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ABSTRACT

The large concentrations of suspended sediments in Alaskan estuarine and coastal 

waters form patterns which are clearly visible in imagery acquired by the Earth Resources 

Technology Satellite (ERTS). Density-slicing of the ERTS imagery is used to compile maps 

of relative suspended sediment concentrations. A comparison of these maps with 

conventional oceanographic data exhibits good correspondence and indicates that the 

synoptic, instantaneous and repetitive view provided by the satellite can be used to great 

advantage in interpreting the field data and extrapolating these data to areas where little 

conventional information is available. On the basis of this favorable comparison, ERTS 

imagery is used to delineate the major pathways of sediment transport in most of the 

Alaskan coastal zone, from Yakutat to Barrow. The resulting models are discussed in 

relation to the hydrological and meteorological regimes, sea circulation and bottom 

sediment distributions.
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INTRODUCTION

C U R R E N T  ST A T U S OF L I T E R A T U R E  ON S H E LF  S E D I M E N T  T R A N S P O R T  

A N D  C U R R E N T  VIEWS ON MODES OF T R A N S P O R T

The significance and extent of sediment transport in the region of the continental shelf 

is presently much in debate. This is due in part to a lack of in situ observations and 

measurements of sediment movement, both in suspension and on the bottom. However, 

much of the controversy appears to be due to real differences in the sediment transport 

regimes found in the various shelf areas studied such that sediment transport studies in one 

shelf area are not quantitatively, and in some cases not even qualitatively, related to studies 

in other shelf areas.

For example, the classical concept that all sediments derived from continental erosion 

are, upon reaching the ocean, transported offshore to be deposited on the continental shelf 

margin or beyond does not now appear applicable to all shelves. Net offshore transport of 

fine sediment on the Pacific shelf of the contiguous United States can now be quite 

positively construed from actual measurements of bottom currents (Smith and Hopkins, 

1972) and measurements of changes in the bottom sediment size distribution over a period 

of time (Drake, et a/., 1972). Sediment transport on the U. S. Atlantic coast, however, 

appears to differ. Mass balance computations of sediment input by rivers versus sediment 

accretion rates in coastal wetlands (Meade, 1972) indicate that most, if not all, of the 

continentally derived sediments are transported along the coast and are deposited in coastal 

wetland areas. Moreover, studies of the mineralogy of coastal and offshore sediments in the 

southeastern United States indicate onshore transport of sediments from as much as 20 km 

offshore (Pilkey and Field, 1972). The differences in sediment transport in coastal regimes 

of the U. S. Atlantic and Pacific coasts are probably due in large part to differences in the
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hydrologic and meterologic regimes in the 2 regions, however, the sediment size and mode 

of transport (traction versus suspension) and the coastal morphology are also important 

variables. This example serves primarily to point out the variability to be expected in the 

transport of sediments in different nearshore and continental shelf regions and the 

dependence on the specific hydrologic and meteorologic regime of the region. Even within 

the same region considerable variation in transport may occur due to seasonal differences in 

wind and storm-induced currents (Murray, 1972; Smith and Hopkins, 1972).

Swift, et al. (1971) summarized the various factors effecting coastal water movement 

and sediment transport into the 4 major categories (in order of importance in terms of 

energy input to the continental shelf) of meteorological, tidal, density, and intruding 

oceanic currents. Although listed as least important in terms of energy input, the relatively 

constant intruding oceanic currents exert considerable influence over long range sediment 

dispersal. Tidal currents, oscillatory in nature, are important in the local and nearshore 

redistribution of sediments, particularly in estuaries where tidal amplification and resultant 

strong tidal currents occur. In conjunction with the Coriolis force and morphology of the 

embayment, tidal currents generate net circulation patterns within many estuaries. Density 

currents may be particularly significant in coastal regions where nearshore cooling may 

produce dense water which flows offshore, usually near the bottom, carrying suspended 

sediments with it.

Meteorological currents, particularly wind drift (Ekman transport) and resultant 

compensatory currents, are probably the most important variable factor in sediment 

transport. Wind drift consists of water transport due to wind stress at the sea surface 

(Creager and Sternberg, 1972). In the ideal situation the transport at the sea surface is 

directed 45° to the right (in the northern hemisphere) of the wind direction and is directed 

progressively farther to the right (accompanied with a decrease in velocity) with increase in 

depth such that the integrated mass transport in the Ekman layer is 90° to the right of the 

surface wind direction. In shallow regions where the Ekman layer cannot fully develop, mass 

transport (neglecting other variables) will shift towards the direction of the wind.

Convergence or divergence of coastal waters are a common result of wind drift. 

Offshore transport in the Ekman layer will cause divergence or upwelling in the nearshore 

region, drawing water from intermediate or deeper depths in toward shore. As the deeper
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water moves shoreward Coriolis force will deflect the water to the right (in the northern 

hemisphere) to produce a coast-parallel current at depth. (Such a current will be 

superimposed on the permanent currents in the area and may simply retard or accelerate the 

permanent current.) Conversely, onshore transport in the Ekman layer will result in 

convergence or downwelling near the coast with seaward movement of water at depth. 

Coriolis force will again deflect this water to the right (in the northern hemisphere) to 

produce a subsurface current component to the left as one faces the coastline from offshore. 

Coastal convergence and divergence due to Ekman transport have been observed off the 

Washington coast (Smith and Hopkins, 1972) and the southern Alaskan coast (Royer, in 

preparation).

Wind drift can at times be quite significant. In the eastern Chukchi Sea, for example, 

where the generally northward flowing current averages 50 to 100 cm/sec (1-2 knots) along 

the western Alaskan coast, the surface current has been observed to be considerably 

decreased or even stopped by strong northerly winds (U. S. Coast Pilot 9,1964).

In evaluating the significance of the various factors affecting shelf sediment transport, 

many authors distinguish between different regions of the shelf, over which the importance 

of each transport mechanism may vary. Smith and Hopkins (1972) distinguished, on the 

basis of sediment transport, between the inner shelf (out to 40-50 m depth) where shoaling 

waves and tidal currents are at least as important as wind driven currents; the central shelf 

where wind driven currents are the most important factor in sediment transport; and the 

shelf edge where shoaling internal waves as well as wind driven currents are important.

Creager and Sternberg (1972) also differentiate between inner (<50 m depth), central 

(50-145 m) and outer (seaward of 145 m) shelf zones off the Washington coast, but based 

upon both hydrodynamic and sedimentologic characteristics. Sedimentologically, the inner 

shelf, which extends offshore roughly 20 km, is characterized by sediments with a 2<p to 3 

median diameter and containing less than 10 percent silt. The central shelf region is 

characterized by sediments with 40 to 70 percent silt whereas on the outer shelf the median 

diameter again increases, suggesting relict or palimpsest sediments on the outer shelf.

Askren (1972) found similar differences between inner and central shelf sediments in 

the southeastern Bering Sea. Sediments coarser than 2<p with minor silt were limited to 

depths of less than 50 m, and graded rather abruptly with increase in depth into sediments



containing a much higher percentage of silt. He concluded that 50 m depth normally 

marked the maximum depth of influence of wind-wave bottom currents in the Bering Sea.

Sharma, et al. (1972) also find a natural division between an inner and outer shelf in 

the Bristol Bay region of the southeastern Bering Sea. The inner shelf is well-graded sand 

and appears to result from contemporary reworking of the bottom sediments by wave 

action. The outer shelf is characterized by an abrupt decrease in mean size and reduction in 

sorting in depths greater than about 60 m, marking the limit of significant wave influence on

the bottom sediments.

Curray (1965) considers the present-day shelf surface from the point of view of genesis 

of the shelf surface during the last rise in sea level (Holocene transgression; approximately 

18,000-7,000 years B.P.) as modified by modern (7,000 years B.P.-present) sedimentation 

and shelf processes. In this context, much of the middle and outer shelf sediments may be 

relict from earlier shelf regimes during lower stands of sea level. Modern sedimentation and 

shelf processes in the past 7,000 years, during which time sea level has remained relatively 

stable at its present level, have modified the inner and middle shelf to reflect the present day 

shelf regime. This modern shelf regime, in general, is represented by a nearshore sand facies, 

grading seaward into a middle shelf mud facies which overlies relict shelf sediments. Curray 

would restrict the deposition of modern mud to 30 to 40 km offshore (except near some 

major sediment sources), thus leaving relict sediments (primarily sands) exposed farther out 

on the shelf. He notes that transport of fine sediments farther than 40 km offshore must 

occur, however, the rate of reworking exceeds the rate of deposition in the region beyond 

about 40 km offshore. Curray would dispose of fine sediments deposited farther than 40 km 

offshore by having them reworked into the underlying relict sands such that no distinct 

modern surficial mud layer would remain. It is quite plausible, however, that any fine 

sediments deposited in the region of relict sediments may be periodically resuspended and 

carried farther offshore. In general Curray's model, supported by considerable data from the 

United States east coast, agrees well with Creager and Sternberg's (1972) more recent 

delineation of shelf zones off the Washington and Oregon coasts.

Only recently have definitive observations of bottom sediment deposition, 

resuspension and transport been conducted. Theoretical calculations on the competency of 

currents to erode and entrain bottom sediments and on the ability of wave generated
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turbulence to resuspend or maintain sediments in suspension have always been in doubt due 

to the large number of variables and the difficulty inherent in applying special case (such as 

flume) studies to the complex marine environment. Of importance to the present study is to 

what depth are wave turbulence and currents capable of eroding and resuspending bottom 

sediments.
McCave (1972) calculates that mud (silt and clay) will be deposited at current 

velocities of less than 17 to 25 cm/sec (measured 1 m above the bottom and applicable to 

steady uniform flow). Once deposited, the shear stress required to resuspend the sediment 

increases and, consequently, either greater current speeds or increased turbulence are 

required to resuspend the bottom sediments. Smith and Hopkins (1972) conclude that a 

current speed of 35 cm/sec (measured 1 m above the bottom and corresponding to 40 

cm/sec measured 3 m above the bottom) is sufficient to erode most sand size material. 

Current speeds greater than 40 cm/sec (3 m above the bottom) were measured on the 

Washington shelf in 50 and 80 m water depth during winter storms (Smith and Hopkins, 

1972). However, their measured current velocities are time averages and do not reflect 

higher instantaneous velocities due to turbulence and oscillatory wave motion. They 

conclude that significant sediment transport on the shelf occurs only during storms and that 

transport in suspension is considerably more important than bed load transport. The 

importance of storm generated waves in effecting sediment transport is also suggested by 

Lisitsyn (1966) and Sharma (1972).

Indirect evidence of strong wave action at greater depths is given by the presence of 

ripple marks photographed on the Oregon shelf (Komar, 1972). They found

symmetrical oscillatory ripple marks at depths as great as 204 m. The maximum depths at 

which ripple marks were observed agreed well with the maximum depth of wave influence 

predicted from Airy wave theory, using a threshold velocity (for orbital wave motion) for 

fine sand of 10 cm/sec. Gorsline and Grant (1972) are more conservative in their estimates 

of the maximum depth of wave influence on bottom sediments. They use 25 cm/sec as the 

minimum velocity required for erosion of fine sand particles and estimate 100 m as the 

maximum depth of wave influence in the San Pedro, California, area.

Stanley, et al. (1972), in their television reconnaissance in the Wilmington Canyon area 

(280 km southeast of Delaware Bay), also observed ripple marks at depths slightly greater
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than 200 m. Resuspension of bottom sediments by oscillatory currents was observed from 

the bathyscaphe Trieste by Moore (1963) at depths of 150 m on the shelf off San Diego, 

California.

The study by Drake, et al. (1972), of sediment deposition and transport on the Santa 

Barbara-Oxnard shelf following a record flood discharge of sediment is probably the most 

comprehensive evaluation of sediment deposition and transport. They found that greater 

than 70 percent of the sediments were initially deposited on the inner shelf in depths of less 

than 30 m, followed by rapid erosion and redistribution to the middle shelf and beyond. 

Although they decided that current velocities of less than 25 cm/sec were insufficient to 

prevent deposition of fine silt and clay on the middle and outer shelf, they were dealing 

with fairly high suspended load concentrations. In this context, as discussed by McCave 

(1972), it must be remembered that the probability of deposition is greater when the 

near-bottom suspended load is high. When the near-bottom suspended load decreases, due to 

diminuation of the source or increased vertical mixing, the probability of deposition 

decreases and effective erosion increases. This relationship between near-bottom suspended 

load concentrations and deposition may, in part, cause a marked seasonal variation in the 

presence and characteristics of bottom sediments in regions having a high but seasonally 

variable influx of sediments, such as near major river mouths in the subarctic regions.

Many shelf studies do tend to indicate a significant seasonal variation in the sediment 

transport capabilities of the shelf regimes. During the relatively quiescent summer months 

when river sediment discharge is high, it appears fine sediments have an opportunity to 

accumulate in thin layers over most areas of the shelf. In contrast, winter storms, 

accompanied by greatly reduced river sediment discharge, rework the shelf sediments, 

winnowing out the finer material and redepositing it farther out on the shelf, beyond the 

shelf edge, or in generally more quiescent environments.

In addition to seasonal variability in shelf transport, there is a growing tendency to 

evaluate shelf transport in terms of "rare" or "catastrophic" events such as hurricanes and 

extremely severe winter storms. Many authors (Creager and Sternberg, 1972; Swift, et al., 

1971) conclude that it may be these rare events which really play the dominant role in 

resuspension and transport of bottom sediments on the middle and outer shelves. Curray 

(1960), for example, estimated that bottom sediments (fine sand) on the Gulf of Mexico
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shelf edge are reworked only once in approximately each 5 years by extraordinarily severe 

hurricanes.
In general, there appears to be ample evidence that most continental shelf areas which 

are exposed to long period waves are susceptible to reworking and resuspension of the finer 

bottom sediments. Exactly how high into the water column resuspended bottom sediments 

are mixed has apparently not been studied. However, while in suspension the finer particles 

are subject to transport over considerable distances before they again settle out. Times 

required for various particle sizes to settle 10 m through the water column [computed from 

Stokes Law (Krumbein and Pettijohn, 1938)] and the distance these particles would be 

transported in a 50 cm/sec (1 knot) current while settling 10 m are given in Table 1.

This introduction has been an attempt to characterize and evaluate the various shelf 

processes which control and modify the present day shelf sediment distribution. The 

concepts thus far presented will be considered in a general manner with respect to 

characterizing the varied Alaskan coastal and shelf environments and, in turn, it is hoped the 

processes and patterns observed in the Alaskan coastal and shelf zones will aid in clarifying 

our understanding of shelf processes in general.

SCOPE A ND A IM S OF PR ESENT S T U D Y

The objective of this study is to characterize suspended sediment transport and 

deposition in the Alaskan coastal environment and, in turn, to help clarify general concepts 

of estuarine and shelf sediment transport. The study embodies a new approach, utilizing 

Earth Resources Technology Satellite (ERTS) imagery to provide a semi-quantitative 

overview of surface suspended sediment transport patterns over large areas of the coast and 

shelf. The satellite provides detailed imagery of the near-surface suspended load and an 

essentially instantaneous view over relatively large areas, a view which is not feasible using 

the slow conventional oceanographic shipboard collection techniques.

The satellite imagery is correlated, in so far as possible, with field measurements of the 

suspended load concentration, temperature and salinity. Although the near-surface data 

cannot be directly correlated with subsurface water movement and sediment transport, it is 

hoped that the better understanding of surface water movements derived from the ERTS 

imagery will aid in understanding the subsurface sedimentary environment.
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Table 1. Time in suspension and distance a suspended sediment particle will be transported 
in a 1 kt. current while settling 10 meters.

^ Size Particle Time to Distance transported
Diameter settle 10 m. in a 1 kt. current

(pm)

days hours

4 62.5 - 0.8 1.4 km

5 31.2 - 3.2 5.8 km

6 15.6 - 12.8 23.0 km

7 7.8 2 3.2 92.1 km

8 3.9 8 12.2 367.0 km

9 2.0 34 - 1470.0 km

10 0.98 136 - 5882.0 km
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The nature and characteristics of the bottom sediment distribution are also considered 

in relation to observed surface suspended load distributions, the general water depth, and 

the hydrodynamic and meteorological conditions in each region.

: i

9

y/\

"i-?t

b-x



REMOTE SENSING

A detailed discussion of the Earth Resources Technology Satellite (ERTS) system and 

a survey of pertinent literature concerning remote sensing and its application and results are 

contained in Appendix A, of which the following is a very brief summary.

The Earth Resources Technology Satellite orbits the earth in a near-polar, 

sun-synchronous, circular orbit at an altitude of 915 km. The westward precession of the 

satellite orbit is designed to provide coverage of the entire earth every 18 days, however, due 

to the convergence of the satellite orbits over the polar regions, areas in Alaska receive 2 or 

more days of overlapping coverage each 18 days, as shown in Figure A-2 of Appendix A. A 

summary of the satellite characteristics is contained in Table 2.

As the satellite passes over an area, its Multispectral Scanner (MSS) records the spectral 

radiance of each approximately 100 m by 100 m of area in each of 4 spectral bands, as 

shown in Table 2. NASA converts the spectral radiance data of each MSS band into 

conventional prints and transparencies, each covering an area of 185 km by 185 km. The 

conversion process is closely controlled so the transmittance of the transparencies is linearly 

related to the spectral radiance observed by the satellite.

The various studies discussed in Appendix A have established a good linear correlation 

between the recorded spectral radiance (and the transmittance or gray shade of the 

transparencies) and the near-surface suspended sediment load and the Secchi depth 

(turbidity) in MSS bands 4-6. Band 4, in the blue-green region of the spectrum, penetrates 

water best and, as a consequence, provides the best delineation of low suspended sediment 

concentrations. Bands 5 to 7, respectively, penetrate water progressively less and are better 

adapted to delineation of higher suspended sediment loads. The range of suspended load 

concentrations over which each MSS band is useable was estimated on the basis of sea truth

10
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Table 2. ERTS SYSTEM CHARACTERISTICS

Altitude of Satellite 
Type of orbit 
Orbital period 
Orbits per day 
Coverage cycle 
Time of observation 
Size of area imaged 
Field of view 
Sidelap
Overlap along orbit

915 km
circular, sun-synchronous, 99° inclination 

103 minutes 
14 orbits 
18 days

approx. 1050 AM at 60° to 70° north latitude 
185 x185 km (100 x 100 n. mi.)

11.56 x 11.56 degrees 
approximately 67% at 62° north latitude 

10%

Instrument 
Image distortion 
Ground resolution 
Positional accuracy (meters) 
Scene registration (meters)

Multispectral Scanner (MSS) 
2%

less than 80 to 120 meters 
Bulk data 900; Precision 240 
Bulk data 160; Precision 150

Spectral bandwidth (microns) 
Nominal color

0.5-0.6 0.6-0.7 0.7-0.8 0.8-1.1 
Green Red Near IR Near IR

(adapted from Belon and Miller, 1973)



obtained in several areas of the present study. These ranges are:

MSS Band Surface Suspended Load (mg/l)

4 0 to 20

5 2 to 60

6 20 to 1,000

7 40 to 2,000+

The suspended sediments observed by the satellite are representative only of the upper 1 

2 m of the water column in the areas discussed in this study.



METHODOLOGY

The methods used in the collection and analysis of field data and the techniques used 

in the iso-density analysis of ERTS imagery are contained in Appendix B. The following is a 

brief summary of the iso-density analysis technique.

In order to better assess the relative variations in the suspended sediment load observed 

by ERTS, the various gray shades contained in the ERTS imagery have been electronically 

color-coded (density sliced) so that boundaries between different gray shades (representing 

different ranges of suspended load concentration) can be positively differentiated. This was 

accomplished using a "VP-8 Image Analyzer", consisting of a light table, vidicon camera, 

control equipment and a color television receiver. After placing a transparency of the ERTS 

image on the light table, the vidicon camera transmits the image to the VP-8 control 

equipment where the image is color-coded into as many as 8 different colors. The 

color-coded image is then displayed on the color television screen.

The range of gray shades coded as any particular color and the total range of gray 

shades contained in the entire color spectrum of the display are all continuously variable 

such that the normally small range of gray shades found in coastal waters can be density 

sliced into the full 8 colors, each color representing a different range of reflectance value or 

suspended load concentration. The color-coded image displayed on the television screen was 

photographed using high speed 35 mm direct-positive color film. The 35 mm color slides 

obtained were then projected, using a photographic enlarger, onto base maps of the Alaskan 

coast. The projection of the color slide was aligned such that the color image and the base 

map coastlines conformed, and the color boundaries were traced onto the base map to 

produce the relative suspended load concentrations as shown in the black and white drafted 

images. Figures B-1 to B-3 (Appendix B), respectively, are representative of the image

13
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transformation from the original black and white transparency to the color density-sliced 

image and finally to the black and white drafted version of relative suspended load 

concentrations.



