind results in an immediate change in the existing shape of the

sea surface and in the internal pressure gradient; it affects the water

column from the surface to the bottom. However, changes in the

internal distribution of mass, from which we compute geostrophic

transport, are slow and occur in the upper layers of the ocean. Thus,



we can assume that the geostrophic transport will adjust itself to

fluctuations in Sverdrup transport only in a steady state condition and

look for a correlation between the long-term means of the two trans-

ports.

The decade mean for monthly Sverdrup transport data (120 values)

is 10. 3 x io6 m. 3/sec.; whereas, the mean for available geostrophic

transport data (7 values) is 15.2 X 10 r, 3/sec. This is reasonably

good agreement considering the iimt.ions of the two methods

expressed previously. It is anticipated that better agreement will be

obtained with refinements in the methods. One factor that would tend

to bring the two values into closer agreement is that the wind-stress

is assumed to be proportional to the square of the wind speed and the

monthly averaging process tends to underestimate the wind-stress.

At any given time the unadjusted components of Sverdrup transport

would occur as a barotrophic mode and be undetected except by direct

measurements such as those afforded by sea level data in which the

effects of other factors have been eliminated.

Sverdrup Transport versus Sea Level

The relationship between monthly mean Sverdrup transport and

adjusted monthly mean sea level anomalies (Figure 9) is encouraging

for someone looking for forecasting indices. An approximately linear

relationship is obtained for mean monthly values from April to August.



49

Lu

IO DEC.,,/.JAN
I (D.1J.F)OINOV.//

I /FEB

OCT
°.JUNE 'MAR

I
JULY APR.

I

SEPT/
MAY AUG

-5
I (J.

-10 I I

0 10 20

MEAN SVERDRUP TRANSPORT (x/06m3/sec)

Figure 9. Monthly mean isostatic sea level anomaly at Yakutat
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Values for May, June and July appear anomalous, but may be

explained qualitatively in the following way. Monthly mean sea level

temperatures at Yakutat are below freezing until April; after this time

subsequent warming will result in local runoff of snow-melt which

probably reaches a maximum in June. The data reflect these condi-

tions. The anomaly in June of about 7. 5 cm. appears excessive but

would be dependent upon local conditions at the tide gage station. The

relationship between seasonal mean sea level corrected for precipita-

tion according to data from Jacobs (1951), and seasonal mean

Sverdrup transport, does not indicate as good a correlation as the

above method, but the same general slope of the curve is indicated.

The validity of the relationship can be estimated by calculating

the change in height at a coastal station due to the barotropic mode of

the Sverdrup transport (assuming no adjustment to the distribution

of mass). From the basic equation

(xviii) p fv p g

where a c/ax is the change in height of the sea surface in a direc-

tion normal to velocity, multiply by the depth (d) and width (1) of the

section obtaining

(xix) pfvdlpgd(-)1
ax
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where pvdl represents the transport (which increases 19. 6 X 1O6

m. 3/sec. between June and January) and [ ,/8x(1)] is the change

in height over width 1. Accepting a mean d of 3, 000 m. , the

change in sea level would be almost 8 cm. which is about two-thirds

of the 12. 8 cm. unaccounted for. This is certainly fairly good agree-

ment considering the nature of the problem.

Coastal Flow

Although tide gage stations in the continental United States are

referred to a common datum and the slope of the sea surface between

stations can be ascertained, unfortunately, there is no common datum

for stations in the Gulf of Alaska. Nevertheless, granted certain

assumptions, some interesting results can be obtained.

In an earlier section, mean sea level at Sitka was adjusted for

the effect of atmospheric pressure by applying (1) a correction appli-

cable to the monthly deviation of atmospheric pressure from the ten

year (1950-1959) mean at that location and (2) a correction for

seasonal changes in the steric anomalies. Annual curves of monthly

mean sea level anomalies for Sitka, Yakutat and Kodiak, corrected

for local mean atmospheric pressures (1012, 1010 and 1006 mb.