AREA OF STUDY

The study area includes the entire mainland Alaskan coast (Fig. 1) from Yakutat Bay 

in the northeastern Gulf of Alaska to Point Barrow on Alaska's north slope. A variety of 

environments are represented, including the relatively exposed and narrow shelf bordering 

the Gulf of Alaska and North Pacific Ocean; the enclosed region of Prince William Sound; 

Cook Inlet, a large, shallow and highly turbid estuary; and the broad and shallow shelves in 

the Bering and Chukchi Seas. Hydrological and meteorological conditions vary considerably 

around the coast. Detailed descriptions of the hydrology, meteorology and bottom 

sedimentology are provided separately as each region is considered.
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RESULTS

G E N E R A L

To correlate the field and ERTS suspended load distribution data with the various 

coastal environments, the presentation of the data has been divided into 5 general 

geographical regions: (1) the northern Gulf of Alaska, including Prince William Sound, (2) 

Cook Inlet, (3) The Aleutian shelf, including Shelikof Strait and the shelf seaward of Kodiak 

Island, (4) the eastern Bering Sea, and (5) the Chukchi Sea, including some imagery in the 

Beaufort Sea. For each region, the recent geological history and contemporary surficial 

bottom sediment distribution are discussed in so far as they may pertain to or clarify the 

present day sediment transport regime. Following the detailed discussions of results, the 

essential results of this study for each region are grouped in the “ summary and conclusions" 

chapter.

16



17

G U L F  OF A L A S K A  

Recent history

The northern Gulf of Alaska (Fig. 1) is characterized by a glaciated and rugged 

mountainous coastline indented with a myriad of estuaries and embayments. During the 

Wisconsin glaciation (about 70,000-10,000 years B.P.), glaciers covered much of the 

continental shelf as far seaward as the shelf break (Hopkins, 1972). Even during the late 

stages (13,000-10,000 years B.P.) of the Wisconsin glaciation, by which time sea level had 

risen from its minimum of -125 m to about -38 m, the extent of shelf glaciation in the Gulf 

of Alaska was only slightly less than its Wisconsin maximum. Approximately 11,000 years 

B.P. a worldwide warming of the climate initiated a major retreat of glaciers, and it is since 

this time that the shelf has been exposed to contemporary sedimentary processes. The 

glacial deposits left on the shelf and slope following the last glacial retreat provide a base for 

evaluation of recent (Holocene) sediment transport and deposition in the northern Gulf of 

Alaska.

The present-day glaciers have mostly receded inland, however, several major tidewater 

glaciers still exist. Both the tidewater and inland glaciers discharge tremendous quantities of 

glacial flour into the coastal waters and constitute the dominant source of sediments in the 

northern Gulf of Alaska.

Bottom sediment distribution

Surficial bottom sediments in the Gulf of Alaska have been studied by Nayudu and 

Enbysk (1964), Gershanovich (1968), Wright (1968), Wright and Sharma (1969) and 

Sharma (in press). Nayudu and Enbysk's (1964) generalized sediment distribution in the 

northern Gulf of Alaska indicates that terrigenous sediments (pebbles to clay) cover the 

majority of the shelf out to the shelf edge, and terrigenous sediments with less than 20 

percent diatoms cover most of the slope. They infer from the mud coloration 

(greenish-gray) that the shelf and much of the slope are areas of rapid deposition. 

Gershanovich (1968), based upon core studies, has estimated rates of deposition to be 2 to 

30 cm/1,000 years on the offshore shelf (and possibly higher in areas of accumulation of 

glacial-marine sediments), 15 to 20 cm/1,000 years on the slope, and 30 cm/1,000 years on 

the terrace.
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Figure 1. Index map of Alaska. All bathymetric contours shown are 200 m.
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In the shelf area considered in this study, much more detailed delineations of surficial 

bottom sediments have been provided by Wright and Sharma (1969) for the northeastern 

Gulf of Alaska and by Sharma (in press) for the north-central Gulf of Alaska and Prince 

William Sound.

The surficial bottom sediments on the northeastern Gulf of Alaska shelf (Fig. 2) are 

predominantly periglacial marine sediments, consisting of clayey silt or silty clay (Wright 

and Sharma, 1969). Relict glacial morainal material is present only on the outer shelf south 

and southeast of Yakutat Bay, where deposition of contemporary muds is apparently 

prevented due to offshore shunting of sediments by Yakutat Sea Valley. From seismic 

profiles in the region, Wright (1968) estimates rates of deposition in the region of from 2 to 

7 cm/year. The maximum rates occur at the mouth of Yakutat Bay in the region of Yakutat 

Sea Valley; the rate of shelf deposition generally decreases towards the west to values 

slightly greater than 2 cm/year west of Icy Bay. Near the tidewater portion of Malaspina 

Glacier, muds extend in to the shore, apparently the result of a large input of fine material 

from the glacier. To the west of Malaspina Glacier, surficial bottom sediments grade from 

sand to mud in the offshore direction, probably due to a decreased input of fine material 

sufficient to allow natural size grading by wave action.

The Yakutat Sea Valley appears to be very effective in shunting most of the finer 

sediments offshore, leaving a scarcity of mud immediately west of the sea valley. Farther to 

the west, the presence of mud progressively closer to shore is likely due to a gradual increase 

in total fine sediment transport derived from the cumulative input of fine material from 

sources west of the Malaspina Glacier.

The mean size distribution (Fig. 3) of surficial bottom sediments in the north-central 

Gulf of Alaska shows a strong correlation to both the bathymetry and surface suspended 

load. Accumulation of fine sediments is generally greater in the deeper areas and in areas 

underlying high suspended load concentrations. Offshore shelf areas with depths of less than 

100 m (50 fathoms) appear to be regions of minimal sediment accumulation. For example, 

the coarse sediments found on the high about 40 km south of Hinchinbrook Island are 

glacial morainal material. In the deeper shelf areas the glacial till has been covered with fine 

silt and clay. Near the shelf edge the surficial bottom sediments become progressively more 

coarse west of Middleton Island, whereas east of Middleton Island fine sediments extend



Figure 2. Surficial bottom sediment d istribution on the northeastern Gulf of Alaska shelf
(after Wright and Sharma, 1969). roo
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Figure 3. Mean size (Mz) distribution of surficial bottom sediments on 
north-central Gulf of Alaska shelf (after Sharma, in press).
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farther seaward onto the slope. The coarse contemporary sediment input of the Copper 

River is apparent near the mouth of the river. The near-shore sediments become 

progressively more fine towards the west as the coarser sediments settle out.

Sorting of surficial bottom sediments (Fig. 4) gives a similar pattern. The extremely 

poor sorting characteristic of glacial till is evident in the coarser offshore sediments on the 

topographic highs and near the shelf edge. Near the Copper River, on the other hand, the 

well-sorted fine sand reflects the effect of waves and currents in winnowing out the finer 

constituent of the fluvio-glacial flour input of the Copper River.

The percentages of gravel, sand, silt and clay (Figs. 5-8) also strongly reflect the 

bathymetry. High concentrations of gravel are found on topographic highs and near the 

shelf edge where relict glacial morainal material is exposed. The offshore distribution of 

sand is similar to that for gravel. Nearshore, the moderately well-sorted sands are mostly the 

product of the contemporary input of Copper River sediments with the finer material 

winnowed out.

The distributions of percentage silt and clay are also closely related to the bathymetry, 

however, they appear to be much more sensitive indicators of the suspended load transport. 

For example the distribution of silt southwest of Kayak Island indicates offshore transport. 

The distribution of clay west of Kayak Island would imply a relatively quiescent 

environment where a large proportion of clay has an opportunity to settle out, accompanied 

by a reduced input of silt to the region. These aspects will be discussed in more detail 

following discussion of the ERTS imagery.

Within Prince William Sound (Figs. 9-12) surficial bottom sediments are mostly coarse 

clay and fine silt. The improved sorting near the center of Prince William Sound (Fig. 13) is 

the result of size sorting due to differential settling which limits most silt to the periphery of 

the basin near the sediment sources.

Sediments in the vicinity of Hinchinbrook Entrance (southwest of Hinchinbrook 

Island) show the influence of the coarser sediment input from the Copper River and/or 

winnowing of finer sediments by tidal currents passing through the entrance. Coarser 

sediments discharged into the various fjords and estuaries do not show a significant 

influence outside of their mouths, although a tongue of more coarse sediments derived 

primarily from the Columbia Glacier (north-central Prince William Sound) is present. The
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Figure 4. Sorting (aj) of surficial bottom sediments on the north-central Gulf of 
Alaska shelf (after Sharma, in press).



Figure 5. Percentage of gravel in surficial bottom sediments on the north-central Gulf of Alaska shelf (after
Sharma, in press).
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Figure 6. Percentage of sand in surficial bottom sediments on the north-central Gulf o f Alaska shelf (after
Sharma, in press).
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Figure 7. Percentage of silt in surficiai bottom sediments on the north-central Gulf o f Alaska shelf (after Sharma,
in press).
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Figure 8. Percentage of clay in surficial bottom sediments on the north-central Gulf o f Alaska shelf (after
Sharma, in press).
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Figure 9. Mean size (Mz) d istribution of surficial bottom  sediments in Prince William Sound, Alaska (after 
Sharma, in press).
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Figure 10. Percentage of sand in surficial bottom sediments in Prince William Sound,
Alaska (after Sharma, in press). ro
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11. Percentage o f silt in surficial bottom sediments in Prince William Sound,
Alaska (after Sharma, in press).
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Figure 12. Percentage of ill*  in surficial bottom sediments in Prince William Sound, Alaska (after
Sharma, in press).



Figure 13. Sorting (o\) o f surficial bottom  sediments in Prince William Sound, Alaska (after Sharma, in 
press).
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sand component of this tongue is probably due to ice-rafting from the prolific calving of this 

tidewater glacier.

Hydrological and meteorological regimes

Circulation in the Gulf of Alaska is dominated by the permanent counterclockwise 

gyre of the Alaska Current (Fig. 14). Nearshore the westward flowing current is modified by 

land barriers, producing in a few areas large, semi-permanent eddies. The nearshore 

component of the current is relatively slow (8-10 cm/sec; Muench, 1974). Offshore the 

current speed increases to about 25 cm/sec (Royer, in preparation).

Seasonal wind patterns have a pronounced effect on the surface circulation in the 

region. During winter, atmospheric low-pressure cells passing over the Gulf of Alaska 

produce strong easterly and southeasterly winds in the northern Gulf of Alaska and cause 

Ekman drift in an onshore direction with resultant coastal downwelling. During summer, a 

larger atmospheric high pressure cell over the eastern Pcific produces southwesterly winds, 

resulting in Ekman drift offshore and concomitant coastal divergence. Ekman drift is 

probably partly responsible for transporting the suspended sediments observed (Fig. 15) 

offshore over 150 km south of the Copper River.

Circulation in Prince William Sound is affected by fresh water runoff, winds, tides and 

the nature of the available source water (Muench, 1974). The tidal effect would normally 

produce a cyclonic circulation within Prince William Sound, provided the circulation is not 

altered by the morphology of the sound.

Field data

The surface suspended load, temperature and salinity in the north-central Gulf of 

Alaska and the surface suspended load in Prince William Sound were obtained during March 

1972 and 21-28 February 1973 aboard the R/V Acona. Even though river discharge and 

glacial melt are minimal at this time of the year, the considerable influence of the Copper 

River and Bering Glacier (east and northeast of Kayak Island, Fig. 1) are still evident (Figs. 

16-18) as shown by the higher suspended load concentration and lower temperature and 

salinity resulting from mixing with water discharged by these sources. The sediments from 

the Bering Glacier are carried westward both to the north and south of Kayak Island. The 

Bering Glacier sediments passing to the south of Kayak Island are caught up in a gyre 

formed just west and south of Kayak Island and appear to be detached and lost from the



Figure 14. Surface circulation in Alaskan coastal and adjacent waters. The nearshore and estuarine circulation is 
based, in part, on the present study.
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Figure 16. Surface suspended load distribution (mg/l) in the Gulf of Alaska; 24-28 
February 1973 (after Sharma, et a/., 1974).
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Figure 17. Surface water isotherms (°C) in the Gulf of Alaska; 24-28 February 1973 
(after Sharma, et a!., 1974).
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Figure 18. Surface water isohalines (°/oo) in the Gulf of Alaska; 24-28 February 1973 
(after Sharma, et al.,1974).
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nearshore transport system. The Bering Glacier sediments passing to the north of Kayak 

Island join the larger Copper River plume which moves westward close in to shore. In the 

region of Hinchinbrook Island much of the suspended sediment is diverted into Prince 

William Sound through passages northeast and southwest (Hinchinbrook Entrance) of 

Hinchinbrook Island. The remainder of the Copper River plume is carried southwestward 

along the southern coast of Montague Island.

Those suspended sediments passing into Prince William Sound rapidly disperse and 

settle (Figs. 19 and 20), leaving a generally low suspended load concentration in Prince 

William Sound. The significance of local sediment sources within Prince William Sound and 

along the northern Gulf of Alaska coast during the high summer runoff season are more 

apparent in the ERTS imagery which follows. During the heavy runoff season, glacial 

streams typically carry upwards of 1,000 to 2,000 mg/l of suspended sediments. The coarser 

sediments rapidly settle out within the first few kilometers, depending on the energy of the 

environment, and at distances greater than 10 km offshore surface suspended load 

concentrations of 2 to 10 mg/l are typical for this region. The lowest concentrations 

indicated in the ERTS imagery in waters greater than 50 km offshore will generally 

represent concentrations in the range 1 to 3 mg/l.

ERTS imagery

In the northeastern Gulf of Alaska (east of Kayak Island) several large nearshore and 

tidal glaciers provide the major influx of sediment, as shown in Figures 21 and 22. Most of 

these glaciers have numerous meltwater channels draining the face of the glacier such that 

there is an input of sediment along almost the entire coast. Peak runoff (due to glacial melt) 

occurs in July and August, coinciding with the warmest time of year.

The westward moving coastal suspended sediments are entrained in numerous eddies, 

rotating both clockwise and counterclockwise (see, for example, the hatched area south of 

Malaspina Glacier in Fig. 21), and having diameters of tens of kilometers. These eddies 

appear to be effective in transporting the sediments offshore. Eddies which have been 

detached from the original plume and drifted offshore are often observed. Tongues of 

sediment moving directly offshore can be seen in Figure 22 south of Guyot and Malaspina 

Glaciers. Sediments being transported close in along the shore are typically deflected into 

embayments, as seen in Figure 21 at the east entrance to Yakutat Bay.



Figure 19. Surface suspended load d istribution (mg/l) in Prince William Sound, February 1973 (after
Sharma, et a!., 1974). O
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Figure 20. Surface suspended load distribution (mg/l) in Prince William Sound, March 1972.



Figure 21. Relative suspended load distribution in northeastern Gulf o f Alaska on 8 October 1972, based on color density
slice o f image I.D. 1077-20053-4.



Figure 22. Relative suspended load distribution in northeastern Gulf o f Alaska on 22 September 1972, based on color
density slice of image I.D. 1061 20165-4.
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The coastal sediment transport is in a general westward direction until Kayak Island is 

confronted. Here the sediments are deflected north and south of the island as discussed 

previously in the section on field data and as shown by the ERTS imagery of Figures 23 to 

25. Again, a complex pattern of eddies is observed in the region just west of Kayak Island. 

The major eddy in this region is a large clockwise rotating gyre which is particularly evident 

in Figure 25. A rather heavy plume, originating primarily from the Bering Glacier, is 

observed passing southwest around Kayak Island and, in the case of Figure 24, completely 

encircles the island. The southwest moving plume remains well-defined and continues 

moving southwest over 60 km after passing the southern tip of Kayak Island. Some of the 

sediments seen farther offshore may be from sources farther east than the Bering Glacier, 

possibly the Malaspina Glacier.

The large sediment input from the Copper River is also evident in Figures 23 to 25. Its 

plume, however, remains somewhat better defined and closer inshore as it moves westward 

towards Hinchinbrook Island, although small eddies are observed along the southern 

boundary of the Copper River plume. Figures 23 to 25 all show sediment movement into 

Prince William Sound, however, it is best observed in the imagery of 2 September 1973 as 

shown in Figure 26. More detailed closeup density slices of portions of this imagery are 

contained in Figures 27 and 28. As observed in this imagery, the westward moving Copper 

River plume enters Prince William Sound through channels both northeast and southwest 

(Hinchinbrook Entrance) of Hinchinbrook Island. The channels northeast of Hinchinbrook 

Island are relatively narrow and shallow and probably account for only a minor amount of 

the sediment input to Prince William Sound as compared to the wide and deep 

Hinchinbrook Entrance. Although all available imagery was obtained during flood tides (at 

which time the intrusion of Copper River sediments into the sound would be expected to be 

somewhat greater than during ebb tide), Cook Inlet studies (see Cook Inlet section) have 

shown that the suspended load distribution in Prince William Sound as seen in Figure 26 

should be closely indicative of the net suspended load transport.

Copper River sediments entering Prince William Sound are carried almost as far as the 

Columbia Glacier (Figs. 26 and 28), and appear to provide the major sediment input to 

central Prince William Sound. Sediments discharged into the many fjords and estuaries 

within Prince William Sound appear to be trapped within the individual estuaries and fjords,



Figure 23. Relative suspended load distribution in north-central Gulf o f Alaska on 24 September 1973, based on
color density slice of image I.D. 1063-20282 4.
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Figure 24. Relative suspended load distribution in north-central Gulf o f Alaska 
on 12 October 1972, based on color density slice o f image I.D. 
1081-20284-4 (after Sharma, et a/., 1974).



47

Figure 25. Relative suspended load d istribution in north-central Gulf o f 
Alaska on 14 August 1973, based on color density slice of image 
I.D. 1387-20281-4 (after Sharma, et a / . ,1974).
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Figure 26. Relative suspended load distribution in north-central Gulf of Alaska on 2 
September 1973, based on color density slice of image I.D. 1406-20331 and 
-20334-4.
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Figure 27. Relative suspended load distribution in north-central Gulf o f Alaska on 2 
September 1973, based on color density slice o f image I.D. 1406-20334-4.



Figure 28. Relative suspended load distribution in northern Prince William Sound on 2 September 1973, based on color
density slice of image I.D. 1406-20331-4. oio
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with only a minimal amount of fine material being discharged into central Prince William 

Sound. This conclusion is also supported by the detailed study of fjordal sedimentation 

conducted in Port Valdez (in northeast Prince William Sound) by Sharma and Burbank 

(1973) and by the bottom sediment size distribution (Fig. 9). The Columbia Glacier (Fig. 

28) appears to be the only significant sediment source within Prince William Sound which 

discharges relatively coarse sediments directly into the sound.

An image of the Port Valdez area (Fig. 29) was density sliced to compare the ERTS 

interpretation to the extensive field studies of the surface suspended load distribution 

conducted in Port Valdez during 1971-1972 (Sharma and Burbank, 1973). The detail 

obtained from the non-digital density slicing technique was surprisingly good, showing even 

the smallest of plumes along the southern shore. The overall distribution pattern conforms 

closely with that determined from the field work, and shows the cyclonic circulation (Fig. 

30) within the port. The heavy plume from the Lowe River in southeastern Port Valdez is 

observed moving northwest and rapidly settling out of suspension. Although not observable 

in this density slice, the much diminished Lowe River plume along the northern shore joins 

the plume from Shoup Bay and is carried out of the inlet. The highest concentrations in 

Valdez Narrows are found along the western shore. The influence of Port Valdez sediments 

which enter Prince William Sound can be seen in Figure 28.

Copper River sediments are also carried along the south shore of Montague Island. At 

the southern tip of Montague Island some sediments are deflected north, probably due to 

the flood tide, however, most of the sediment is carried west (Fig. 31) in the Alaska 

Current. The heavy plume rapidly diffuses west of Montague Island. The available imagery 

for the region south of the Kenai Peninsula indicates an absence of surface suspended 

sediments in that area.

Discussion of sedimentation dynamics in the Gulf of Alaska

Correlation of the surface suspended load with the bottom sediment size distribution 

must take into consideration (1) the nature of the suspended load (source, particle size, 

concentration and movement), (2) the bathymetry, (3) the energy of the environment 

(waves and currents), and (4) the nature of the bottom sediments. Previous detailed studies 

in the region (Sharma and Burbank, 1973) and Sharma (in press) have shown that in 

moderately quiescent environments (including Prince William Sound and most fjords in the



Figure 29. Relative suspended load distribution in Port Valdez, Alaska (after Sharma, 1974).
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Figure 30. Generalized surface water circulation in Port Valdez, Alaska (after Sharma, et a!., 1974).
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Figure 31. Relative suspended load concentration in north-central Gulf o f Alaska on 16 August 1973, based on color density
slice o f image I.D. 1389-20394-4.



55

region) which have an input of glacial flour (ranging from sand to clay), the sand and coarse 

silt will rapidly settle out near the source, leaving only fine silt and clay in suspension. In 

such an environment only fine silt and clay are subjected to (suspension) transport for 

distances greater than about 10 km from their source. Sharma (personal communication) 

suggests that this finer sediment fraction with a mean size of about 8 to 9 0 will form the 

typical sediment deposit in moderately quiescent areas removed a sufficient distance from 

the sediment source. The presence of these finer sediments in this region may then indicate 

an area of modern sediment deposition. The presence of coarser sediments more than about 

10 km from a sediment source is indicative of (1) non-depositional areas (relict or 

palimpsest glacial-marine sediments) or (2) high energy regions where waves and currents are 

either winnowing out the fines or are transporting coarser material to the region. It is in this 

context that sediment transport and deposition on the northeastern and north-central Gulf 

of Alaska shelf and in Prince William Sound are evaluated.

East of Kayak Island, the suspended sediment input from the various glaciers abutting 

the coast is carried in a general westward direction by the Alaska Current. Suspended 

sediments moving very close in to shore are deflected into the various embayments along the 

coast. Suspended sediments farther from shore are sporadically detached from the 

well-defined nearshore plumes and carried offshore in gyres and eddies. Although the 

sediments caught up in these gyres apparently constitute only a small portion of the total 

nearshore sediment transport, this is probably an effective mechanism in transporting 

suspended sediments onto the outer continental shelf and beyond.