respectively) and common monthly steric anomaly corrections, show

a great deal of similarity between conditions at Sitka and Yakutat,

but a marked deviation between conditions at these two locations and
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conditions at Kodiak. These data are useful in determining deviations

from monthly mean conditions at individual stations, but provide no

knowledge of the slope of the sea surface between stations. Let us

assume that there is a uniform mean sea level along the coastline of

the Gulf of Alaska during spring and summer, the period of reduced

Sverdrup transport, and adjust these curves so that they approximately

correspond during this period. Then the differences in height between

stations during fall and winter would represent the slope between

adjacent stations. Two years ago this would have been considered a

gross assumption because leveling along east and west coasts of the

United States (not including Alaska) have indicated a north-south slope

of about 30 cm. /100 km. However, Sturges (1966) has suggested that

the slope could be caused by a leveling error and that mean sea level

at Neah Bay, Washington, instead of standing 46 cm. higher than that

at San Diego, California, was probably 9 cm. lower. Thus, the

assumption made here may be considered a reasonable one. The

resulting approximate juxtaposition of the curves is shown in Figure

10. A reasonably close agreement of phase and amplitude of devia-

tions from monthly mean sea level between Sitka and Yakutat is found

for the entire 12 months. Agreement between these two stations and

Kodiak occurs only during the adjusted period, from early spring until

late fall and a drop in sea level of 8 cm. between Yakutat and Kodiak

occurs in December. This is not surprising because the western shore
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Figure 10. Monthly mean isostatic sea level anomaly at Sitka,
Yakutat and Kodiak, adjusted so that mean sea level
at these locations approximately corresponds during
spring and summer, showing increase in height at
Sitka and Yakutat over that at Kodiak during winter.
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of the Gulf of Alaska has been shown to be an area of a boundary cur-

rent, and accelerations would be accompanied by a drop in the free

surface. It is interesting to note that the drop in height commences

in October as the Sverdrup transport (Table 7) increases. If real,

this change in sea level would indicate a current, whose speed is

closely approximated by

(xx) c=Nr2jri

where h is the difference in height between two locations. This

results in a speed of about 125 cm. /sec. in a direction along the

slope, or cyclonically around the head of the Gulf of Alaska. This

change in sea level compares favorably with the 20 cm. given by

Stommel (1966) as the decrease in sea level between Key West and

Miami, Florida, caused by accelerations in the Florida Current

whose speed is in excess of 150 cm. /sec. off Miami.

Further evidence of our naivite' concerning ocean currents based

upon geostrophic flow can be found in investigations south of the cen-

tral Aleutian Islands, downstream from the flow past Kodiak Island.

Barnes (1936) reported geostrophic speeds of 15 cm./sec. Widely

spaced oceanographic stations permitted calculations of geostrophic

currents of only 5 to 20 cm. /sec. for the years 1956 to 1959

(Dodimead et al.., 1963). However, speeds of vessel drifts of as high

as 85 cm. /sec. were reported in this area in summer 1959 (Favorite,
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1967), and direct current measurements also made in summer 1959

(Reed and Taylor, 1965) indicated currents of, not only, 80 cm. /sec,

near the surface, but also, 50 cm. /sec. at a depth of 300 m. Recent

research by Ingraham and Favorite (1968) shows that current speeds in

excess of 50-80 cm. /sec. (reference level 2,000 db.) occur during all

seasons in this area. Thus, much higher velocities than presently

indicated by geostrophic currents can be expected to occur off Kodiak

Island, particularly during winter.

Extensive drift bottle experiments, conducted in the northeastern

Pacific Ocean from 1956 to 1959 (Dodimead and Hollister, 1962), were

investigated to ascertain if increased speeds in winter were evident.

But, most of the releases were made at Ocean Station P (lat. 50° N.

long. 145° W.), and the bottles required a season or more to reach

the coast from this point. Because only the release and recovery

points are known, and permit computation of only an integrated speed,

no conclusive results were found.

Seas onal Circulation

By providing continuity and synopticity of data impossible to

obtain from ships or groups of ships, Sverdrup transports computed

from winds permit an indication of oceanographic conditions and

processes in the Gulf of Alaska. For example, the existence of a

counterclockwise flow in the Gulf of Alaska has been recognized for
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some time, and most atlases show a closed circulation, in that, flow

southward along the western shore is shown to turn to the left away

from the shore, contrary to the action of Coriolis force, and terminate

in a closed circular flow. This can not be explained as an aspiration

effect due to the eastward flowing Subarctic Current because an inten-

sive shear has not been found between these two currents. Rossby

(1936) in attempting to explain the dynamics of the Gulf Stream con-

sidered the flow to be similar to that of a jet and showed that in the

wake stream quantities of water must be transferred. Water absorbed

from the right hand side of the stream increased the transport down-

stream, but a relatively constant value was maintained because of the

discharge of eddies along the left boundary of the jet. Although the

southward flow along the western side of the Gulf of Alaska may be

considered as a jet, there is no source of water on the right side to

account for such a phenomenon.

Sverdrup, Johnson and Fleming (1942) indicated that water

recirculating in the Gulf of Alaska consisted of the total transport in

the northern branch of the Subarctic Current and estimated this to be

approximately 5 x 106 m. 3/sec. Bennett (1959) extended his study of

the Gulf of Alaska (summer 1955) to long. 1600W. and found no corn-

ponent of geostrophic flow along the western coast recirculating east-

ward. Favorite (1967) showed that during summer 1959 about one-

third of this flow (referred to 1,000 mb. ) recirculated and the
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remainder flowed westward along the Aleutian Islands. Monthly mean

values of Sverdrup transport that have been derived permit a more

detailed look at this phenomenon. Let us consider that the geostrophic

transport into the Gulf of Alaska across lat. 500 N. , has the same

mean value as that across lat. 550 N. (15. 2 X io6 m. 3/sec. ), and that

this flows westward out of the Gulf of Alaska as the Alaskan Stream

along the Aleutian Islands. A glance at Figure 8 shows this to be not

only a reasonable assumption but probably true because geostrophic

flow in winter is similar. Continuity of Sverdrup transport demands

certain circulation patterns. For example, the difference in value of

Sverdrup transports across lat. 50 and 550 N. requires a flow west-

ward or eastward across long. 1600W. between these two latitudes;

and the excess of flow across lat. 550 N., not required by continuity

to recirculate at this location flows westward along the Aleutian

Islands and part of the Alaskan Stream. The Sverdrup transport is

compiled in Table 8 and the seasonal circulation patterns (December,

January, February - winter; March, April, May - spring; June, July,

August - summer; September, October, November - fall) are

presented in Figure 11.

Charts of seasonal flow show that transports into the Gulf of

Alaska across lat. 55° N., and out of the Gulf of Alaska in the Alaskan

Stream, are highest in winter, 19 X 106 m. /sec. and 13 X io6 m. /sec.

respectively. One may well ask are these excessive? In the absence
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into and out of the Gulf of Alaska.



of extensive direct current measurements no absolute proof can be

submitted; however, some supporting data are available. Closely

spaced observations in the westward flowing Alaskan Stream south of

Adak Island, in the central Aleutian Islands near long. 176° W. nearly

1,000 km. from long. 1600 W., show a geostrophic transport in

excess of 20 X io6 m. 3/sec. in March 1966 (Ingraham and Favorite,

1968). At this location we can assume some adjustments of mass

may have taken place and part of the Sverdrup transport is represented

in this quantity. Regardless of the interpretation, the transports in

Figure 11 are not considered unrealistic.

Table 8. Monthly mean Sverdrup transport ( X 106 m. 3

sec.): (a)- -around the Gulf of Alaska; (b)--
recirculating in the Gulf of Alaska between lat.
50 and 55° N. at long. 160° W., and (c)--north-
ward across lat. 50° N. between long. 160° W.
and Vancouver Island.

a b c

January 21.4 9.5 11.9
February 15.7 11.1 4.6
March 10.7 -1.7 12.4
April 6.7 0.0 6.7
May 3.5 -3.7 7.2
June 1.8 -1.6 3.4
July 2.8 0.0 2.8
August 6.6 9.8 -3. 2
September 6.5 6.4 0.1
October 13.2 1.4 11.8
November 16.0 1.1 14.9
December 19.0 -2.0 21.0

Mean 10.3 7.8

b- (-) indicates westward flow; c-- (-) indicates southward flow.



Values for the flow recirculating in the Gulf of Alaska are also

reasonable. As pointed out earlier, it has been impossible to get any

realistic indication of the periodicity or magnitudes of this flow.

Distributions of water properties at the surface have shown that

recirculation must exist, but the field of geostrophic currents has

rarely coincided with these distributions. For example, compare

the obvious southward Intrusion of warm water (12 to 13°C.) across

lat. 55° N. between long. 155 and 160° W. (Figure 12) with the geo-

strophic flow (Figure 9), which indicates only a westward flow along

the Alaska peninsula. Maximum recirculation, 6 X io6 m. 3/sec.,
occurs in winter, and it is interesting to find that during spring there

is not only an absence of any recirculation between lat. 50 and 55° N.

but a small (2 X 106 m. 3/sec.) westward flow. Re circulation corn-

mences again in summer and the magnitude of flow remains undirnin-

ished through fall.