Only a very general correlation between the surface suspended load (Figs. 21 and 22) 

and the bottom sediment distribution (Fig. 2) is evident in this region. Minimal sediment 

input from east of Yakutat Bay, in addition to offshore shunting of the near-bottom 

suspended load by Alsek Canyon (Fig. 1), appears to severely limit the fine sediment input 

to the region -east of Yakutat Sea Valley. Wave and current action are probably capable of 

winnowing out any fine material which reaches the outer shelf in this region, leaving the 

relict glacial material exposed.

The same offshore shunting effect is produced by Yakutat Sea Valley, however, the 

greatly increased input of fine sediment from Yakutat Bay and the large glaciers to the west 

rapidly overwhelms the capability of the environment to remove the large quantities of fine



56

sediment introduced. The general increase in fine surficial bottom sediments on the shelf 

west of Yakutat Sea Valley must reflect the offshore dispersion and cumulative effect of the 

major sediment inputs west of (and including) Yakutat Bay. Offshore dispersion is apparent 

in the surface suspended load distributions.

The distributions of the suspended load and bottom sediments in this region points out 

particularly well what appears to be a very dynamic relationship between the bottom 

sediment size distribution and rate of introduction and deposition of fine sediments onto 

the shelf. Wave energy on the outer shelf is apparently sufficient to resuspend and remove 

fine sediment, however, there seems to be a limit to the quantity of fine sediment which can 

be moved during a given period of time. If the sediment input is sufficiently great, 

particularly where there is a coast-parallel cumulative increase in the amount of sediment 

being transported, the rate of introduction of fine sediments onto the shelf will exceed the 

rate of removal, resulting in a net accumulation of fine sediments which (in terms of the 

energy of the environment) are not in equilibrium with the environment.

West of Kayak Island the correlation between bottom sediment size distribution, 

surface suspended load, and bathymetry can be considered in a more definitive manner. 

Bering Glacier sediments deflected southwest around Kayak Island form a clockwise 

rotating gyre west of Kayak Island (Fig. 25) while concurrently blocking the nearshore 

component of the Alaska Current. This relatively low energy region will allow finer 

sediments to settle (as observed in the low surface suspended load concentration shown in 

Fig. 25), producing the fine bottom sediment size distribution observed (Figs. 3 and 8). The 

greater depth of the basin, as compared to the surrounding area, has a complementary effect 

in its ability to retain the finer sediments.

Farther to the west, on the topographic high south of Hinchinbrook Island, the bottom 

sediment size distribution (Fig. 3) appears to be directly related to the bathymetry. Even 

though the supply of finer sediments to this region should be sufficient to have covered the 

underlying glacial morainal material with a layer of fine sediments, deposition of fine 

material has apparently been prevented by wave and current action on the bottom, leaving 

the relict morainal material exposed. This is also evident on the topographic high 

surrounding Middleton Island and the high southwest of Montague Island.

The continental slope east of Middleton Island appears to be mostly depositional; this
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may be related to the offshore deflection of fine sediments by Kayak Island. West of 

Middleton Island the slope is predominantly covered by relict glacial till, as would be 

expected from the relatively low supply of suspended sediments to this region (as inferred

from the surface suspended sediment load).

Nearshore, the combined influence of Bering Glacier sediments passing north of Kayak 

Island and the sediment input from the Copper River is evident. The moderately sorted sand 

and coarse silt reflect the effect of wave action in winnowing out the finer sediments. The 

region near the mouth of the Copper River is notorious for its large swell and turbulent seas. 

Due to differential settling velocities and the absence of additional sediment sources, the 

bottom sediments become progressively finer as they are carried southwest past 

Hinchinbrook Island and southwest and west past Montague Island.

Copper River sediments passing into Prince William Sound (Fig. 19) are observed to 

settle rapidly. The coarser bottom sediments in Hinchinbrook Entrance (Fig. 9) are 

probably the result of winnowing of the finer bottom sediments by strong tidal currents.

The bottom sediment size distributions within the many fjords and estuaries abutting 

Prince William Sound allow a moderately controlled and definitive evaluation of the bottom 

sediment size distribution to be expected where significant currents and wave action are 

lacking. In all cases most of the sediment coarser than about 6 <f> settles within a few 

kilometers of its source, even where the bottom is greater than 100 m deep. Only the 

sediments finer than about 7 <f> remain in suspension sufficiently long to be carried a 

significant distance from their source. Central Prince William Sound provides a sink-like trap 

for the finer sediments originating both from the fjords and estuaries surrounding Prince 

William Sound and from the Copper River.

The relatively quiescent environment of Prince William Sound and its surrounding 

fjords and estuaries provides substantial correlation between the surface suspended load and 

the bottom sediment size distribution. For example the tongue of coarser bottom sediments 

originating from the Columbia Glacier corresponds closely with the surface suspended load 

plume as observed by ERTS. This close correspondence is also observed in Port Valdez.

In general, suspended sediment transport in the Gulf of Alaska is primarily 

coast-parallel in a westward direction. Offshore dispersion occurs along the entirety of the 

coast, however, accumulations of fine bottom sediments on the shelf occur mostly in areas
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west of major sediment sources, within shelf depressions, and in areas where the coastal 

morphology causes exceptionally significant offshore dispersion of suspended sediments. 

The circulation for Prince William Sound appears to consist of a net influx of turbid water 

through Hinchinbrook Entrance and a net outflow of relatively clear water west of 

Montague Island. Most of the suspended load originating within Prince William Sound and a 

significant amount of the Copper River suspended load isi deposited in the central Prince 

William Sound basin.



COOK IN L E T  

Recent history

During the Eklutna glaciation (approximately 130,000-90,000 years B.P.) glacial ice 

covered the entirety of Cook Inlet (Fig. 32) and extended out onto the North Pacific shelf 

through Shelikof Strait and onto the Gulf of Alaska shelf through Kennedy and Stevenson 

Entrances northeast of Kodiak Island (Karlstrom, 1964).‘Several retreats and readvances 

occurred in the Cook Inlet region following this period. The inlet was open to the ocean 

sometime between the Knik and Naptowne glaciations (about 50,000-25,000 years B.P.), 

however, advancing ice from the Kenai and Alaska Ranges closed off the lower inlet again 

during the last (Naptowne) glaciation to form a proglacial lake in the region of the upper 

inlet. The proglacial lake was finally drained about 9,000 years B.P., although complete 

retreat of glacial ice from Cook Inlet did not occur until sometime later, accompanied by 

minor readvances of glacial ice. As a consequence, the bottom sediments in Cook Inlet, 

following the final retreat of glacial ice, would have consisted predominantly of glacial till 

with some possible local concentrations of finer sediments (plus ice-rafted material), 

particularly in the region of the proglacial lake.

Bottom sediment distribution

Bottom sediments in Cook Inlet are in general quite coarse and have been classified 

into three facies as shown in Figure 33 (Sharma and Burrell, 1970). Facies 1 in the far upper 

inlet is predominantly sand. Sharma and Burrell (1970) infer the positive skewness of most 

samples in this region to indicate a depositional environment. Facies 2 consists mostly of 

gravel with minor sand. Facies 3 is composed of sand with variable amounts of gravel and 

silt-clay. The boundaries between the three facies are all rather abrupt. A more detailed 

delineation of the bottom sediment distribution in the upper inlet is shown in Figure 34. 

Sharma and Burrell (1970) explain the facies distribution by noting that the Forelands 

region is a zone of maximum tidally generated turbulence; sand in the region of facies 2 will 

be carried toward and deposited near the head of the inlet on flood tides, and toward the 

mouth of the inlet on ebb tides.



60

Figure 32. Index map of Cook Inlet, Alaska.
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Figure 33. Bottom sediment facies of Cook Inlet (after Sharma and Burrell, 
1970).
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Figure 34. Bathymetry and relative distribution o f sand and gravel in upper Cook Inlet (after Sharma 
and Burrell, 1970).
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Hydrological and meteorological regime

The Institute of Marine Science, University of Alaska has conducted extensive 

hydrological surveys in Cook Inlet during the past several years. Data collected during 1966 

and 1967 are treated by Matthews and Rosenberg (1969) and data collected during 1968 by 

Kinney, et al (1970). Surface temperature, salinity and suspended load distribution data 

obtained during 1972 and 1973, presented in the following section on field data, are 

generally supportive of the earlier data, with exceptions as noted in the following sections.

Circulation in Cook Inlet is driven primarily by the tides and modified by Coriolis 

force and the morphology (Fig. 35) of the basin. The mean tidal range in the inlet varies 

from over 4 m near its mouth to about 10 m at the head of the inlet near Anchorage. The 

tides generate strong currents within the inlet which have a maximum in the constriction 

between the East and West Forelands (the "Forelands" region). Currents in the Forelands 

region reach an average maximum of 190 cm/sec (3.8 kt) although current speeds up to 325 

cm/sec (6.5 kt) may occur during extreme tides. There is a 4.5 hour time difference in the 

tidal stage between the mouth of the inlet (Seldovia) and the head of the inlet (Anchorage).

Relatively clear seawater is carried to the inlet mouth from the east by the Alaska 

Current. On the flood tide this water is carried into the inlet and, due to the strong Coriolis 

force, flows north along the eastern half of the inlet (Fig. 14). On the ebb tide relatively 

fresh, silt-laden water from the upper inlet is carried out of the inlet along the western 

shore.

Circulation in the region of the Forelands and in the upper inlet is more complex due 

to the constriction between the East and West Forelands, mid-channel shoals, and the 

general configuration of the shoreline. Earlier studies indicate the relatively clear intruding 

seawater continues, in the upper inlet, flowing up the eastern half of the inlet (due to 

Coriolis force). This would produce a counterclockwise circulation in the upper inlet as well 

as in the lower inlet. The general circulation pattern within Cook Inlet, then, would consist 

of clear seawater moving into the inlet up the eastern shore as far as the head of the inlet, 

and fresh silt-laden water from river runoff at the head of the inlet moving out of the inlet 

along the western shore. The 1972-1973 data (including ERTS imagery) offer a conflicting 

interpretation of surface circulation in the upper inlet which is discussed in detail in the 

following sections.
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Figure 35. Bathymetry of Cook Inlet, Alaska.
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The water column is very well mixed along the eastern shore from the southern tip of 

the Kenai Peninsula north to Anchorage (Kinney, e1970). Along the western shore the 

fresh water outflow stratifies on top of more saline water.

Fresh water input to the inlet is primarily supplied by the Susitna River and Knik Arm 

at the head of the inlet. Together they provide about 70 to 80 percent of the fresh water 

input (Rosenberg, et al., 1967). Although the Susitna River has a greater discharge than 

Knik Arm (which receives drainage from the Matanuska and Knik Rivers), the suspended 

load concentration in the Susitna River is relatively low as compared to Knik Arm. 

Suspended load concentrations near the mouth of Knik Arm commonly exceed 2 gm/l. 

Significant fresh water input to the upper inlet is also supplied by the McArthur and 

Chakachatna Rivers, located on the west shore between the North and West Forelands.

The Cook Inlet climate is transitional between the interior and southern maritime 

coastal climates (Evans, et al.,1972). Winter temperatures are sufficiently cold to heavily ice 

the upper inlet from December through April (Sharma and Burrell, 1970). Sheet ice formed 

over tidal flats contains significant amounts of both fine and coarse sediments. When 

detached from the shore much of the ice is transported well into the lower inlet before 

melting.

Winds in Cook Inlet are generally northerly during fall, winter and spring, and 

southerly during summer (Wagner, et at.,1969). The northerly winds probably aid in 

moving ice out of the inlet, however, the significance of the wind influence on the general 

water circulation is not known.

Field data

Five cruises were conducted in Cook Inlet during 1972-1973 in conjunction with the 

NASA ERTS-1 program. Temperature, salinity and suspended load distributions obtained 

from these cruises are discussed in this section.

The first of the five cruises was conducted during the period 22-24 August 1972. 

Station locations are shown in Figure 36. In lower Cook Inlet the suspended load 

distribution (Fig. 37) shows higher concentrations along the eastern shore from Kenai to 

south of Cape Ninilchik. Suspended sediments in this region are contributed by both the 

Kenai and Kasilof Rivers. Their suspended sediments are normally very localized near the 

river mouths and the southerly extent of suspended load concentrations greater than 4 mg/l
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Figure 36. Station locations for sampling in Cook Inlet; 22-24 August 1972 (after 
Sharma, et a /.,1974).
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Figure 37. Surface suspended load distribution (mg/l) in Cook Inlet; 22-24 August
1972 (after Sharma, et a/., 1974).
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past Cape Ninilchik is somewhat anomalous. The nearshore temperature and salinity (Figs. 

38 and 39) in the region of Cape Ninilchik do not indicate any fresh water influence. Since 

the tidal stage at the time of sampling in this region was high tide and at a period of perigean 

spring tides, the anomalously high nearshore suspended load concentrations in the vicinity 

of Cape Ninilchik are probably due to shore erosion and resuspension of fine sediments on 

the coastal mud flats and beaches.

In the region of the Forelands, Figures 37 to 39 indicate an intrusion of relatively cold, 

saline, clear seawater from the lower inlet through the Forelands and towards the west side 

of the upper inlet.

Temperature, salinity (down to 13 m depth) and suspended load samples at depth were 

also obtained at selected stations. Station 16 (Fig. 36), near the Susitna River mouth, 

showed significant stratification within the upper 5 m with relatively clear, low salinity and 

temperature water overlying turbid water of higher salinity and temperature. At stations 18 

and 20, on the other hand, there was no variation of temperature and salinity with depth. 

Stations 26, 32, 33 and 34 all showed slight stratification, whereas stations 35 and 39 had 

no variation of temperature and salinity with depth.

Suspended load concentrations in the upper inlet (Stations 16, 18, 20 and 26) all 

showed a maximum at about 2 to 5 m depth and most tended towards a second maximum 

near 20 m. In the lower inlet, station 35 also had a slight maximum in suspended load at 2 

m, but otherwise the suspended load concentration uniformly increased with depth at all 

lower inlet stations (32-35 and 39).

The second cruise was conducted during 25-29 September 1972. Station locations are 

shown in Figure 40 and the distribution of surface suspended load, temperature and salinity 

in Figures 41 to 43. The intrusion of clear, saline seawater is clearly evident in the lower 

inlet. Interpretation of the surface circulation based on the temperature distribution is 

obscured at this time of year by the similarity in temperature of the intruding seawater and 

surface waters within the inlet. The well-defined wedge of intruding seawater is observed 

passing up the eastern half of the inlet to just north of Cape Ninilchik; however, between 

Cape Ninilchik and the Forelands no definitive circulation pattern is evident, although there 

is an indication that more saline water penetrates farther north on the west side of Kalgin 

Island.
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Figure 38. Surface water isotherms (°C) in Cook Inlet; 22-24 August 1972 (after 
Sharma, etal., 1974).



70

155° 154° 1 5 3 ° 152° !5f° 150° 149°

Figure 39. Surface water isohalines (°/oo) in Cook Inlet; 22-24 August 1972 (after
Sharma, et a!., 1974).
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Figure 40. Station locations fo r sampling in Cook Inlet; 25-29 September 1972 (after 
Sharma, ef a/., 1974).
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Figure 41. Surface suspended load distribution (mg/l) in Cook Inlet; 25-29 September 
1972 (after Sharma, et a /.,1974).
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Figure 42. Surface water isotherms (°C) in Cook Inlet; 25-29 September 1972 (after
Sharma, et at., 1974).
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Figure 43. Surface water isohalines (°/oo) in Cook Inlet; 25-29 September 1972 (after 
Sharma, et a!., 1974).
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North of the Forelands, as found on the first cruise, there is also an indication that 

intruding, relatively clear seawater moves to the west side of the inlet, while relatively fresh, 

turbid water moves south down the east side of the inlet. The pattern would indicate a 

clockwise rotating gyre in the region bounded by the East and West Forelands and the 

North Foreland.

Suspended load samples at depth were obtained'at about every other station 

throughout the upper inlet and in the lower inlet north of Cape Ninilchik. Very little 

variation of the suspended load with depth was observed in both the upper and lower inlet 

with exception of station 56 (near the East Foreland) which showed a large increase in 

concentration with depth. Subsurface maxima were present at many stations; however, no 

obvious pattern was observed, although concentrations were generally slightly greater near 

the bottom.

Salinities were not obtained at depth, but temperatures nowhere varied by more than 

about 1°C from top to bottom. The absence of a strong thermocline does not necessarily 

indicate strong vertical mixing, however, the homogeneity of suspended load concentrations 

from surface to bottom would.

The third cruise was conducted early in the year (27 March 1973) and results are 

shown in Figures 44 and 45. Heavy drift ice, encountered in the western half of the inlet, 

and rough weather hampered data collection. Most of the surface suspended sediments 

observed in the western half of the inlet appeared to be derived directly from the melting 

drift ice. The lowest salinity measured (station 3) was also in the area of heaviest drift ice.

The fourth cruise (14 April 1973) consisted of a straight track from Homer to Chinitna 

Bay on the west side of the inlet and back to Homer. The leg from Homer to Chinitna Bay 

was conducted during flood tide and is indicated by the open circles and dashed contours in 

Figures 46 and 47. The return leg from Chinitna Bay to Homer was conducted during ebb 

tide and is indicated by the solid circles and contours. During ebb tide the contours of 

suspended load (Fig. 46) are shifted to the east due to intensification and broadening of the 

southward moving wedge of sediment laden water in the western half of the inlet. 

Temperature contours (Fig. 47), however, are shifted in an opposite sense (the intruding 

seawater on the east side of the inlet is warmer than the outflowing turbid water on the west 

side of the inlet) and may reflect a complex, possibly three-dimensional circulation in this
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Figure 44. Surface suspended load d istribution (mg/l) in Cook Inlet; 27 March 1973
(after Sharma, et a!.,1974).
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Figure 45. Surface water isohalines (°/oo) and isotherms (°C) in Cook Inlet; 27 March 
1973 (after Sharma, et a!., 1974).
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Figure 46. Surface suspended load distribution (mg/l) in Cook Inlet; 14 April 1973
(after Sharma, et a / . ,1974).



Figure 47. Surface water isotherms (°C) in Cook Inlet; 14 April 1973 (after Sharma,
etal.,1974).
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region of the inlet.
The fifth  cruise was conducted 7-8 June 1973 and data is presented in Figures 48 and 

49. In addition to showing the established general circulation pattern in the lower inlet, i.e. 

the northward flowing intrusion of clear seawater along the eastern shore and outward 

flowing turbid water in the western half, the local influence of fresh water inputs along the 

western shore is seen in more detail. The isolated region of relatively turbid water observed 

offshore southeast of Snug Harbor appears to be a discrete parcel of water which originated 

farther up the inlet, since there are no sediment sources in the immediate vicinity.

ERTS imagery

ERTS imagery has provided a new dimension to the study of circulation in Cook Inlet. 

Due to the size of the estuary, comprehensive coverage by standard shipborne 

oceanographic surveys have required several days, and details of the circulation pattern are 

lost. In areas such as the Forelands, water masses may move in excess of 20 km (as 

estimated from current velocities) during a single flood or ebb tide. For a typical sequence 

of oceanographic stations, this is comparable to the distance covered by the survey ship 

during the same period of time. In a dynamic area such as Cook Inlet, the simultaneity of 

ERTS coverage is a substantial improvement in studying details of the circulation pattern. 

Unfortunately, the suspended load is closely related to the turbulence and depth of the 

water such that discretion must be used in evaluating the results.

To estimate the effects of water depth on the suspended load concentration, detailed 

density slices of three areas (upper inlet, Forelands area and lower inlet) in Cook Inlet were 

compared to the bathymetry (based on USCGS chart 8553). The imagery was obtained at 

approximately 1000 ADST on 24 September 1973; this is two hours prior to low tide at 

Anchorage and about one hour after low tide at Kenai. Tidal heights and times are tabulated 

below.

High water Low water High water

Anchorage 

East Foreland

Time Height Time Height Time Height 

0505 9.2 m 1204 -0.3 m

0923 -0.1 m 1530 6.9 m

Kenai River Mouth 0843 -0.1 m 1443 6.8 m
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Figure 48. Surface suspended load distribution (mg/l) in Cook Inlet; 7-8 June 1973 
(after Sharma, et a!.,1974).
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Figure 49 Surface water isotherms (°C) in Cook Inlet; 7-8 June 1973 (after Sharma, 
etal., 1974).
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The upper.inlet is shown in Figure 50. At the time of imagery acquisition in the area 

shown, the tide is ebbing (two hours prior to low tide at Anchorage) and tidal height would 

be roughly 2 to 3 m above Mean Lower Low Water (MLLW). The relatively clear water 

influence of the Susitna River is obvious in this scene but there appears to be little 

conformance of the plume to the low tide river channels except near the southern extent of 

the main channel. However, significant variations in the charted bathymetry may be 

expected due to both fluvial processes and subsidence in this region following the 1964 

Alaska earthquake. USCGS chart 8553 cautions against subsidence of about 1.2 m at 

Anchorage and 0.5 m at the East Forelands (Nikiski). West of the Susitna River plume there 

is strong conformance between the mud flats (exposed at MLLW) and the extent of the 

more turbid water. In the shoal area about 4 km north of Moose Point the suspended load 

distribution also takes on the pattern of the shoal bathymetry. In areas deeper than 6 m (3 

fathoms) there appears to be no direct correlation of the surface suspended load 

concentration with the bathymetry and it appears reasonable to assume that the suspended 

load distribution over areas deeper than 6 m (3 fathoms) is a product of the circulation 

pattern. Shoal areas and tidal mud flats where sediments are brought into suspension will, of 

course, provide an additional sediment source for water moving offshore from the shoal 

areas or mud flats.

The Forelands area is shown in Figure 51.* The tidal stage is approximately low tide 

(-0.1 m) near the center of the image (Middle Ground Shoal), ebbing at the northern 

boundary and flooding at the lower boundary. Northeast of the East Foreland, over Middle 

Ground Shoal and on the tidal flats between the West and North Forelands, there again 

appears to be conformance of the surface suspended load distribution with the 6 m (3 

fathom) depth contours, indicating resuspension of bottom sediments or vertical mixing of 

subsurface suspended sediments.

Similar results are obtained in the lower inlet (Fig. 52). The tide is flooding in this 

region and tidal heights would range from about 1 m at the Forelands to about 3 m near the 

bottom of the image.

* The relative suspended loads shown for the upper inlet, Forelands area, and lower inlet cannot be 
intercompared since both the base level and bandwidths used in density slicing are different for each area 
(see Methods section).



Figure 50. Relative suspended load distribution in upper Cook Inlet on 24 September 1973, based on color density slice of image
I.D. 1428-20554-6.
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Figure 51. Relative suspended load d istribution  in the Forelands area o f Cook Inlet on 24 September 1973, based on color “
density slice o f image I.D. 1428-20554-6.



Figure 52. Relative suspended load d istribution  in lower Cook Inlet on 24 September T9 /3 , based on color density slice o f image
I.D. 1428-20560 6.
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Overall, it appears the direct effects on the surface suspended load concentration by 

turbulent mixing and resuspension of bottom sediments in shallow waters are limited to 

depths of less than about 6 m, and that the suspended load distribution observed in deeper 

areas is a function of the circulation due to currents, as modified by horizontal mixing 

processes and a relatively uniform, non-depth dependent rate of settling of particles from 

suspension. The analysis of the imagery which follows is based upon this premise.

Figure B-4 (Appendix B) consisting of mosaics of each of the four MSS bands, shows 

the typical distribution of the suspended load in Cook Inlet and the capability of the various 

MSS bands to differentiate between the wide range of concentrations found in Cook Inlet. 

Clouds obscure most of Kodiak Island and Shelikof Strait.

The relative suspended load distribution interpreted from the ERTS-1 composite image 

(MSS band 4, the left-most image of Fig. B-4) of 4 November 1972 is shown in Figure 53. 

Clear (suspended load approximately 1-2 mg/l) marine water is seen intruding near the 

mouth and, due to Coriolis force, moves north along the east shore of Cook Inlet. Turbid 

sediment laden water is observed along the western shore, ultimately passing out of Cook 

Inlet via Shelikof Strait. A similar circulation pattern in the lower inlet is shown in the band 

5 imagery of 15 April 1973 (Fig. 54) and the band 4 imagery of 24 September 1973 (Fig. 

55). Band 5 of the 24 September 1973 imagery (Fig. 56), however, shows a bifurcation of 

the clear intruding seawater just south of Kalgin Island. This is discussed in detail later. 

Note, however, that the band 4 imagery does not show this bifurcation simply because it is 

incapable of differentiating variations at the high suspended load concentrations found in 

the area of Kalgin Island.

The suspended load distribution in the upper inlet is shown in Figures 57 to 60. The 

turbid water input from Knik Arm is quite thoroughly distributed throughout the upper 

inlet. The suspended load concentration of water discharged by the Susitna River is 

considerably less than that from Knik Arm (Figs. 59 and 60). Note that the clean water 

influence of the Susitna River is evident in the September imagery (Figs. 59 and 60) but not 

in the November imagery (Figs. 57 and 58). This is apparently due to the greatly reduced 

river discharge in November while suspended load concentrations in the upper inlet are 

maintained fairly high by tidal currents reworking and resuspending the finer bottom 

sediments in Knik Arm, Turnagain Arm and the upper inlet in general. Turnagain Arm has



Figure 53. Relative suspended load distribution in lower Cook Inlet on 4 November 
1972, based on color density slice of image I.D.s 1104-20b7. and 
-20581-4 (after Sharma, et a!.,1974).
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Figure 54. MSS Band 5 composite of lower Cook Inlet on 15 April 1973; includes 
image I.D.’s 1266-20581 and 1266-20584.



90

North Foreland^

D rift River, Kenai
i

Suspended Load 
Increasing Concentration

Snug Harbor-
\Cape Ninilchik

Ihamna < Horner

HkSe/dovia 
iPort Grahamm.

\P ort Chat Hard
A*T %

Nordyke Is/an

Shaw I
Ushagat Is la n d ^  ^

Figure 55. Relative suspended load distribution in lower Cook Inlet on 24 
September 1973, based on color density slice of image I.D. 
1428-20560-4.



Figure 56. Relative suspended load distribution in lower Cook Inlet on 24 
September 1973, based on color density slice of image I.D. 
1428-20560-5 (after Sharma, et a /.,1974).
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Figure 57. Relative suspended load distribution in upper Cook Inlet on 3 November 1972, based on color
density slice o f image I.D. 1103-20513 6 (after Sharma, etal., 1974).



Figure 58. Relative suspended load distribution in upper Cook Inlet on 4 November 1972, based on color
density slice o f image I.D. 1104-20572 6.
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Figure 59. Relative suspended load distribution in upper Cook Inlet on 22 September 1973, based on color density slice of
image I.D. 1426-20441-6.



Figure 60. Relative suspended load d istribution in Cook Inlet on 24 September 1973, based on color
density slice of image I.D.'s 1428-20554 and -20560-6 (after Sharma, a/., 1974). coUl
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no significant sediment sources within the Arm itself but instead receives sediments from 

Knik Arm which are washed into Turnagain Arm on the flood tide. The nearshore waters of 

upper Cook Inlet appear to contain rather large concentrations of sediments. This is 

primarily due to the amplified tides which generate strong tidal currents on the shallow tidal 

flats, thereby maintaining the fine sediments in suspension.

Circulation in upper Cook Inlet between the East, West and North Forelands, as 

interpreted from both ERTS-1 imagery (Figs. 57, 58 and 60) and sea-truth data, appears to 

be a clockwise gyre. Apparently the jet effect of the East-West Forelands area, where during 

flood tide the configuration of the Forelands jets the flooding water to the west side of the 

inlet, is sufficient to overcome Coriolis force which would normally maintain northward 

flow up the east side of the inlet and result in a net counterclockwise gyre as in the lower 

inlet. Consequently sediments from Knik Arm move south down the east side of the upper 

inlet and the clearer flooding water from the lower inlet moves north on the west side of the 

upper inlet. Middle Ground Shoal (Fig. 51) tends to enhance the clockwise circulation 

pattern by maintaining the relatively clear intruding seawater in the western half of the inlet 

in this region. The clockwise gyre appears to break down near the upper reaches of the 

upper inlet (north of the North Foreland) and water movement in this area is probably a 

northeast-southwest pulsation due to the flood and ebb of the tides.

Figure 50 shows lenses of very clear water, about 15 km southwest of the Susitna River 

plume, which have apparently been detached from the main clear-water plume during earlier 

tidal cycles. Kinney et at. (1970) found evidence of inhomogeneity of large parcels of water 

as far south as the Forelands, and both the ERTS imagery and field data presented here give 

evidence of discrete water parcels which are inhomogenous with surrounding waters in the 

area below Kalgin Island.

The water circulation south of the East and West Forelands in the region of Kalgin 

Island appears to be much more complex and very dependent on the stage of tide. As seen 

in Figures 56, 58 and 60, there appears to be a bifurcation of the relatively clear intruding 

seawater as this water reaches the vicinity of Kalgin Island. At the time of the 24 September 

1973 imagery (Fig. 60) the tidal stage at Anchorage is approximately one hour before low 

tide and at Seldovia approximately two hours before high tide and for the 3 and 4 

November 1972 imagery (Figs. 57 and 58) it is very close to low tide at Anchorage and high
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tide at Seldovia. Therefore in the several hours preceding this imagery the tide had been 

ebbing in the upper inlet and flooding in the lower inlet. The opposing ebb and flood, at this 

particular stage of the tide, will meet in the vicinity of the East and West Forelands. A 

schematic interpretation of the resultant circulation is shown in Figure 61. The box shows 

the area covered by Figure 62 which is a portion of density sliced image I.D. 1103-20513-6 

of 3 November 1972 and exemplifies the Forelands area circulation at this tidal stage. 

Apparently the ebbing waters in the upper inlet are jetted through the Forelands, primarily 

in a southeastward direction. This water meets and opposes the relatively clear seawater 

carried up the east side of the inlet by the flood tide. The path of least resistance for the 

intruding seawater will be to the west and north around the west side of Kalgin Island, 

producing the suspended load distribution as seen in Figures 56, 58, 60 and 62. It is 

emphasized that this particular circulation pattern is characteristic of this particular stage of 

tide, and may vary considerably at other tidal stages. Unfortunately all available cloud-free 

imagery of this area of Cook Inlet (3 and 4 November 1972 and 24 September 1973) was 

obtained at about the same tidal stage (low tide at Anchorage and high tide at Seldovia).

It is also important to remember that, in an area such as Cook inlet, the suspended 

load distribution represents a circulation which is superimposed upon the overall pulsating 

nature of water movement in the inlet. However, this superimposed circulation pattern is 

quite important since it represents the ultimate trajectory of sediments and pollutants in 

estuarine waters. The overall pulsating nature of water movement within the inlet is shown 

well by the numerical model studies of Mungall and Matthews (1973), whose model also 

tends to support the Forelands area circulation proposed here.

A density slice of Katchemak Bay, of recent interest because of petroleum exploration 

in the region, is shown in Figure 63. The time of the image is about 1.5 hours before high 

tide. Circulation on the flood tide appears to be northeastward on the south side of the bay 

and southwestward on the north. A smaller counterclockwise gyre may be present just 

inside the mouth of the bay behind Homer spit. The influence of several glacial streams 

along the south shore is also apparent.
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Figure 61. Surface water circulation in Cook Inlet when the tidal stage is near low at 
Anchorage and high at Seldovia. The area indexed refers to Figure 62 (after 
Sharma, et a!.,1974).



Color density slice of a portion of image I.D. 
1103-20513-6 (3 November 1972) showing the region 
indexed in Figure 61. The relative variation in the 
suspended load concentration from high (yellow) to 
low (blue) is shown in the color bar at the bottom of 
the picture (after Sharma, et a!., 1974).



Figure 63. Relative suspended load d istribution in Katchemak Bay, Cook Inlet on 22 September 1973, based
on color density slice o f image I.D. 1426-20444-4.
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Discussion of sedimentation dynamics in Cook Inlet

All recent information points towards a net circulation pattern within Cook Inlet as 

shown in Figure 64. The major water movement is a to and fro pulsation in the lengthwise 

direction of the inlet caused by the flood and ebb of the tides, however, Coriolis force, basin 

morphology and probably winds modify the pulsations to produce a net circulation pattern 

within the inlet. .

Clear seawater enters the inlet from the east where it is carried into the inlet mouth by 

the westward flowing Alaska Current. Driven by the tidal flux and Coriolis force, this water 

works its way up the lower inlet along the eastern shore. In the region of the Forelands, 

basin geometry jets the flooding seawater to the west side of the inlet to produce a net 

clockwise gyre in the region bounded by the East, West and North Forelands. This gyre 

appears to break down north of the North Forelands into a roughly northeast-southwest 

pulsation.

Fresh water input from the turbid Knik Arm and relatively clear Susitna River are 

partially mixed in the upper inlet and carried in a general southwestward direction on the 

ebb tide. Although the outflow of turbid fresh water must certainly intrude into the region 

of relatively clear seawater between the North and West Forelands, the outflow in this area 

is apparently not as great as the inflow on the flood tide; this results in a net outflow of 

turbid fresh water on the east side of the upper inlet. This circulation pattern is likely also 

enhanced by the configuration of the North Foreland which, on the ebb tide, will produce 

an offshore current component towards the east side of the inlet.

This interpretation could be biased by clear (fresh) water input from the Chakachatna 

and McArthur Rivers between the North and West Forelands, however, in the November 

imagery, when the fresh water input from these rivers is negligible, the pattern still persists. 

Moreover, temperature and salinity field data support the existence of a clockwise gyre.

The region between the East and West Forelands and Kalgin Island appears to have a 

highly variable circulation pattern, depending on the state of the tide. It seems to be an area 

of extreme mixing of outflowing turbid fresh water and intruding clear seawater, with no 

obvious circulation pattern. The net circulation shown in Figure 64 for this region is based 

primarily on the ERTS imagery, although the salinity distribution lends some additional 

support. Below Kalgin Island the turbid water works its way to the west side of the inlet and
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Figure 64. Net circulation w ith in  Cook Inlet, Alaska.
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flows on out of the inlet along the western shore and into Shelikof Strait.

The circulation interpreted for the region north of the Forelands contradicts that 

found by earlier investigators. Although the suspended sediment load is not a conservative 

property of water as are salinity and temperature, the dynamic nature of Cook Inlet is of 

such great significance that the synoptic suspended load distribution as observed by ERTS 

may be more accurate than salinity and temperature data in delineating the surface 

circulation within Cook Inlet. Standard oceanographic measurements of temperature and 

salinity cannot be conducted sufficiently rapidly in the upper inlet to avoid biasing and 

distorting the circulation pattern obtained. However, even distortion of 20 km (about the 

maximum movement of surface water during a single flood or ebb tide) would not 

completely account for the differences in upper inlet circulation interpreted from the field 

data of earlier investigators and that of the present investigation.

It is conceivable that the circulation pattern in the region north of the Forelands may 

vary and even reverse itself, depending upon current velocities. Coriolis force is a function 

both of latitude and current speed. The radius of the circle of inertia (the radius of the circle 

which would be generated by a moving parcel of water when acted upon by Coriolis and 

centrifugal forces, assuming no other forces interact) varies in direct proportion to the 

current velocity. Values for the radius of the circle of inertia at 60° latitude are tabulated 

below.

It can readily be seen that the greater the current velocity the less effective Coriolis 

force will be in displacing water to the right as it is jetted through the Forelands. During 

spring tides, when tidal ranges and resultant current velocities are high, the jet effect of the 

Forelands should be highly effective in forcing the flooding seawater to the west side of the 

inlet. However, during neap tides, when tidal ranges and current velocities are lower, Coriolis 

force will be far more effective in maintaining the intruding seawater on the east side of the

Current velocity 

50 cm/sec (1 kt) 

100 cm/sec (2 kt) 

150 cm/sec (3 kt) 

200 cm/sec (4 kt) 

250 cm/sec (5 kt)

Radius

4 km ( 2 n. mi.) 

8 km ( 4 n. mi.) 

12 km ( 6 n. mi.) 

16 km ( 8 n. mi.) 

20 km (10 n. mi.)
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inlet as it passes the east Foreland and might well result in a counterclockwise gyre in the 

region north of the Forelands. If such is true, the circulation pattern in the region bounded 

by the East, West and North Forelands would be a clockwise gyre during spring tides and a 

counterclockwise gyre during neap tides. •

Oddly enough, all of the recent data presented here, including the field data of 22-24 

August and 25-29 September 1972 and the ERTS imagery of 3-4 November 1972 and 24 

September 1973, were obtained during spring tides with tidal ranges in excess of 9 m at 

Anchorage and predicted maximum (flood) current velocities near the East Foreland (1.3 

km west of Nikiski Wharf) of 200 to 250 cm/sec. However, similar current velocities were 

also predicted for the periods during which the earlier 1966, 1967 and 1968 data were 

collected. It is not known how many tidal cycles might be required to set up a specific 

circulation pattern in the upper inlet, however, it probably requires at least several days. But 

although all three of the earlier cruises (1966-1968) followed a period of neap tides (such 

that the data collection followed at least one week of lower current velocities), the 22 

August 1972 field data and the 3-4 November 1972 ERTS imagery also followed a period of 

neap tides. The 25-29 September 1972 field data and the 24 September 1973 ERTS imagery 

both followed spring tides, such that the data collection followed a period of higher current 

velocities.

It is obvious that variations in the tidal ranges and current velocities with the lunar 

cycle cannot completely explain the apparent variation in the surface circulation north of 

the Forelands. It may be possible that seasonal wind patterns are important in determining 

the circulation pattern in the upper inlet. The 1966-1968 data were collected during late 

spring-early summer (21 May-18 July), whereas all of the recent data were collected during 

late summer-early fall (22 August-4 November). Ekman transport of the fresh surface waters 

by the prevailing northerly winds during winter and spring would enhance a 

counterclockwise circulation pattern in the upper inlet, whereas the prevailing southerly 

winds during the summer might carry the fresh surface waters to the east side of the inlet 

and encourage a clockwise surface circulation in the upper inlet.

In general, circulation between Kalgin Island and the upper reaches of the inlet appears 

to be very complex and deserving of much more comprehensive study, including its 

dependence on tidal phase and seasonal wind patterns, before a definitive circulation pattern
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in the upper inlet can be determined or predicted.

Tidal currents within Cook Inlet, as interpreted from the bottom sediment distribution 

(Fig. 33), are sufficiently strong to prevent deposition of materia! finer than sand. Facies 2 

(gravel) probably represents a true equilibrium size distribution. The gravels are most likely 

palimpsest glacial till with more recent additions of ice-rafted gravel.

The Facies 1 sand in the upper inlet is probably present only because the tremendous 

sediment input from Knik Arm overwhelms the capacity of the environment to remove it, 

since turbulence and current velocities in the Facies 1 region are comparable to areas farther 

south where gravel is the equilibrium product. The positive skewness of most Facies 1 sands, 

indicating a depositional environment, may be a summertime phenomenon. It is expected 

that during winter months, when sediment input is greatly reduced, net erosion would 

occur. Interestingly, the distribution pattern of Facies 1 sands (Fig. 34) conforms with the 

clockwise circulation pattern proposed for the upper inlet, however, the pattern of the 

bottom sediment size distribution may be biased in this manner by the relatively low 

sediment input of the Susitna River.

The inlet broadens and deepens in the region of Facies 3 (sand with variable gravel and 

silt-clay), although current velocities appear to be sufficient to prevent deposition of 

significant amounts of finer material. Although no size distribution data are available for 

bottom sediments in Kamishak Bay (west of Facies 3), the extensive mudflats and a few 

notations of the bottom characteristics on USCGS chart 8554 indicate that a significant 

amount of the finer (suspended) material carried from the upper inlet is deposited in 

Kamishak Bay. A narrow and diminished plume of suspended sediments passes out of 

Kamishak Bay and into Shelikof Strait along the western shore.
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Recent history

Glaciation on the southern Aleutian shelf, including Shelikof Strait and the shelf 

seaward of Kodiak Island (Fig. 1) was basically similar to that in the northern Gulf of 

Alaska (Hopkins, 1972; Karlstrom, 1964). Glaciers extended out to almost the shelf edge 

during the late stages of the Wisconsin glaciation, and retreated after about 11,000 years 

B.P. The deposits of glacial till left behind on the shelf provide a basis for evaluating recent 

shelf sediment transport and deposition.

Bottom sediment distribution

The surficial bottom sediment distribution on the southern Aleutian shelf has been 

studied by Nayudu and Enbysk (1964), Gershanovich (1970), Gershanovich, (1964), 

Wright (1970) and Sharma (in press). Gershanovich, e (1964) have compiled the most 

comprehensive offshore surficial bottom sediment distribution, and this is shown in Figure 

65. Sediments on the Aleutian shelf, especially the shelf surrounding Kodiak Island, contain 

a high percentage of volcanogenic material (Gershanovich, 1970).

The data compiled by Wright (1970) on the surficial bottom sediments in the area 

surrounding Kodiak Island is summarized as follows. The shelf surrounding Kodiak Island, 

excluding Shelikof Strait, is generally characterized by moderately coarse sediments (sand or 

sand and gravel) with varying amounts of coral and shell debris. On the shelf southeast of 

Kodiak Island, sand is the predominant mode in regions shallower than 100 m, whereas mud 

fills most of the depressions. Some gravel is found with the sand or mud south of Kodiak 

Island near the shelf edge. Northeast of Kodiak Island, in the strait between Afognak Island 

and the Kenai Peninsula, sand and sandy gravel are the type surficial bottom sediments; 

these are apparently palimpsest from the earlier glacial till, with the finer material winnowed 

out. The bottom sediments in Shelikof Strait are generally characterized by mud, grading 

from sandy mud with pebbles near the Cook Inlet end to sandy gray mud near the center, 

and finally to very soft gray mud at the southwest end of the strait. Mud also fills the 

channel which incises the shelf from Shelikof Strait south to the shelf break (Fig. 1).