Annual Flow

A relationship between Sverdrup transport and sea level has

been established and investigated as to possible monthly and seasonal

flows. It is also possible to construct annual mean flows. Compari-.

son of annual mean isostatic sea level anomaly at Yakutat and annual

mean Sverdrup transport around the Gulf of Alaska (Figure 13) mdi-

cates good coherence except for the years 1955 and 1956. If sea level
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Figure 12. Temperature distribution showing intrusion of warm
water, 12-13° C. , southward of lat. 55° N. between
long. 155 to 160°W. (see Figure 8 for geostrophic
currents).
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Figure 13. Annual mean Sverdrup transport around Gulf of Alaska,
annual mean isostatic sea level anomaly at Yakutat,
and annual mean isostatic sea level anomaly at Yakutat
adjusted for modified annual mean precipitation at
Yakutat.
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is adjusted for annual mean precipitation, in a similar manner as

that employed in the monthly mean values, the coherence is enhanced

except for the years 1952 and 1959. The magnitude of flow varies

100 percent, from 6. 6 x 106 m. 3/sec. for 1957 versus 13. 2 X 106

in. 3/sec. for 1955, and above average transport is indicated for the

years 1950, 52, 53, 55, 56 and 58.

Investigation of the discrepancy in the transport-.sea level

relationship for 1955 reveals no apparent error in the data. The

annual mean sea level anomaly at Sitka for 1955 shows a 2.4 cm.

anomaly which compares favorably with the -3. 3 cm. anomaly at

Yakutat. Further, the Sverdrup transports do not indicate any

exceptionally high monthly values for 1955, but higher than average

transports do occur in all months except January, February, March

and September. Thus, the cause for the discrepancy is unknown at

this time.

The correspondence between the ratio of sea level and transport

versus month, and versus year, is shown in Figure 14. This shows

the anomalous relationships for the months of May, June and July

attributed to local conditions, and for the years 1955 and 1956, the

cause of which is unknown. The relationship between the other months

and the other years shows little scatter; the ratio for years being a

little higher due to the incorporation of high sea level values for May,
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June and July, attributed to runoff, in the computation of an annual

mean value.



SUMMARY AND CONCLUSIONS

It has been shown that the geostrophic parameter generally

used to indicate flow in the aulf of Alaska has a relatively constant

value regardless of season. Although providing indication of average

flow, it fails to show the increase in flow during late fall and winter

caused by the significant change in meteorological conditions, and

indicated by sea level measurements. Commencing with mean sea

level as recorded at a tide gage station the effects of various

meteorological and transport phenomena upon mean sea level have

been compensated for, or eliminated as not significant to this study,

and the resulting height anomaly has been equated to a barotropic

component of Sverdrup transport. The approximate magnitudes of

adjustments to the 28. 5 cm. variation in the recorded monthly mean

sea levels at Yakutat caused by major factors are: atmospheric

pressure 15 cm. , steric level 6 cm. , precipitation 6. 6 cm. , and

Sverdrup transport 12.8 cm.

The resulting relationship between monthly mean Sverdrup

transport and sea level is in close agreement, considering the nature

of the phenomena, with the calculated value of the expected change in

elevation of the sea surface as a result of the flow. This is interpreted
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to mean that transport in the Gulf of Alaska during winter may be as

much as one and one..half times as large as heretofore believed, and

our concept of uniform flow in winter and summer is challenged.

Mean seasonal values of cyclonic Sverdrup transport provide

information concerning recirculation in the Gulf of Alaska heretofore

unattainable from shipboard observations. Maximum re circulation

in the Gulf of Alaska gyre (6 X io6 m. 3/sec.) occurs during winter;

this flow ceases during spring and a reduced recirculation (3 X io6

m. 3/sec.) is restored during summer and fall.

Thus, in order to ascertain flow in the Gulf of Alaska during

winter, one must investigate the Sverdrup transport in addition to the

geostrophic transport.

It has been shown that annual mean Sverdrup transport varies

considerably and a good correlation has been obtained between fluctua-

tions in the annual mean Sverdrup transport and annual mean sea

level. There are unexplained differences, however, this only points

out the difficulties encountered in predicting the complex movements,

in time and space, of the fluid we call ocean.

Although additional indirect evidence is offered to justify con-

clusions made, no direct evidence is available. This would require

extensive current observations from the surface to the bottom during

extended periods; at least two winter periods in which a significant

increase in Sverdrup transport over the summer values occurred, as



well as similar observations during a protracted summer period

when conditions should be relatively uniform. Sophisticated, expen-

sive, moored and floating current measuring devices that are subject

to damage and loss, as well. as substantial vessel time would also be

required.

Nevertheless, the conclusions presented here certainly form

the basis for a renewed oceanographic exploration of the Gulf of

Alaska by government and private agencies along lines completely

different from the cris s-crossing cruise tracks employed in previous

investigations, and should stimulate theoretical considerations con-

cerning the coupling of geostrophic and Sverdrup transports in this

region.
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