The Aleutian shelf between Kodiak Island and Unimak Island is predominantly sand 

(Fig. 65) with minor silt and clay (Gershanovich, et aL, 1964). Silt is present in the deeper 

depressions. Gravel is found only in the vicinity of the Shumagin Islands (Sharma, in press).
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Figure 65. Bottom sediment distribution in the Gulf o f Alaska (after Gershanovich, 1964). 1. sand and
coarse gravel, 2. coarse silt, 3. fine silt, 4. pelite.
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Hydrological and meteorological regime 

. The Alaska Current flows in a general southwestward direction (Fig. 14) along the 

Aleutian shelf from Kodiak Island to Unimak Island. Sediment laden water of relatively low 

salinity, discharged from Cook Inlet, forms a wedge along the northwest side of Shelikof 

Strait as it is carried through the strait by the Alaska Current (Wright, 1970). Near Unimak 

Island, exchange of water between the Pacific Ocean and the Bering Sea produces strong 

currents in the passes between the islands.

Winds along the southern Alaska Peninsula coast are extremely variable, particularly in 

Shelikof Strait. Afognak Island experiences prevailing winds from the northeast except in 

spring and late summer when southwesterly and westerly winds prevail (U.S. Coast Pilot 9). 

Wind data from a few other coastal stations are available; however, the variation from 

station to station is considerable and strongly dependent on the configuration of the land 

masses so that the wind effect on sediment transport is difficult to evaluate.

Field data

Suspended load, temperature and salinity measurements of surface waters were 

obtained on a track from Kodiak Island to Unimak Island on 8-9 July 1973, and from 

Unimak Island to Seward on 13-15 August 1973 (Figs. 66-68). Due to the large time 

difference (1 month) between the sampling periods, the 8-9 July data appeared to correlate
i .

only with respect to temperature, and the 8-9 July data were not used in contouring the 

salinity distribution. The suspended load varied somewhat erratically and no contouring was 

attempted.

The considerable influence of the Copper River and Prince William Sound shows as a 

nearshore wedge of relatively high temperature, low salinity water, with a slightly higher 

suspended load concentration, moving southwest along the Kenai Peninsula and extending 

into Cook Inlet. Warmer (at this time of year), lower salinity water is observed passing out 

of Cook Inlet and moving southwestward through Shelikof Strait. The very low suspended 

load concentrations observed in Shelikof Strait may be due to mixing and dispersion by the 

very rough seas encountered while sampling in the strait. The warm, fresh water influence of 

Cook Inlet water is apparent for a considerable distance southwest along the Alaska 

Peninsula as far as Unimak Island, however, the suspended load remains uniformly low.

"i . ■ .



Figure 66. Surface suspended load distribution (mg/l) in the Aleutian shelf region; 8 July-15 August 1973.
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Figure 67. Surface water isotherms (°C) in the Aleutian shelf region; 8 July-15 August 1973.
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Figure 68. Surface water isohalines (°/oo) in the Aleutian shelf region; 11-15 August 1973.
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ERTS imagery

Due to persistent cloud cover and haze in the region from Shelikof Strait to Unimak 

Island, little useable imagery has been obtained, and z< this imagery none could be 

accurately density-sliced. Two composite pr:.*ts which qualitatively show suspended 

sediment transport in Shelikof St' !t are shown in Figures 69 and 70. Other imagery, 

showing roughly the r.*:r.c distribution of suspended sediments, is available, however, 

atmospheric interference is so great that reproduction beyond the original is useless.

The imagery of Figure 69, obtained 30 October 1973, shows the Alaska Peninsula in 

the vicinity of Katmai National Monument to the left, Kamishak Bay and Augustine Island 

at top center, the Barren Islands near top right, and Afognak and Kodiak Islands on the 

right. Sediments from Cook Inlet can be seen moving into Shelikof Strait as a relatively 

narrow band which broadens and diffuses as it passes through the strait. At the southwest 

end of Shelikof Strait, the suspended sediments have diffused across the entire strait.

The imagery of Figure 70, obtained 18 October 1972, also shows the Alaska Peninsula 

at left extending from top right to lower left. The western tip of Kodiak Island is at right 

center. Although there is considerable haze and cloud interference present, suspended 

sediments can be seen throughout the western half of Shelikof Strait, and clear (darker 

colored) water in the eastern half. This scene is of particular interest in that it shows a small 

plume, originating at the western tip of Kodiak Island, moving northeastward into Shelikof 

Strait. This may be due to a small, transient reversal of water movement through Shelikof 

Strait during flood tide. Such a reversal of the current could cause the normally 

southwestward flowing plume (along the western half of Shelikof Strait) to be turned back 

upon itself, forming the bulges in the plume observed in these and other images.

From these and a few other (moderately clear) images southwest of Kodiak Island, it 

appears that the suspended sediments rapidly diffuse and settle out after leaving Shelikof 

Strait. In the region between Shelikof Strait and Unimak Island there are no significant 

sediment sources. Some small local sources have been observed, however, they cannot be 

traced more than a few kilometers from their source.



Figure 69. MSS Band 4 composite of Shelikof Strait on 30 October 
1973; includes image I.D.'s 1464-20554 and -20560.
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Figure 70. MSS Band 4 composite of Shelikof Strait on 18 October 1972; 
includes image I.D.'s 1087-21033 and -21040.
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Discussion of sedimentation dynamics on the Aleutian shelf

On the shelf east and southeast of Kodiak Island there is an apparent absence of any 

input of suspended sediment. Suspended sediments originating in the Prince William 

Sound/Copper River region, as discussed in the preceding Gulf of Alaska section, reach very 

low concentrations near the southern tip of the Kenai Peninsula, and any sediments 

remaining in suspension at the surface or at depth are probably carried into Cook Inlet and 

Shelikof Strait. In addition, any near-bottom or bottom sediment transport west and 

southwest across the northwestern Gulf of Alaska shelf would be halted by the deep channel 

and shallow bank northeast of Kodiak Island. Therefore the bottom sediments east and 

southeast of Kodiak Island are most probably palimpsest, a combined result of reworking of 

the glacial till deposited during the last glacial period and the more recent input of 

volcanogenic material. The finer material (mud) winnowed from the shallower areas has 

been deposited in depressions on the shelf or carried elsewhere.

Northeast of Kodiak Island, in Stevenson and Kennedy Entrances, current velocities 

are sufficient to preclude deposition of fine material, and moreover have scoured all finer 

material from the earlier glacial till, leaving only palimpsest sand or sand and gravel.

Shelikof Strait provides a channel to the sea for all sediments discharged from Cook 

Inlet. Judging from the variation in surficial bottom sediments in the strait, from sandy mud 

with pebbles (near Cook Inlet entrance) to compact mud in the center, and finally to very 

soft mud at the discharge end, it appears a significant amount of the finer sediments rapidly 

settle out within the strait as they are carried through. The Shelikof Strait channel continues 

to the shelf break (Fig. 1) and may funnel a good proportion of these fine sediments on out 

to the slope and trench.

Little can be said about the Aleutian shelf west of Shelikof Strait. Offshore, certainly, 

there is a sparcity of fine material in the bottom sediments, however, nearshore bottom 

sediment distribution data are lacking. The surface temperature and salinity distributions 

indicate Cook Inlet water, after leaving Shelikof Strait, maintains its identity several 

hundred kilometers along the coast of the Alaska Peninsula, however, the fate of any 

suspended material carried with this water is indeterminable from the data on hand.
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B ER IN G  SEA 

Recent history

The recent history of the Bering Sea (Fig. 1) differs markedly from that of southern 

Alaska shelves, and is discussed in detail by Hopkins (1972, 1973). During the penultimate 

glaciation most of the Bering Sea shelf was exposed. Since the source of moisture was to the 

south and southwest, glaciation of the shelf was restricted to the south near the Alaska 

Peninsula. Glaciers covered all of Bristol Bay during the height of the glaciation, but the 

remainder of the eastern Bering Sea shelf remained ice-free.

Drainage channels which developed on the exposed shelf carried the Yukon and other 

more southern rivers south to the then much diminished Bering Sea. Norton Sound and the 

Seward Peninsula drained north through the Bering Strait and into the Arctic Ocean.

The early Wisconsin saw the Bering Sea rise to within a few tens of meters of present 

day sea level, however, during the height of the Wisconsin (20,000-15,000 years B.P.) the 

Bering Sea shelf was again exposed to about -125 m below present sea level. The shelf, 

including Bristol Bay, remained essentially ice-free during this period. Following this, sea 

level rose rapidly during the period 15,000 to 7,000 years B.P.

During periods of shelf exposure, persistent strong northeasterly winds appear to have 

been effective in distributing loess and sand over the shelf. The present day distribution of 

bottom sediments in the eastern Bering Sea may reflect these earlier aeolian deposits and 

their reworking during Holocene sea level transgression.

Bottom sediment distribution

Bottom sediments in the eastern Bering Sea have been examined by Lisitsyn (1966), 

Creager and McManus (1967), McManus, et al.(1969), Askren (1972), Sharma (1972,1974), 

Sharma, et al. (1972), Knebel and Creager (1974) and Nelson, et at. (1974). The most 

comprehensive compilation of the nearshore surficial bottom sediment characteristics for 

the complete eastern Bering Sea has been provided by Sharma (in press); the distributions of 

mean size, sorting and percent sand and silt are shown in Figures 71 to 74. The bottom 

sediment characteristics in Bristol Bay are presented in greater detail in Sharma, et al. 

(1972).

The bottom sediment size distribution out to about 50 to 60 m in Bristol Bay and the 

region northwest towards Nunivak and St. Lawrence Islands conforms closely to the
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Figure 71. Mean size (Mz) distribution of surficial bottom  sediments in the 
eastern Bering Sea (after Sharma, in press).



I
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Figure 72. Sorting (a|) o f surficial bottom sediments in the eastern Bering Sea 
(after Sharma, in press).
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Figure 73. Percentage of sand in surficial bottom sediments in the eastern 
Bering Sea (after Sharma, in press).
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Figure 74. Percentage of silt in surficial bottom  sediments in the eastern Bering 
Sea (after Sharma, in press).
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bathymetry and shows a relatively uniform reduction in mean si<.z with increase in depth, 

indicating that wave energy on the bottom is of prime importance in determining the mean 

size distribution of the inner shelf bottom sediments in this region (Askren, 1972; Sharma, 

eta!., 1972). Sedimentation at depths greater than about 50 m is limited to particles finer 

than about 20 (fine sand) and is a function of the settling velocity of the particles rather 

than traction transport along the bottom as is the case for more coarse particles (Askren, 

1972). [Sharma, et al.(1972) would place the maximum depth of wave influence on fine 

sand somewhat deeper, at about 80 m.] The distribution of particles finer than 20 will then 

essentially be a function of currents, both permanent and seasonal, in addition to wind, 

wave and tidal effects. The distribution of sediments coarser than 20 will be primarily a 

function of the wave energy and the slope of the bottom, with the end result being a

well-graded shelf as found in Bristol Bay.

Neither Sharma, et al. (1972) nor Askren (1972) found ice-rafting to be a significant 

contributor to the bottom sediments in Bristol Bay. Primary sediment sources in Bristol Bay 

are the Nushagak and Kvichak Rivers. Additional sediment input is derived from the Alaska 

Peninsula and the Aleutian Islands (Sharma, et al.,1972).

Holocene sediment accumulations, deduced from cores and seismic surveys, are 

estimated to be 3 to 4 m over most of the shelf south of Nunivak Island, with somewhat 

greater accumulations north of the Pribilof Islands (5 m) and west and south of St. Matthew

Island (> 10 m) (Askren, 1972).
North of Nunivak Island the surficial bottom sediment distribution on the inner shelf 

and within Norton Sound is strongly influenced by the tremendous influx of fine sediments 

from the Kuskokwim and Yukon Rivers. Ice-rafting is considered to be a significant 

sediment source in the northern Bering Sea (Lisitsyn, 1966).

The bottom geology in the northeastern Bering Sea (north of St. Matthew Island) is 

discussed in detail by Creager and McManus (1967), McManus, (1969), Knebel and 

Creager (1974) and Nelson, et at. (1974). Factor analysis of heavy minerals on the 

east-central Bering sea shelf (bounded by the Yukon delta, St. Lawrence Island and St. 

Matthew Island) indicate that modern Yukon sediments are not being deposited in this 

region and that Kuskokwim sediments would constitute a more plausible source for the 

heavy mineral assemblage present (Knebel and Creager, 1974). McManus, et al. (1969)
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suggest that modern silts and sands from the Yukon River are, however, encroaching onto 

the relict sands of the Chirikov Basin (the basin bounded by St. Lawrence Island and the 

Bering Strait). Norton Sound, particularly in its south and southeast region, receives a 

significant amount of silt and very fine sand from the Yukon River, however, accumulations 

of recent sediments are generally quite thin (0.25-1.0 m) (Nelson, 1974; Nelson, et 

1974).

Hydrological and meteorological regime

The generalized surface water circulation in the eastern Bering Sea is shown in Figure 

14. Water entering the Bering Sea through the passes between the more eastern Aleutian 

Islands flows northeastward along the northern coast of the Alaska Peninsula and into 

Bristol Bay. This water then flows in a general northward direction, paralleling the coast, 

until the water passes through the Bering Strait. Tidal currents and Coriolis force drive 

counterclockwise circulation cells within the various embayments along the coast.

Tidal range is moderately low along the eastern Bering Sea coast, ranging from 2.4 m in 

Bristol Bay to 0.6 m near the Seward Peninsula (Lisitsyn, 1966). The tidal range generally 

decreases from south to north. Locally the tides are amplified near the heads of shallow 

embayments; representative values (diurnal) are 5.4 m in Kvichak Bay, 4.1 m in Kuskokwim 

Bay, and 1.5 m in Norton Sound (U.S. National Ocean Survey, 1973a).

Lisitsyn (1966) notes tidal current velocities of 50 to 100 cm/sec in passes along the 

Aleutian chain and 80 to 100 cm/sec off Nunivak Island. Hebard (1959) measured nearshore 

tidal currents of 40 to 85 cm/sec along the northern Alaska Peninsula and in the Bristol Bay 

region, and 50 to 75 cm/sec farther offshore in Bristol Bay. Other representative maximum 

tidal current (flood) velocities (U.S. National Ocean Survey, 1973b) are 125 cm/sec in 

Nushagak Bay entrance, 85 cm/sec at Hooper Bay (on the westernmost tip of the 

Yukon-Kuskokwim delta), 40 cm/sec off the west coast of Nunivak Island, 40 cm/sec off 

Northeast Cape of St. Lawrence Island and 50 cm/sec at Sledge Island (west of Nome). Ebb 

current velocities are comparable to the flood velocities.

The semi-permanent currents in the southeastern Bering Sea are generally considerably 

slower than the tidal currents. In the Bristol Bay region Hebard (1959) measured velocities 

of about 2.5 to 4.5 cm/sec for the northeastward flowing current north of the Alaska 

Peninsula. Natarov and Novikov (1970) found current velocities of 8 to 10 cm/sec over the
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southeastern shelf during winter. They determined that current velocities diminish an 

average of 20 to 40 percent during summer, and emphasize the variability in surface water 

circulation due to major changes in wind patterns between summer and winter.

Hebard's (1959) data also give some indication of a southwestward flowing current in 

outer Bristol Bay, as shown in Figure 14. Natarov and Novikov (1970) indicate this water 

movement, directed southwestward from the Kuskokwim Bay-Nunivak Island area toward 

the shelf south of the Pribilofs, to be somewhat intensified during the winter.

McManus, et al.(in press) estimate average coastal current speeds 1 m from the bottom 

of 30 to 40 cm/sec in the northern Bering Sea. Current velocities of 15 to 34 cm/sec near 

the bottom and 15 to 72 cm/sec near the surface are found in the Bering Strait region 

(Creager and McManus, 1967), however, they do not differentiate between the type of

current.
Weather patterns in the Bering Sea are largely controlled by the Arctic and Honolulu 

highs and the Aleutian low. During winter, the Honolulu high diminishes and moves from 

the northeastern Pacific to the southwest, allowing formation of the intense Aleutian low. 

Winds from the Arctic high +hc>n move southward to generate the predominantly northerly 

and northeasterly -.inter winds (October to May) in the eastern Bering Sea (U.S. Navy 

Hydron^'tic Office, 1958; U.S. Coast Pilot 9). During summer the Honolulu high 

intensifies and moves northeastward into the northeastern Pacific, filling the Aleutian low 

and generating the predominantly southerly and southwesterly summer winds in the eastern 

Bering Sea.
The seasonal wind influence on the ocean currents is significant. The diminished 

current velocities in the southeast Bering Sea during summer are apparently due to both the 

dissipation of the cyclonic atmospheric circulation over the Bering Sea and the tendency for 

the southwesterly summer winds in the northern Pacific to slow the southwest flowing 

Alaska Current, with resultant diminished influx of water from the Alaska Current into the 

southeastern Bering Sea (Natarov and Novikov, 1970). In general, superimposed upon the 

relatively sluggish 'permanent' currents in the eastern Bering Sea, tidal and wind driven 

currents significantly influence the circulation pattern.

In addition to the general hydrological and meteorological parameters, ice significantly 

influences the surface circulation and sediment transport in the Bering Sea. Ice begins
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forming in the northern Bering Sea usually during November. Persistent northerly winds 

drive the pack ice south. The maximum extent of ice occurs in February and March when it 

covers the eastern shelf as far south as a line between Port Moller (southern Bristol Bay) and 

the Pribilofs (U.S. Coast Pilot 9, 1964). The southernmost extent of the ice, including that 

within Bristol Bay, is in the form of scattered flows. North of Nunivak Island the winter ice 

cover is essentially complete. Ice in the southern Bering sea may persist into May and June,

and in the northern Bering Sea into July.
Sediment input into the southeastern Bering Sea is somewhat ill-defined. In the Bristol 

Bay region, streams emanating from the Alaska Peninsula may be a significant local source, 

these streams may carry as much as 500 to 2,000 mg/l of suspended load. However, the 

dominant sediment sources are the Kvichak and Nushagak Rivers at the head of the bay. To 

the north, the Kuskokwim River also provides a sizeable sediment input of approximately 4

million metric tons/year (Nelson, 1974).
The Yukon River, however, far exceeds all other rivers in terms of sediment input. 

Lisitsyn (1966) estimates that the Yukon contributes 9/10 of the total river sediment input 

to the entire Bering Sea, amounting to about 100 million metric tons/year (Nelson, 1974). 

Coastal erosion is a particularly significant sediment source in the western Bering Sea, 

however, in the eastern Bering Sea it is minor as compared to sediment input by rivers 

(Lisitsyn, 1966). .

Field data

Suspended load data were collected in the eastern Bering Sea and Bristol Bay during 

the period 13 June-7 July 1973 aboard the R/V Oshoru Maru (Figs. 75-78). West of Unimak 

Island and the Pribilofs rather high concentrations of biological material are evident in the 

surface waters (Fig. 75) and may indicate areas of upwelling. Of interest to the present 

study is the region farther east where variations in the suspended load are primarily due to 

differences in the suspended sediment concentration.

Of particular interest is a tongue of suspended sediment extending southward from, 

and apparently originating in, the Kuskokwim Bay region (Fig. 75). With increase in depth 

(Figs. 76-78) the tongue moves generally to the south and west, apparently caught up in the 

southwestward moving portion of the Bristol Bay gyre. Evidence for such a current 

movement has been presented by Hebard (1959) and Natarov and Novikov (1970). As the
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Figure 77. Suspended load d istribution (mg/l) at 20 m depth in the southeastern Bering Sea 13
June-7 July 1973 (after Sharma, et a / . ,1974).
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surface sediments settle through the water column the tongue of suspended sediments is 

displaced in the direction of current movement (to the southwest). Note that these data 

' were obtained relatively early in the year, at which time Natarov and Novikov (1970) 

concluded the southwestward moving current in this region would be more intense than 

later in the summer. Sparse data in the region obtained later in the year do not show a 

significant southwestward moving plume in this region. The U.S. Department of Commerce 

(1968) Climatic Atlas additionally indicates the prevailing wind reverses from northeasterly 

in June to southerly in July; mean wind speeds for both directions are about 5 m/sec.

Additional field data were collected aboard the R/V Acona during the period 11 

July-11 August 1973. The surface suspended load, temperature and salinity distributions are 

shown in Figures 79 to 81. Although sampling in Bristol Bay was completely disrupted by 

stormy weather, the turbid, warm and low salinity influence of water from the Kvichak and 

Nushagak River outflow can be seen to be confined fairly close to the head of Bristol Bay.

In the region immediately south and southwest of the Nushagak Peninsula, suspended load 

samples at depth showed a 2 to 3 fold increase in concentration near the bottom, whereas 

along the southeastern shore, concentrations were uniform with depth.

In northern Bristol Bay suspended sediments (Fig. 79) are carried nearshore in a 

general northwestward direction until they round Cape Newenham at the entrance to 

Kuskokwim Bay. There is no indication of a plume moving southwestward from 

Kuskokwim Bay as seen earlier in the year. Suspended load concentrations at the mouth of 

Kuskokwim Bay were fairly uniform from surface to bottom. The combined 

Kuskokwim-Bristol Bay plume appears to be confined within Kuskokwim Bay until it moves 

farther northwest toward Nunivak Island. In this region the plume diffuses and spreads 

offshore to the west of Nunivak Island. The temperature, salinity and suspended load all 

indicate the very nearshore portion of the plume continues moving northward until it joins 

the Yukon River plume near Norton Sound. The decrease in salinity and increase in 

temperature and suspended load concentration in the nearshore region just north of 

Nunivak Island is apparently due to southward movement of the Yukon plume.

Within Norton Sound most of the surface suspended load appears to move directly 

north-northwest from the river mouth towards Nome, while a substantial fraction also 

moves into Norton Sound along the southeast shore in a counterclockwise gyre. There is a
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Figure 79. Surface suspended load distribution (mg/l) in the eastern Bering Sea, 11
July-11 August 1973 (after Sharma, et a!., 1974).
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Figure 80. Surface temperature (°C) in the eastern Bering Sea, 11 July-11 August
1973 (after Sharma, et a!.,1974).
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Figure 81. Surface salinity (°/oo) in the eastern Bering Sea, 11 July-11 August 1973
(after Sharma, et a!.,1974).
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minor input of sediments from Norton Bay in the northeast corner of Norton Sound.

Suspended load measurements at depth (Figs. 82 and 83) indicate a similar movement 

of the subsurface suspended load in Norton Sound. Of interest is the isolated region of 

higher suspended load concentration (approximately 9 mg/l from the surface to bottom) 

north-northwest of the Yukon delta. This region is isolated at the surface (surrounded by 

lower suspended load concentrations) similar to the distribution at depth, however, the 

surface suspended load contour interval does not adequately show this. This isolated region 

of higher suspended load concentration could only be a detached portion of the Yukon 

River plume, possibly caused by the tidal pulsation.

The distributions of temperature and salinity with depth (Figs. 84-87) suggest a 

complex circulation system within Norton Sound. Salinity data at 5 and 10 m were lacking 

at several stations near the mouth of the sound and the interpretation of the distribution of 

salinity is in doubt in that area. (All station locations shown in Figs. 82 to 87 are actual data 

points.) A thick wedge of the relatively warm and fresh Yukon River water fills the south 

and east areas of the sound. At 10 m the counterclockwise movement of fresh water is 

blocked in the northeast corner by intruding colder seawater. At 5 m the outflowing 

warmer, less saline water is channelized between colder, more saline water to the north and 

south. The colder, more saline water along the north shore may be due to upwelling.

The fresh water circulation within Norton Sound appears to be a counterclockwise 

gyre. Seawater may intrude into the sound from the southwest underneath the fresh water 

wedge and pass to the northeast. This extremely cold water may have its source in the 

Anadyr Strait, brought to the mouth of Norton Sound by a cyclonic gyre north of St. 

Lawrence Island (Nebert, 1974). Upon reaching the north-central shore, the seawater rises 

to nearer the surface, thereby forcing the fresh water outflow towards the center of the 

sound as observed in the temperature and salinity distribution at 5 m depth. .

Winds in the Norton Sound region had shifted from westerly to southerly at the 

commencement of sampling in Norton Sound and 5 to 10 m/sec (10-20 kt) southerly winds 

prevailed throughout the data collection period in Norton Sound. The southerly winds 

could enhance the movement of sediments directly north from the mouth of the Yukon and 

possibly retard the counterclockwise surface gyre in the sound.



Figure 82. Suspended load distribution (mg/l) at 5 m depth in Norton Sound, 20-24 July 1973.



Figure 83.- Suspended load distribution (mg/l) at 10 m depth in Norton Sound, 20-24 July 1973.



Figure 84. Temperature (°C) at 5 m depth in Norton Sound, 20-24 July 1973.



Figure 85. Temperature (°C) at 10 m depth in Norton Sound, 20-24 July 1973.



Figure 86. Salinity (°/oo) at 5 m depth in Norton Sound, 20-24 July 1973.



Figure 87. Salinity (°/oo) at 10 m depth in Norton Sound, 20-24 July 1973.
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Upon leaving Norton Sound the suspended sediments are carried northward through 

the Bering Strait, primarily near the bottom. McManus and Smyth (1970) determined that 

the near-bottom concentrations were about 5 mg/l offshore. In the vicinity of Nome they 

found the bottom water to contain in excess of 20 mg/l. This near-bottom turbid water 

appears to be mixed back to the surface in the shoal region south of Port Clarence as seen in 

Figure 79.

There is additional sediment input from Port Clarence at the northernmost limit of the 

sampling track along the Seward Peninsula. Three isolated suspended load concentrations 

are noted offshore north of St. Lawrence Island (Fig. 79), varying between 1 and 2 mg/l; 

little variation in suspended load concentration with depth was found.

ERTS imagery

ERTS imagery in the Bristol Bay region (Figs. 88-92) shows a consistent 

counterclockwise circulation pattern in the head of the bay. Visible suspended sediments 

from the Kvichak and Nushagak Rivers are retained close inshore as they pass west around 

the Nushagak Peninsula. Apparently much of the sediment settles quite rapidly and is 

carried in the near-bottom water, as shown by the resuspension of fine sediments as they 

pass near shoal regions. For example, about 20 km (10 n. mi.) south of Nushagak Peninsula, 

turbulence over Ustiugof Shoal (depth 4 m) mixes the near-bottom suspended sediments 

back to the surface and appears (Figs. 88, 91 and 92) to be an isolated source of higher 

surface concentrations which subsequently decrease with movement away from the shoal.

Sediment input along the Alaska Peninsula is apparent in Figures 91 and 92. Port 

Heiden (Fig. 91) is a significant local sediment source; its sediments are carried 

northeastward toward Kvichak Bay. Farther up the coast toward Kvichak Bay, the coastal 

sediments appear to be moving southward from Kvichak Bay. However, this region of higher 

concentrations northeast of Ugashik Bay (located midway between Port Heiden and 

Kvichak Bay) is a region of relatively shallow water and the higher nearshore concentrations 

may simply represent turbulent mixing and resuspension of northward moving sediments.

Only one image suitable for density slicing was available in the Kuskokwim Bay region 

(Fig. 93). Nearshore sediments originating in eastern Bristol Bay can be seen rounding Cape 

Newenham and proceeding north up the eastern shore of Kuskokwim Bay. Entry of these 

sediments is only slight. The greatest concentrations of suspended sediment moving out of 

Kuskokwim Bay are observed nearshore, however, this again may in part be due to greater
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Figure 88. Relative suspended load distribution in Bristol Bay on 15 September 1972, based on color
density slice of image I.D. 1054-21203-5.



Figure 89. Relative suspended load distribution in Bristol Bay on 2 October 1972, based on color density slice
of image I.D. 1071 -211 44-5 (after Sharma, et al., 1974).
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Figure 90. Relative suspended load distribution in Bristol Bay on 9 September 1973, 

based on color density slice of image I.D. 1413 21140-4.



Figure 91. Relative suspended load distribution in Bristol Bay on 15 October 1973,
based on color density slice of image I.D.'s 1449 21130 and -21133-4.



figure 92. Relative suspended load distribution in Bristol Bay on 15 October 1973, based on color density slice of image I.D.
1449-21130 5.



Figure 93. Relative suspended load distribution in the Kuskokwim Bay region on 5 November 1973, based on color density
slice of image I.D.'s 1470 21294 and -21300-5.
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turbulence in the more shallow nearshore areas. A broad plume with a relatively high 

suspended load can be seen departing the bay on the west side before it is obscured by 

clouds. Near the bottom of the imagery there is some evidence of the plume moving 

southwestward.

West of Nunivak suspended sediments are observed (Fig. 94) being carried to the 

northwest towards the region north of St. Matthew Island. These sediments evidently 

originate in the Kuskokwim Bay region.

In the Norton Sound region, the tremendous sediment input of the Yukon River is 

apparent in Figure 95. The black and white image and color density slice of this scene are 

shown in Figures B-1 and B-2, Appendix B. A third scene (mostly cloudy) from this satellite 

pass indicated the sediments observed at the southern boundary of Figure 95 originate from 

the south (probably the Kuskokwim) so that the maximum southward movement of Yukon 

sediments would be on the order of 100 km (50 n. mi.). There is offshore diffusion of the 

southward extension of the plume in excess of 80 km (40 n. mi.) as the plume is entrained 

in the northward moving offshore current. The major plume movement is north directly 

towards Nome, although a portion of the plume moves into Norton Sound close in to the 

shore.

Figure 96 is a black and white mosaic from an adjacent more westerly satellite pass. 

The Nome region is at top center. The scene is oriented NNE-SSW parallel to that of Figure 

95 such that the Yukon delta lies about 40 km (20 n. mi.) to the right of the lower right 

edge of the scene. The eastern tip of St. Lawrence Island lies partly obscured by clouds at 

the left side of the scene about a quarter way up from the bottom. The heavy Yukon plume 

can be seen along the righthand side of the image. As in the previous figure considerable 

southward movement [of about 120 km (60 n. mi.)] of the plume appears to be present in 

the lower right hand corner of the scene, although the contribution of more southerly 

sediment sources cannot be adequately evaluated here. The plume has diffused over 120 km 

(60 n. mi.) offshore at its southernmost extension.

The main plume can be seen moving in a generally northward direction (along the 

upper righthand side of the scene) towards Nome. A detached section of the plume is also 

visible to the left (just above center) approximately midway between St. Lawrence Island 

and Nome. The lower left portion of the scene is cloud haze. At the southwest tip of the



Figure 94. Relative suspended load d istribution in the east central Bering Sea on 6 October 19 /3, based on color density slice
of image I.D. 1440-22044-4.



Figure 95. Relative suspended load distribution in the v ic in ity  of the Yukon
River on 11 August 1973, based on color density slice of image
I.D.'s 1384-21530 and -21533-5 (after Sharma, et 1974).



Fiqure 96. MSS Band 4 composite o f imagery in the northeastern 
Bering Sea on 23 September 1972; includes image I.D .'s 
1062-22044 and -22050.
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Seward Peninsula suspended sediments traveling near the bottom appear to be resuspended 

as they pass over the shallow region northwest of Sledge Island.

Eastern Norton Sound is shown in Figures 97 to 99. The black and white mosaic 

shown in Figure 97 was obtained four days prior to the black and white mosaic shown in 

Figure 96. The easternmost tip of the Yukon delta is at lower left and Norton Bay at the 

top. The Yukon River can be seen along the righthand edge. Movement of the Yukon plume 

into Norton Sound is apparent in this and the following two density-sliced scenes. The 

surface plume terminates in eastern Norton Sound in a complex of eddies and the suspended 

load appears to rapidly settle out. Additional sediments are supplied by Norton Bay in 

northeastern Norton Sound. It appears there may be an influx of clear seawater on the 

north side of the bay which bends the Yukon plume back upon itself in eastern Norton 

Sound.
Transport of Yukon sediments northward through the Bering Strait is shown in Figure 

100. Resuspension to the surface of the near-bottom suspended sediments occurs over 

Prince of Wales Shoal (depth about 7 m) just north of the western tip (Cape Prince of Wales) 

of the Seward Peninsula. Sediment transport north of Cape Prince of Wales appears to be 

primarily in a northward direction, although nearshore transport towards the northeast is 

also evident.

Figure 101 was obtained about 17 days earlier while drift ice was still moving 

northward through the strait. The ice itself appears to be the major source of surface 

suspended sediments at this time. Again there is an obvious northward movement of the ice 

north of Cape Prince of Wales. After passing through the Bering Strait the suspended 

sediments appear to settle extremely rapidly and may indicate a more coarse size for the ice 

derived suspended load. The Yukon contribution to the suspended load appears to be little 

if any.

■ A satellite pass in the northwestern Bering Sea (Fig. 102) from Cape Dezhneva (top 

center) to Cape Chukotski (bottom left) shows moderately high concentrations of surface 

suspended sediment passing northward through the Anadyr Strait.



Figure 97. MSS Band 4 composite o f eastern Norton Sound on 19 September 
1972; includes image I.D.'s 1058-21414 and -21421.



S E W A R D

Scale Nautical Miles

Figure 98. Relative suspended load distribution in eastern Norton Sound on 16 June 1973, based on color densiiy
slice of image I.D. 1328-21422-5.



Figure 99. Relative suspended load distribution in eastern Norton Sound on 4 July
1973, based on color density slice of image I.D /s
1346-21420 and -21423-6 (after Sharma, et a/., 1974).



Figure 100. Relative suspended load distribution in the v ic in ity o f the Bering Strait on 9 July 1973, based on color density 
slice of image I.D. 1351-22102-4 (after Sharma, et a!.,1974).



Figure 101. Relative suspended load d istribution in the v ic in ity of the Bering Strait on 22 June 1973, based on
color density slice o f image I.D. 1334 22161 5.



Figure 102. MSS Band 4 composite of the eastern Chukotsk Peninsula on 
22 August 1972; includes image I.D.'s 1030-22270 and 
-22273.
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Discussion of th-e sedimentation dynamics of the Bering Sea

Suspended sediment transport in the eastern Bering Sea agrees, for the most part, with 

the generally accepted circulation pattern as shown in Figure 14. As interpreted from the 

rapid dissipation of the surface suspended load concentration (due to settling) with distance 

from the sources, Bering Sea suspended sediments appear significantly more coarse (with 

very little clay) as compared to suspended sediments observed in the Gulf of Alaska.

The absence of significant increases in suspended load concentration with depth in the 

offshore Bristol Bay region indicates that most of the Bristol Bay suspended sediments are 

retained quite near-shore until they reach Kuskokwim Bay. The combined 

Kuskokwim-Bristol Bay sediment plume diverges at Nunivak Island, part moving offshore 

toward the northwest and part continuing northward through Etolin Strait to join the 

Yukon plume. Winter and early spring circulation apparently generates some southwestward 

transport of Kuskokwim Bay suspended sediments as suggested by Hebard (1959) and 

Natarov and Novikov (1970).

North of Nunivak and St. Matthew Islands, ERTS imagery indicates the suspended load 

from the southeastern Bering Sea (mostly Kuskokwim sediments) may disperse a 

considerable distance offshore onto the shelf, contributing to the relatively high offshore 

suspended load observed by McManus and Smyth (1970) between St. Lawrence Island and 

the Yukon delta. The offshore dispersion of suspended sediments south of St. Lawrence 

Island may be enhanced by the southward movement of the Yukon plume. However, 

Knebel and Creager (1974) find no evidence of modern Yukon sediments in the bottom 

sediments south of St. Lawrence Island.

Suspended sediments from the Yukon River move predominantly to the north towards 

Nome, settle rapidly, and are carried northwestward towards the Bering Strait in a 

nearshore, near-bottom layer, although considerable offshore dispersion towards the region 

north of St. Lawrence Island also occurs. In addition, an independent offshoot of the 

Yukon plume moves into Norton Sound along its southern coast in an incomplete 

counterclockwise gyre which terminates in northeastern Norton Sound. A considerable 

portion of these sediments which enter Norton Sound may be permanently deposited in the 

southern and southeastern areas of Norton Sound; however, at least some of the suspended 

load appears to be carried out of the sound in subsurface layers in central and northern
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Norton Sound..A considerable amount of the Yukon River suspended load is transported 

into the Chukchi Sea (Nelson, etal., 1974).

Little correlation of the suspended load transport with the bottom sediment 

distribution exists in the southeastern Bering Sea. Apparently, in addition to a relatively 

small offshore component of suspended sediment movement, the energy of the shelf 

environment in this region is sufficient to maintain the finer material which is susceptible to 

suspension transport in nearly continual suspension. Thus, the bottom sediment size 

distribution is in near equilibrium with the energy of the bottom environment and conforms 

closely with the bathymetry, with little evidence of a non-equilibrium (fine sediment) 

sediment input.

In the northeastern Bering Sea, however, the tremendous suspended load input of the 

Yukon River overwhelms the transport capability of the marine environment. The 

distribution pattern of the percentage silt (Fig. 74) in the Norton Sound region almost 

precisely conforms with the suspended load transport observed from ERTS and field data.

Since the major pathways of suspended sediment transport which have been 

determined from the limited ERTS and field data available in the Norton Sound region 

appear to be consistently underlain by a high percentage of silt in the bottom sediments, 

conversely, the distribution of percentage of silt in the bottom sediments should provide a 

reliable indicator of other major pathways of suspended load transport which were not 

observed. For example, the high percentage of silt (in bottom sediments) observed 

extending over 150 km south from the Yukon River mouth may imply that the Yukon 

plume frequently moves considerably farther southward than observed in the single ERTS 

image available (Fig. 95). Within Norton Sound, there would appear to be significant 

transport of suspended sediments out of Norton Sound along the northern shore of Norton 

Sound. .

In general the dynamic nature of the sediment transport regime has been emphasized in 

the Bering Sea region. On the inner Bering Sea shelf, silt is probably everywhere a 

non-equilibrium (with respect to the capability of the environment to resuspend it and 

transport it elsewhere) component of the bottom sediments and is present only because the 

input exceeds the environment's ability to redistribute it. Thus, the presence of a high 

percentage of silt in Bering Sea inner shelf bottom sediments generally implies a major
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pathway for transport of suspended sediments and, in the region of the Yukon River, 

correlates well with the suspended load distribution observed from ERTS and field data.
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C H U K C H I  SEA •

Recent history

The recent history of the Chukchi Sea (Fig. 1) as discussed by Hopkins (1972) is much 

the same as that of the Bering Sea. The Chukchi Sea shelf remained essentially ice-free 

during the late Wisconsin. The shrunken Arctic Ocean exposed the entire Chukchi Sea shelf. 

Continental runoff (excluding the Yukon River discharge) into the exposed Norton Sound 

basin drained north through the Bering Strait. Drainage channels which developed over the 

Chukchi Sea shelf are today represented by sea valleys, most important of which is the Hope 

Sea Valley which enters the Arctic Ocean through Herald Submarine Canyon northeast of 

Wrangell Island. Aeolian transport from the northeast appears to have also been an 

important process on the Chukchi Sea shelf.

About 11,000 years B.P. sea level began a general transgression; however, several 

standstills produced shorelines which are now submerged. The Bering Strait was finally 

opened to a significant northward flow of Bering Sea water around 10,000 years B.P., 

followed by a gradual increase in the Holocene transport of Yukon River sediments to the 

Chukchi Sea as sea level rose to its present stand.

Bottom sediment distribution

The surficial bottom sediments in the eastern Chukchi Sea have been described by 

McManus and Creager (1963), Creager and McManus (1966), McManus, ef a/. (1969), Barnes 

(1972), Naidu and Sharma (1972) and Naidu (in press). In the area immediately north of 

the Bering Strait the strong northward flowing current has built a large spit-like shoal (Cape 

Prince of Wales Shoal) which is accreting coarse material along its western edge (McManus 

and Creager, 1963). Divergence and reduction in speed of the current, assisted by an 

ill-defined eddy north of Cape Prince of Wales, allows deposition of suspended sediments as 

fine as medium silt in the area northeast of the cape. Wave action maintains finer material in 

suspension.

The distributions of sediment types and mean size in the southeastern Chukchi Sea are 

shown in Figures 103 and 104, after Creager and McManus (1966). The shoal environment is 

apparent north of Cape Prince of Wales. Throughout the southeastern Chukchi Sea the 

nearshore coastal sediments are predominantly sand, probably due in part to a considerably 

reduced (as compared to the Bering Sea) input of fine material to the coastal environment.
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Figure 103. Bottom sediment distribution based on end member relations, in the 
southeastern Chukchi Sea (after Creager and McManus, 1966).
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Figure 104. Mean size (Mz) distribution o f bottom sediments in the southeastern
Chukchi Sea (after Creager and McManus, 1966).
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Creager and McManus (1966) ascribed the extensive area of well-sorted sand along the 

northwest coast of the Seward Peninsula to be probably the result of long continued 

reworking by wave action, coupled with a lack of a continuous supply of sediment. In the 

Cape Thompson region (southeast of Point Hope) the coarse, poorly sorted nearshore 

sediments reflect their proximity to an additional sediment source, erosion of high cliffs 

bordering this coast.
Within Kotzebue Sound, surficial bottom sediments are mostly sandy silt and silt. 

Erosion of the cliffs at Deering, along the southern coast, provides a localized source of 

coarse, very poorly sorted sediments (Creager and McManus, 1966), however, the bottom 

sediment distribution within Kotzebue Sound apparently is primarily the result of the 

considerable input of fine material from the Noatak and Kobuk Rivers.

The nearshore sediments between Points Hope and Barrow and the sediments in the 

region of Herald Shoal are primarily sand with varying amounts of gravel, silt and clay, 

although relict sandy gravel is found nearshore in the embayment just east of Cape Lisburne. 

The remainder of the deeper offshore areas are mostly silt and clay deposited from the 

northward moving Yukon sediments (McManus, e ta/., 1969).

Naidu and Sharma (1972) and Naidu (in press) have delineated the clay mineral 

distribution in the eastern Chukchi Sea between Cape Lisburne and Point Barrow. They 

have suggested that the presence of relatively high smectite concentrations far offshore, as 

compared to the nearshore region between Cape Lisburne and Point Barrow, is due to 

transport of Yukon River material (high in smectite) to the offshore region. Moreover, there 

appears to be a progressive northward decrease in the supply of Yukon River clay along the 

northeastern Chukchi Sea margin. They suggest that off the Point Hope region, the net 

northward drift of Yukon River sediments separates into two components; the major 

component continues north in the far offshore region, whereas only a minor component 

moves northeast along the coast.

Hydrological and meteorological regime

The generalized surface circulation pattern in the Chukchi Sea is shown in Figure 14. 

The generally permanent northward flow through the Bering Strait continues in a northward 

direction to Point Hope. Average current speeds in the strait of 15 to 72 cm/sec were 

measured by Creager and McManus (1966), although speeds up to 200 cm/sec have been
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reported (U.S. Navy Hydrographic Office, 1958). Evidence of a clockwise gyre, along with 

greatly reduced current speeds, northeast of Cape Prince of Wales is given by Creager and 

McManus (1966). The tidally generated currents at the entrance to Kotzebue Sound are a 

net inflow around Cape Espenberg and net outflow on the northern (Cape Krusenstern) 

side. Creager and McManus' (1966) data do not appear to delineate a definite circulation 

pattern within Kotzebue Sound. Northward flowing currents in the vicinity of Cape 

Thompson and Point Hope gain speeds comparable to those measured in the Bering Strait 

(15 to 72 cm/sec). Creager and McManus found the direction and speed of the near-bottom 

currents in the southeastern Chukchi Sea to be generally similar to the surface currents.

Coastal currents between Cape Lisburne and Point Barrow are rather variable and wind 

dependent, although the current generally flows toward the north (U.S. Coast Pilot 9). 

Strong northeasterly winds have been observed to reverse the current direction in the Cape 

Lisburne-lcy Cape region and bottom current directions may vary significantly from the 

surface current direction (Ingham and Rutland, 1972). Evidence for the existence of large 

gyres along this section of the coast has been accumulated by Barnes (1972) and Ingham 

and Rutland (1972).
A tidal range of 15 to 30 cm is normal in the Chukchi Sea region, however, a tidal 

amplification to about 60 cm occurs in southeastern Kotzebue Sound (U.S. Navy 

Hydrographic Office, 1958). Wind and pressure induced fluctuations in sea level in excess of 

I m may be more important erosional agents on the exposed coast (Wiseman, 1973).

Weather in the Chukchi Sea is controlled by the almost permanent high pressure region 

over the polar ice cap. The anticyclonic atmospheric circulation over the polar region is the 

primary cause of the general westward drift of the central Arctic Ocean waters (U.S. Navy 

Hydrographic Office, 1958) and generates the northeasterly winds which prevail in the 

Chukchi Sea. Extensive wind observations at Point Barrow and Point Hope indicate the 

prevailing winds are from NE-NNE at all times of the year except January (from WNW) at 

Point Barrow and July and August (from SE and WNW, respectively) at Point Hope (Ingham 

and Rutland, 1972). At Icy Cape prevailing winds are from ENE except during July (from 

SW).
Ice in the Chukchi Sea is an important variable. During October, pack ice from the 

Barrow region begins moving into the Chukchi Sea, driven by the prevailing northeasterly
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winds (U.S. Coast Pilot 9; U.S. Navy Hydrographic Office, 1958). Kotzebue Sound begins 

freezing in late October as the pack ice rapidly spreads southward to fill the entire Chukchi

Sea by early November. '

The following spring, ice begins breaking up in the Bering Strait in early June and the 

southeastern Chukchi Sea and Kotzebue Sound are mostly clear of ice by late July. Ice may 

linger offshore in the northern Chukchi Sea throughout the summer, however, the eastern 

coast as far north as Barrow is generally free of ice during August and September.

Field data

Surface suspended loads in the Chukchi Sea (Fig. 105) were collected aboard the R/V 

Acona during the period 24-28 July 1973 and aboard the R/V Alpha Helix during the 

period 14 August-6 September 1973. Due to the large distance between stations, coupled 

with the extreme patchiness of surface suspended load concentrations observed in ERTS 

imagery, the interpretation shown in Figure 105 is questionable. It was noted, however, that 

higher concentrations in the Bering Strait region were confined very close to the eastern 

shore; the western shore was not observed. Higher concentrations (3 mg/l) immediately 

north of the Diomede Islands may be due to turbulent upwelling of subsurface suspended 

sediments as the water passes the Diomedes.

Most of the suspended load in the Chukchi Sea, due to the relatively coarse nature 

(mostly coarse silt) of the suspended load, appears to be transported primarily as a 

near-bottom turbid layer. Barnes (1972) found a pronounced increase in turbidity near the 

bottom of the water column throughout the eastern Chukchi Sea. Offshore, this turbid 

bottom layer was typically 5 to 10 m thick; nearshore the layer was generally less than 5 m 

thick, with a less distinct upper boundary. The layer was thickest (greater than 15 m) in the 

depression between Herald Shoal and the Alaska coast. Barnes interpreted the water 

turbidity and bottom sediment distribution to imply a net northward transport of 

fine-grained sediment from the Bering Sea, with minimal deposition in the eastern Chukchi 

Sea. Calculations of estimated sediment input to the Chukchi basin versus recent rates of 

deposition (McManus, et al., 1969) also indicate that only a minor amount of the sediment 

transported into the Chukchi Sea is actually deposited in the Chukchi Sea.



Figure 105. Surface suspended load distribution (mg/l) in the Chukchi Sea during 24-28 July 1973
(R /V  Acona) and 14 August-6 September 1973 (R /V  Alpha Helix) (after Sharma, et
a!., 1974). CD
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ERTS imagery

Imagery from the immediate region of the Bering Strait was presented in the previous 

section (Figs. 100 and 101) and show ice and suspended sediments being carried in a general 

northward direction. The nearshore drift ice rounding Cape Dezhneva (Fig. 101) is forced 

toward the northwest as it rounds the cape. Flowever, it is doubtful if coastal transport 

toward the northwest persists for any significant distance since the general coastal current 

along northern Siberia flows toward the southeast. The offshore divergence produced when 

these two opposing currents meet is observed in Figure 106 (lower image); this image was 

obtained about 3 months later than Figure 101. Nearshore suspended sediments moving 

southeastward around Point Netan are observed to abruptly turn to the north and move 

offshore. More subtle detail of this scene can be seen in the black and white image of Figure 

107. The latter is a mosaic which includes most of the area shown in Figure 106 (lower 

image) plus part of the preceding (overlying) image to the northeast. Point Netan lies in the 

lower left corner at the far left margin. Point Flope, mostly obscured by clouds, is in the 

upper right area. Again, the offshore movement of surface suspended sediments can be seen 

in the lower left, northeast of Point Netan. There is some indication of a clockwise eddy 

northeast of Cape Seshan (the centrally located cape in the lower left corner). Of particular 

interest is the peculiar distribution pattern of the suspended sediments in the central portion 

of the scene. These sediments are moving northward from the Bering Strait region. This 

distinctive pattern is characteristic of the region north of the Bering Strait and has not been 

observed in ERTS imagery elsewhere in Alaskan coastal waters. It appears that the different 

types of surface water are admixed as discrete, coherent parcels of water in this region.

Figure 108, obtained 20 days earlier than the preceding figure, lies immediately east 

and partially overlaps the previous figure. It contains a similar pattern of surface sediment 

distribution. Point Hope lies in the upper left corner of this scene, the entrance to Kotzebue 

Sound is at the right, and the northwest coast of the Seward Peninsula is at the bottom 

right. There is some atmospheric haze which prevents density slicing, however, the 

suspended sediment patterns remain obvious. Suspended sediments persist in the surface 

waters at least several hundred kilometers north of the Bering Strait. After passage north 

through the Bering Strait the suspended sediments appear to spread northeastward over the 

entire southeastern Chukchi Sea. Concentrations in the surface waters appear to be
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Fiqure 106. Relative suspended load distribution in the Chukchi Sea on 2 August 1973 
(top image) and 22 September 1973 (bottom image), based on color density 
slices of image I.D.'s 1375-22431-4 (top) and 1426-22255-4 (bottom ).



170

Figure 107. MSS Band 4 composite of the south-central Chukchi Sea 
region on 22 September 1973; includes image I.D.'s 
1426-22252 and -22255.
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Figure 108. MSS Band 4 composite of the southeastern Chukchi Sea region on 2 
September 1973; includes image I.D.'s 1406-22142 and -22145.
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independent of the water depth and therefore should be a fairly true indication of the 

transport direction. Movement northeastward toward Kotzebue Sound is present; however, 

most of these sediments appear to bypass Kotzebue Sound. Suspended sediments departing 

Kotzebue Sound are apparent in the increased nearshore concentration of the suspended 

load moving northwestward along the northern shore.

Returning to Figure 106, the top image shows relatively high (at least several mg/l) 

concentrations of suspended sediment west of Cape Lisburne. The distribution pattern, 

especially as observed on the original black and white image, would indicate movement 

toward the north-northwest, in conformance with the general surface current movement 

shown in Figure 14. Much of the observed sediment load has probably been transported 

from the southern Chukchi Sea.

Several images of Kotzebue Sound have been obtained (Figs. 109-112). Most of the 

Kobuk River suspended load appears to settle out east of the Baldwin Peninsula (which 

separates the Kobuk River from the central basin of Kotzebue Sound) in Hotham inlet. In 

addition, Figure 112 (obtained at mid-flood tidal stage) indicates that some sediments from 

the Noatak River are carried toward the east into Hotham inlet. A large proportion of the 

Noatak River suspended load is carried out of Kotzebue Sound along the northern shore; 

however, the greatest proportion of the Noatak River suspended load appears to move 

directly southward into central Kotzebue Sound. The southernmost extension of this plume 

is turned into a counterclockwise gyre, indicating that the general circulation, at least within 

southern Kotzebue Sound, is a counterclockwise gyre. Erosion of the cliffs at Deering 

(southern central coast) does not appear to add a significant suspended load, even though 

this produces a marked influence on the bottom sediment distribution (Creager and 

McManus, 1966). Some suspended sediments are observed entering Kotzebue Sound very 

nearshore around Cape Espenberg, however, their influence is minimal and confined to tne 

southwest coast of Kotzebue Sound. Indications are that most of the Noatak and Kobuk 

River suspended sediments are deposited within Kotzebue Sound with the Kobuk River 

sediments being confined primarily to the Hotham Inlet region. The sediments leaving 

Kotzebue Sound along the northern shore are observed to rapidly diffuse offshore.

Imagery in the Point Hope-Cape Lisburne region is sparse. Figure 113 shows nearshore 

suspended sediments in the embayment northeast of Cape Lisburne. A definite indication of



Figure 109. Relative suspended load distribution in Kotzebue Sound on 12 August 1973, based on color 
density slice of image I.D. 1385-21580-4 (after S h a rm a ,^a!., 1974).



Figure 110. Relative suspended load distribution in Kotzebue Sound on 30 August 1973, based on color density slice of image
I.D. 1403-21585-5.



Figure 111. Relative suspended load distribution in Kotzebue Sound on 5 October 19 /3 , based on color density slice o f image 
I.D. 1439-21565-5.



Figure 112. Relative suspended load distribution in Kotzebue Sound on 6 October 1973, based on color density slice of image 
I.D. 1440 22023-5.



Figure 113. Relative suspended load distribution in the vic in ity of Cape Lisburne on 8 September 
1972, based on color density slice of image I.D. 1047-22201 5 (after Sharma, et al., 
1974).
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a large clockwise eddy is present.

Some indication o f clockwise eddies is also present in the coastal indentation northeast 

o f Icy Cape (Fig. 114). The coastal sediments appear to  experience some offshore dispersion 

in a northward direction. The more turb id  water is compressed nearer to the coast as it

flows east past Point Franklin.

In the region between Point Franklin and Point Barrow the northeastward flow ing 

current confronts the general westward d r ift o f the A rctic  Ocean, which should produce 

considerable offshore movement o f the suspended sediments. This appears to  be true north

of Point Franklin (Figs. 114 and 115).

The origin o f the coastal suspended load between Cape Lisburne and Point Barrow is 

not clear. The Kuk River and the Kugrua River (the latter discharging into the embayment 

at Point Franklin) both appear to  add significant amounts o f sediment between Icy Cape 

and Point Barrow. Water w ith  high suspended load concentrations is present inshore of most 

o f the offshore bars and is observed (especially in the original black and white imagery) 

spilling out o f breaks in the bars. Much o f the nearshore suspended load is like ly due to  the 

large number of small local sources lining the coast, supplemented by coastal erosion.

Figure 115 also shows the suspended load d istribution east of Point Barrow. Sediments 

in the immediate v ic in ity  o f Point Barrow appear to  move directly northward, indicating 

convergence of the northeastward moving Chukchi Sea coastal current w ith  the westward 

flow ing A rctic Ocean gyre. No definite direction o f movement could be determined from 

the suspended load d istribution pattern for the nearshore sediments east o f Point Barrow. 

Discussion of sedimentation dynamics in the Chukchi Sea

Surface suspended sediment transport in the eastern Chukchi Sea, as observed by 

ERTS, conforms well w ith  the generally accepted surface current directions as shown in 

Figure 14. Previous studies indicate that the Yukon River is the primary source for the 

suspended sediments observed in the eastern Chukchi Sea. Most o f the suspended load 

transport is as a near-bottom turb id  layer (McManus and Smyth, 1970; Barnes, 1972).

A fte r being channeled, mostly along the eastern shore, through the Bering Strait, some 

of these sediments disperse throughout the southeastern Chukchi Sea while being 

transported in a net northward direction. A negligible quantity o f these sediments enters 

Kotzebue Sound. The only major sediment sources in the eastern Chukchi Sea, the Noatak



Figure 114. Relative suspended load distribution in the v ic in ity of Point Franklin on 1 September 1973, based on color
density slice o f image I.D. 1405-22075-5.



Figure 115. Relative suspended load distribution in the v icin ity of Barrow on 21 September 1972 (right) and Point Franklin
on 5 September 1972 (left), based on color density slices o f image I.D /s 1060-21510-5 and 1044-22024 4,
respectively (after Sharma, et al.t 1974).



and Kobuk Rivers, deposit most of their suspended load within Kotzebue Sound and 

Hotham Inlet, respectively. Circulation within southern Kotzebue Sound is a 

counterclockwise gyre; northern Kotzebue Sound probably experiences a general east-west 

tidal pulsation due to the requirements for tidal flow in and out of Hotham Inlet.

Some sediments depart Kotzebue Sound along its northern shore and rapidly disperse 

offshore to  jo in  the general northward transport in the Chukchi Sea. Clockwise eddies are 

produced in the coastal indentations north o f Cape Lisburne by the northward flow ing 

coastal current. In the v ic in ity  o f Point Barrow, current convergence drives the coastal 

suspended load offshore, in itia lly  in a northward direction.

The portion of the diverging Bering Strait current which moves toward the northwest 

up the Chukotsk Peninsula coast converges with the southeastward flowing Siberian coastal 

current in the vicinity of Point Netan, driving the coastal suspended load offshore in a 

northeastward (initial) direction, followed by the incorporation of these sediments into the

general northward flow  of suspended sediment.

Since currents in the Chukchi Sea, particularly north o f Cape Lisburne, are strongly 

influenced by the wind, the synoptic interpretations of currents derived from  the ERTS 

imagery may not prevail throughout the year, however, the ir conformance w ith  the 

generally accepted current patterns would indicate the imagery represents the norm and 

simply lends added detail and support toward present day concepts o f circulation and

transport in the Chukchi Sea.

Surface suspended sediments flowing northward from  the Bering Strait are only 

partially mixed along the boundary zones adjacent to  d ifferent water masses, and the turb id  

waters maintain their identity  as coherent parcels, eddies and tongues o f water protruding 

into the adjacent clearer waters. Apparently, verical mixing and horizontal d iffusion is of 

small magnitude throughout the Chukchi Sea, or at least such conditions prevailed during

the periods the ERTS imagery was acquired.

Muds accumulate in most o f the deeper areas throughout the Chukchi Sea. The 

suspended load offshore is transported prim arily as a near-bottom turb id  layer which tends 

to  fo llow  the deeper channels (Barnes, 1972). The gravel and sand found in the deeper area 

immediately east of Herald Shoal by Barnes (1972), in addition to  his vertical transect of 

water transmittance between Herald Shoal and Cape Lisburne, indicates that the main

181



182

stream o f Yukon and other northward moving sediments which pass east of Herald Shoal is 

significantly displaced toward the eastern (Alaska) coastline. This may im ply tha t most of 

the Yukon sediments transported across the Chukchi Sea may be restricted to passage east 

(vice west) o f Herald Shoal, although there is evidence to  the contrary (McManus, et 

1969). ERTS imagery certainly shows considerable sediment transport northward along the 

Alaskan coast; however, there is insufficient offshore imagery to  evaluate transport 

northwestward towards the Herald Shoal-Wrangell Island area.

The bottom  sediment d istribution w ith in  Kotzebue Sound (Figs. 103 and 104) 

generally reflects the counterclockwise circulation w ith in  the sound. In the southwestern 

area, the nearshore bottom  sediments (in the immediate v ic in ity  o f the offshore bars) 

underlie fa irly  high suspended load concentrations and are probably silt, however, farther 

offshore (in southwestern Kotzebue Sound) s ilty  sands underlie the relatively clear intruding 

seawater moving into the sound around Cape Espenberg, best shown in Figure 112. The 

southward moving Noatak River plume is'underlain by sandy silt, reflecting the increased 

input o f fine material to  the bottom  sediments.

The counterclockwise gyre in southern Kotzebue Sound provides a calm area fo r 

sedimentation of the finer suspended material, form ing the centrally located region of 

clayey silt (best shown by the mean size d istribution o f Figure 104). The local influence of 

more coarse sediments, eroded at Deering and carried in the counterclockwise gyre, is 

evident in southeastern Kotzebue Sound where, in addition, there is a sparcity of fine 

material in suspension.

The bottom  sediment d istribution in the Chukchi Sea appears to  be only indirectly 

related to the surface suspended sediment d istribution and transport as observed by ERTS. 

The energy o f the coastal environment is apparently sufficient to  maintain in suspension the 

relatively small amount of fine sediments derived or transported in the coastal regions, 

resulting in negligible deposition of fines near local sediment sources and eliminating the 

typical bottom  sediment trace o f fine material which, in more quiescent environments, 

underlies pathways o f suspension transport. Throughout the southeastern Chukchi Sea, w ith  

the exception o f Cape Prince of Wales Shoal, the bottom  sediment size d istribution (Fig. 

104) appears to be prim arily a function o f water depth. In the central Chukchi basin the 

near-bottom turb id  layer must have considerable influence on the deposition o f mud;
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however, there is insufficient data to  compare relative concentrations o f the surface 

suspended load w ith  those near the bottom  in this region.

In general, ERTS imagery in the Chukchi Sea appears most valuable in delineating 

general surface circulation patterns, particularly in the southern and southwestern Chukchi 

Sea, in Kotzebue Sound, and in the very nearshore region in the central and northeastern 

Chukchi Sea. This is particularly evident in view o f the extreme patchiness of the surface 

suspended load d istribution which causes data derived from  conventional oceanographic 

collection techniques to  be erratic and unreliable.



SUMMARY AND CONCLUSIONS

G E N E R A L

The Alaskan coastal environment provides a unique situation fo r the study of 

suspended sediment transport and deposition. The tremendous quantities of suspended 

sediment discharged in to  Alaskan coastal waters greatfy facilitate tracing the sources and 

movement of surface suspended sediments and accentuate the dynamic relationship between 

the sediment input, transport and deposition.

The surface suspended load distribution interpreted from  ERTS imagery has been 

shown to  conform closely to  the measured in situ d istribution. The suspended load 

d istribution in tu rn  has been found to conform well w ith  established estuarine, nearshore 

and, in some areas, offshore surface water circulation. This correlation has been extended to 

less understood areas to  interpret the ir surface circulation patterns.

Correlation o f the surface suspended load d istribution w ith  the bottom  sediment 

d istribution is extremely good in moderately quiescent, low energy environments such as 

Prince William Sound, Kotzebue Sound and various fjords. This correlation decreases w itn  

increase in the energy (currents, wave actions, etc.) o f the environment.

In other than moderately quiescent environments, the volume o f sediment input is 

important in establishing a correlation between the surface transport and the bottom  

sediment size d istribution. This correlation is a function of the balance between sediment 

input and the transport capability o f the coastal environment.

Most o f the surface suspended sediments in Alaskan coastal waters are typ ica lly  carried 

parallel to  the coast. Coastal eddies and gyres are effective mechanisms in transporting 

coastal suspended sediments offshore. Ekman transport, current convergence, coastal 

obstructions (such as islands), and coastal irregularities (such as capes and points) are also
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quite effective in dispersing coastal sediments offshore.

In the Gulf o f Alaska, where tidal amplitudes are high, significant amounts o f coastal
»

suspended sediments are carried in to  estuaries on the flood tide. Estuarine intrusion o f these 

sediments is assisted by the strong cyclonic circulation produced in most of these estuaries 

by the tides and Coriolis force. The more northerly estuaries in the Bering and Chukchi 

Seas, w ith  their lower tida l amplitudes and stronger coastal currents, receive a lesser amount 

o f the suspended sediments transported along the coast.

The relatively greater proportion of very fine sediments introduced in to  the Gulf of 

Alaska, as compared to  the Bering and Chukchi Seas, provide fo r longer periods of 

suspension and resultant greater u ti lity  of ERTS imagery in the detection o f surface 

suspended sediment transport.

P A T H W A Y S  OF SU SPENDED  S E D I M E N T  T R A N S P O R T  

A N D  T H E I R  R E L A T I O N  TO DEP O SIT IO N

The major pathways o f suspended sediment transport in the Alaskan coastal and shelf 

environment (as interpreted from ERTS imagery; suspended load, temperature and salinity 

field data; bottom  sediment distribution data; and data from  the various other studies cited 

in this paper) are shown in Figure 116. A summary o f the suspended sediment transport and 

its relation to the deposition of fine bottom  sediments for each of the major study areas 

follows.

Gulf of Alaska

Glacially derived sediments introduced in to  the coastal waters are transported 

predominantly westward in the Alaska Current. Part o f the nearshore suspended load is 

typ ica lly  deflected into the various embayments lining the coast. The amount o f offshore 

transport is variable, but in some areas it  reaches significant proportions.

In the northeastern Gulf of Alaska, between Kayak Island and Yakutat Bay, the major 

sources o f suspended sediment are Dry Bay, Yakutat Bay, Malaspina Glacier, Icy Bay 

(Guyot Glacier) and the Bering Glacier. In the Dry Bay region, offshore shunting o f the 

near-bottom suspended load by Alsek Canyon, coupled w ith  a minimal sediment input from 

farther east, has le ft relict glacial sediments exposed on the shelf between Alsek Canyon and 

Yakutat Sea Valley. Yakutat Sea Valley also provides an effective offshore shunt for the 

near-bottom suspended load derived from  Yakutat Bay and the coast immediately to the
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A L A S K A

Figure 116. M a j o r  pathways of suspended sediment transport as interpreted from  ERTS 
imagery; suspended load, temperature and salinity field data; bottom  sedi
ment d istribution data; and data from  the various other studies cited in this 
dissertation.
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east, leaving some relict glacial sediments exposed on the shelf immediately west o f Yakutat 

Sea Valley; however, the considerably increased suspended sediment input from  the coastal 

glaciers west o f Yakutat Bay produces a cumulative increase (in a westward direction) in 

total sediment transport and spreads a progressively wider (in a westward direction o f 

transport) blanket o f modern mud over the shelf.

Although some offshore transport o f suspended sediments occurs along the entire 

coast, it  is particularly significant where the westward moving suspended load encounters 

Kayak Island; the suspended load has been observed to  be deflected offshore over 60 km 

(toward the southwest) in this region. This offshore deflection o f fine sediments has greatly 

enhanced the deposition o f mud on the outer shelf southwest o f Kayak Island.

A  large, apparently permanent clockwise gyre is consistently encircles Kayak Island 

and is transported north up the west side o f Kayak Island to  rejoin the nearshore suspended 

load transport system.

The Copper River discharge greatly increases the coastal suspended sediment load in 

the north-central Gulf o f Alaska. The westward moving Copper River plume, upon 

confronting Hinchinbrook Island, splits into several components. A minor amount of the 

suspended load enters Prince William Sound through channels northeast o f H inchinbrook 

Island, while a major proportion o f the suspended load enters Prince W illiam Sound through 

Hinchinbrook Entrance, intruding north almost to  the Columbia Glacier, and providing the 

major source fo r the fine sediments deposited w ith in  Prince William Sound.

The remainder o f the Copper River plume is carried southwestward along the southeast 

coast of Montague Island, beyond which the sediments rapidly disperse and settle. As a 

result, there is an increasing frequency o f exposure o f relict and palimpsest glacial sediments 

westward and southwestward o f Montague Island.
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Cook Inlet

' The high tidal current velocities and resultant turbulence, coupled w ith  the large 

suspended load input to  Cook Inlet, have allowed a uniquely fru itfu l study of Cook Inlet 

circulation dynamics through ERTS imagery. The major sediment sources are the Susitna 

River and Knik Arm  at the head o f the inlet.

Tidal and Coriolis forces produce a net counterclockwise circulation in lower Cook 

Inlet such that clear seawater intrudes up the east side of the lower inlet, and turbid, 

relatively fresh water is carried out of the inlet along its western shore. Due to  the 

configuration of the Forelands region, the intrusion o f clear seawater is apparently deflected 

to the west side o f the in let to form  a net clockwise gyre in the region bounded by the East, 

West and North Forelands. However, this deviation from  the normally expected 

counterclockwise circulation may be a temporary result o f the prevailing southerly summer 

winds, in addition to  possible variations in circulation due to the tidal amplitude (lunar 

cycle). Available evidence indicates a highly complex and variable circulation system 

throughout the region north o f Kalgin Island.

Tidal current velocities are sufficient to  prevent deposition o f muds in the central Cook 

Inlet basin. Substantial deposition o f fine sediments occurs in southwestern Kamishak Bay, 

however, a considerable amount o f the Cook Inlet suspended load is carried out o f the in let 

and in to  Shelikof Strait.

Aleutian Shelf: Shelikof Strait to Unimak Island

Cook Inlet suspended sediments enter Shelikof Strait as a well-defined nearshore plume 

flow ing southwestward along the northern shore of the strait. With passage through the 

strait, the plume diffuses across the strait until, near the southwest entrance to  the strait, 

the plume normally has diffused across the entire strait. Bulges in the plume are often 

observed along the southeastern boundary o f the plume, apparently due to transient 

reversals o f the net southwestward movement o f the plume during flood tides. W ith farther 

southwestward movement, beyond the southwest entrance to  the strait, the plume rapidly 

disperses and settles from surface suspension.

Bottom sediments w ith in  Shelikof Strait reflect the cumulative settling and deposition 

of the fine sediments as they pass through the strait. Beyond the southwest entrance to  the 

strait, the near-bottom suspended sediments are shunted offshore by the sea valley
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extending from  Shelikof Strait to the shelf edge.

The surface temperature and salinity d istributions indicate Cook Inlet waters, and

therefore probably some suspended sediments, are carried several hundred kilometers

westward o f Shelikof Strait along the Alaska Peninsula coast, however, there is no evidence

of deposition of fine bottom  sediments in this region. The shelf seaward o f Kodiak Island

likewise appears to  have little  o r no input of suspended sediments; the shelf is covered

predominantly by relict or palimpsest glacial sediments, w ith  mud filling  only the deeper
\

depressions.

Bering Sea

Suspended sediment transport in the Bering Sea is in a general northward direction. In 

the Bristol Bay region, the Kvichak and Nushagak Rivers supply most o f the suspended load. 

Offshore transport is minimal and, coupled w ith  the high energy of the Bristol Bay 

environment, the bottom  sediments w ith in  Bristol Bay have evolved into a well-graded 

(predominantly sand) shelf in near equilibrium  w ith  the energy o f the environment.

Transport o f the Bristol Bay suspended load is confined mostly to  the nearshore zone 

until the Kuskokwim Bay region is reached. Some o f the nearshore transport is deflected 

north up the eastern coast o f Kuskokwim Bay, although entry is slight. The combined 

Bristol Bay-Kuskokwim Bay suspended loads are normally transported towards the 

northwest, however, during w inter and early spring some Kuskokwim Bay suspended 

sediments are carried southwest into Bristol Bay. The northwestward moving suspended 

load, upon confronting Nunivak Island, bifurcates, part passing north through Etolin Strait 

to  jo in  the Yukon River plume, and part passing west o f Nunivak Island to  be dispersed 

offshore into the region south of St. Lawrence Island. Although some of the Kuskokwim 

suspended load is deposited south of St. Lawrence Island, a significant proportion is 

redirected to  the northeast, producing relatively high subsurface suspended load 

concentrations in the region between St. Lawrence Island and the Yukon delta.

The Yukon River discharge, comprising 9/10 o f the total (river) suspended sediment 

input to  the eastern Bering Sea, is the predominant influence in the northeastern Bering Sea 

and Norton Sound. Most o f the Yukon River suspended load is observed moving north and 

northwest towards the Bering Strait. However, a significant amount o f the Yukon River 

suspended load has been observed moving over 100 km d irectly south in the nearshore zone,
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while experiencing considerable offshore dispersion towards St. Lawrence Island.

A second offshoot o f the major northwestward moving plume moves into Norton 

Sound along its southern and southeastern shore, forming a incomplete counterclockwise 

gyre w ith in  Norton Sound. Most o f these sediments are deposited in southern and 

southeastern Norton Sound, however, some of these sediments are transported out of 

Norton Sound in subsurface waters in central and northern Norton Sound. Most o f the 

Yukon River suspended load is transported into the Chukchi Sea in near-bottom suspension 

near the eastern coasts o f the northeastern Bering Sea and the Bering Strait.

The observed suspended load transport and the bottom  sediment d istribution correlate 

well in the northeastern Bering Sea. The major pathways of suspended load transport are 

generally underlain by relatively high concentrations of s ilt in the bottom  sediments.

Chukchi Sea

The Yukon River provides the major input of suspended sediments to the Chukchi Sea. 

A fte r passage north through the Bering Strait, the mainstream of Yukon River sediments is 

carried directly north in to  the northeastern Chukchi Sea, prim arily as a near-bottom turbid 

layer. Some Yukon River sediments, however, move eastward in to  the southeastern Chukchi 

Sea; a minor amount of these sediments enters Kotzebue Sound around Cape Espenberg, 

while some Noatak River sediments are discharged from  Kotzebue Sound around Cape 

Krusenstern and jo in the general northward transport in the southeastern Chukchi Sea.

An additional small percentage of Yukon River sediments, after passing through the 

Bering Strait, are carried northwestward up the Chukotsk Peninsula coast. Upon confronting 

the southeastward moving coastal current, these suspended sediments are transported 

directly offshore in a (in itia lly ) northeastward direction and are reincorporated in the 

general northward transport o f Yukon River sediments.

Coastal suspended sediments between Points Hope and Barrow are prim arily locally 

derived from  coastal runo ff and erosion, however, the input of suspended sediments into 

this region appears relatively small. The generally northeastward flowing coastal current 

produces clockwise eddies w ith in  the coastal indentations. In the v ic in ity  o f Barrow, where 

the northeastward flow ing Chukchi Sea coastal current meets the westward d r ift  o f the 

Arctic Ocean, considerable offshore transport of suspended sediments occurs.



191

Circulation w ith in  Kotzebue Sound is a general counterclockwise gyre. Most o f the 

Noatak River suspended load is transported d irectly south into central Kotzebue Sound, 

whereas smaller amounts are carried east into Hotham Inlet and west in to  the southeastern 

Chukchi Sea. The bottom  sediment d istribution conforms well w ith  the surface suspended 

load distribution w ith in  Kotzebue Sound, showing markedly greater concentrations o f fine 

sedim ents underlying the higher surface suspended load concentrations. The 

counterclockwise gyre in southern Kotzebue Sound allows deposition o f very fine 

suspended sediments. Most Kobuk River sediments are deposited w ith in  Hotham Inlet. 

R E C O M M E N D A T I O N S

ERTS imagery has proven itself quite valuable fo r the study o f sea-surface circulation 

and suspended sediment transport in Alaskan coastal waters. The synoptic overview of large 

areas provided by the ERTS satellite has added a new dimension to  the study o f dynamic 

processes and, although remote sensing cannot supplant the need fo r basic sea-truth data, 

the combination o f lim ited sea-truth data and comprehensive remote sensing data can 

provide far more inform ation than either method by itself.

ERTS imagery can be especially beneficial in the planning o f oceanographic research 

and environmental surveys; through the delineation o f water mass boundaries and regions 

having particularly dynamic and variable circulation regimes, both o f which are readily 

apparent in the ERTS imagery o f most Alaskan coastal regions, it is possible to  design 

sea-truth sampling grids which can obtain considerably more inform ation fo r the available 

ship time and funding. Because of the close correlation between the surface suspended 

sediments and the bottom  sediment d istribution (w ith lim itations as discussed previously), 

ERTS imagery can also be beneficial in the advance planning of bottom  sediment and 

benthos investigations.

The tentative circulation and sediment transport models proposed in this study w ill 

hopefully provide background inform ation to better direct future research in the Alaskan 

coastal and shelf environment. Future work in remote sensing should be directed toward the 

acquisition o f more comprehensive satellite and simultaneous sea-truth data fo r various tidal 

phases and seasons; and toward the development o f more quantitative and standardized data 

analysis techniques. With these 2 major improvements over the current situation, the present 

investigation strongly suggests that the use of satellite imagery can contribute significantly
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to the cost-effective preparation of a comprehensive atlas of sea-surface circulation and 

sediment transport in the Alaskan coastal zone.



vAPPENDIX A



REMOTE SENSING

THE E A R T H  RES OU RCES T E C H N O L O G Y  S A T E L L I T E  SY STEM

The Earth Resources Technology Satellite (ERTS) orbits the earth in a circular, 

near-polar, sun-synchronous o rb it at an altitude o f 900 to  950 km (NASA, 1972). Each 

o rb it requires 103 minutes so that the satellite completes 14 orbits daily. A single day's 

typical orbital ground trace is shown in Figure A-1. As the satellite passes overhead it  scans a 

swath 185 km wide. Since the orbital ground traces fo r any single day are separated by 

about 2,860 km at the equator, in order to  cover the intervening area the satellite's o rb it 

precesses slowly to  the west (Fig. A-1) so that tota l coverage o f the earth is obtained every 

18 days (251 revolutions). ERTS coverage of Alaska is shown in Figure A-2. Since the 

satellite coverage is designed to  provide 14 percent day to  day imagery overlap at the 

equator, the higher latitudes receive progressively greater overlap, on the order o f 50 percent 

and greater for Alaska. This is a distinct advantage for Alaska, making it possible to  obtain 2 

to  3 successive days o f overlapping coverage fo r areas in southern Alaska and 4 to  5 

successive days in northern Alaska.

The Multispectral Scanner (MSS) system "images" the area over which the satellite 

passes in 4 separate spectral bands (NASA, 1972):

Bands Wavelengths

4 0.5 to  0.6 /im  (green)

5 0.6 to  0.7 nm (red)

6 0.7 to  0.8 pm (near infrared)

7 0.8 to 1.1 nm (near infrared)

The MSS system consists o f a rapidly oscillating scan m irror, a fiber optics system and a set 

o f 24 detectors (6 per spectral band). The scan m irror, oscillating normal to  the satellite
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Figure A -1. Typical ERTS ground trace for one day; only southbound passes are shown (after NASA, 
1972).
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Figure A-2. ERTS-1 orbits for June-August 1974 (provided by Geophysical Institute, University o f Alaska, Fairbanks, Alaska).
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track (Fig. A-3), beams light from the ground area observed through the optical system to 

each o f the detectors. A ll 4 bands are imaged simultaneously and each band has 6 detectors 

imaging in adjacent cross-track sweep lines (Fig. A-4).

Each detector effectively averages the scene radiance (light intensity) in "b its " , each 

b it representing an area roughly 100 m by 100 m (the approximate image resolution), as it 

scans the ground surface. The average scene radiance for each b it is encoded as a voltage 

level and transmitted to  ground stations in digital form at. MSS spectral bands 4 to  6 are 

encoded into 127 levels o f gray while band 7 has 67 levels.

A t the NASA Data Processing Facility (NDPF) the taped digital data are translated 

onto photographic emulsions to  produce negative and positive transparencies and prints, the 

more commonly used data products. The standard 9.5x9.5 inch photographic prin t 

("im age") covers an area of 185 km by 185 km; the north-south coverage o f the prints (and 

the digital tapes) is an arbitrary cu to ff o f the continuous data stream in the in-track 

direction o f the satellite.

Since the photographic products are subject to  variations in density due to  exposure 

and development, a reference 15-step gray scale tablet is exposed at the bottom  of each 

image to  provide a reference to  the absolute gray level (actual scene radiance) contained in 

the digital data. A fte r a complex system o f corrections is completed the film  transmission o f 

the standard transparencies has a closely linear relationship to the scene radiance as observed 

by the satellite. Figure A-5 illustrates the relationship between the recorded voltage level 

(which is proportional to  the scene radiance observed by the satellite) and the film  density 

and transmission o f a standard positive transparency. The transfer characteristics o f a 

negative transparency would be illustrated by reversing the input signal scale o f Figure A-5.

The NASA Data Processing Facility now routinely provides "dodged" 9.5x9.5 inch 

black and white paper prints. The dodging process compresses the density range as seen on 

the standard transparencies and prints in order to  make variations in the gray shades more 

perceptible to the human eye.
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Figure A-3. ERTS-1 Multi-spectral Scanner diagrammatic arrangement (after 
NASA, 1972).
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A P P L I C A T IO N  OF R E M O T E  SENSING - A N A L Y T I C A L  R ES ULTS

Remote sensing techniques have only recently received considerable attention in the 

study of inland and coastal sediment transport. Particularly since the advent of the Earth 

Resources Technology Satellite-1 the state of the art has advanced rapidly. Although remote 

sensing is limited to observation of only the near-surface suspended load, the ability to 

obtain synchronous imagery over large areas makes remote sensing a highly lucrative source

of environmental data.

Considerable success has been obtained in correlating light reflectance as seen by 

ERTS-1 to actual measurements of water turbidity, light transmittance and suspended load. 

Stortz and Sydor (in press), in their study of turbidity in the extreme western arm of Lake 

Superior, found a very close correlation between suspended solids and turbidity and, in 

turn, between turbidity and signal intensity (voltage level) of the ERTS imagery of the area. 

The correlation was best for MSS band 5, however, both bands 4 and 6 also provided close 

correlations. Suspended load concentrations in the region varied up to a maximum of about 

20 mg/l. They also compared turbidity distribution maps generated by computer (using 

digital tape data) and by optical density slicing* of the 70 mm bulk image (transparency) 

and obtained closely similar results.

Klemas, et al. (in press) also found good correlation between image radiance (by 

microdensitometer measurements of image transparencies) and both Secchi depth (depth at 

which a 30 cm diameter white disc disappears from view) and suspended sediment 

concentration in the Delaware Bay region. Moreover, comparison of color density slices of 

all four MSS bands provided an indication of the relative sediment concentration versus 

depth. Current directions interpreted from color density slicing of ERTS imagery 

corresponded well with both predicted and measured currents throughout Delaware Bay.

Yarger, et at. (1973), in their evaluation of turbid Kansas reservoirs, also established a 

strong correlation between water turbidity (Secchi depth), suspended load (up to 100 mg/l) 

and color density slices of ERTS-1 imagery. Again, MSS band 5 imagery provided optimum 

correlation to the suspended load, followed by bands 6 and 4, respectively. As in other

* Electronically color coding various gray shades contained on the image transparency. Each color 
represents a different density range which is related to the concentration of suspended load (see Methods 
section).
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studies, band 4 was somewhat unreliable due to atmospheric haze, and band 7 correlated 

poorly at the relatively low concentrations of suspended load considered. Intercorrelation of 

all parameters generally deteriorated at suspended sediment concentrations greater than 100

mg/l. -
Good correlation between measured suspended load concentrations and relative 

suspended load distributions indicated by color density-sliced ERTS-1 imagery has also been 

obtained by Sharma, et at. (1974) in highly turbid estuaries in southern Alaska. Williamson 

(1974) reported good linear correlation between the suspended load concentration and 

spectral radiance in MSS bands 4 to 6 and found that spectral radiance generally increases 

with increase in the suspended load concentration. His study was restricted to suspended 

load concentrations of generally less than 60 mg/l.

ERTS-1 imagery additionally appears to be quite sensitive to variations in the 

suspended load. Differences in suspended load as small as 0.7 mg/l have been detected in 

surface waters of the Gulf of Mexico (Hunter, 1973).

Water penetration depths (the thickness of the surface layer observed by the satellite in 

various MSS bands) has not been precisely determined, however, a close approximation has 

been gained from a variety of studies. Optimum light transmission in clear seawater occurs 

in the 470 to 480 nm blue-green region of the visible spectrum and progressively decreases 

with increase in wavelength as the infrared portion of the spectrum is approached. 

Sediment, biogenics and other material in suspension shift the region of minimum light 

absorption towards the yellow region of the spectrum. The presence of chlorophyll, for 

example, shifts the wavelength of minimum absorption to 560 nm (green) (Clarke, al., 

1969). In any case, MSS band 4 (500-600 nm) normally provides the maximum water 

penetration. Bands 5,6 and 7 penetrate progressively less, with band 7 (800-1,100 nm) in 

the near infrared being limited to a penetration of a few millimeters.

Comparisons of image density slices with charted water depths in the extremely clear 

waters of the Bahama Banks region (Ross, 1973) indicate that the satellite is observing 

density differences (bottom return) to depths of about 20 m in band 4, 2 m in band 5, and 

0.5 to 2 m in band 6. The apparent deep penetration depth for band 6 is probably due to 

variations in the charted depths upon which the estimate is based. Polcyn and Lyzenga 

(1973) indicate a maximum penetration depth (band 4) of about 17 m.
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Penetration depths are, of course, reduced considerably in the presence of suspended 

material due to both absorption and scattering. Secchi depths appear to be the best 

indication of satellite sensor penetration depths. Stortz and Sydor (in press) determined that 

the satellite data is applicable to surface turbidities within 80 percent of one Secchi disc 

depth. For normal plume concentrations (approximately 5-20 mg/I) in western Lake 

Superior, satellite penetration depths (bands 4 and 5) would be 0.5 to 3 m and for relatively 

clean water, about 8 m. The Kansas reservoir studies (Yarger, et a/., 1973), using Stortz and 

Sydor's (in press) formula (above), would give (band 4) penetration depths of roughly 1 to 

0.1 m for suspended load concentrations ranging from 5 to 100 mg/I, respectively.

In general, the suspended load distributions considered in this study pertain to the 

upper 1 to 2 m of the water column. Correlation of suspended load concentrations observed 

in the near-surface waters with concentrations at depth can be inferred for only a few areas 

where sufficient sea truth is available. For example, Cook Inlet, a large shallow estuary in 

southern Alaska, is sufficiently turbulent that the measured suspended load concentrations 

in some areas of the inlet remain remarkably uniform from surface to bottom (Sharma,ef 

a/., 1974). However, for the most part, any correlation between surface and subsurface 

suspended load concentrations must be applied with caution.
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METHODOLOGY

S E A -T R U T H  D A T A  A C Q U I S I T I O N  A N D  SUSPENDED  L O A D  A N A L Y S I S  

Filter preparation and weighing

Millipore type HAWP 047 00 (0.45ju pore size) filters were prewashed for 15 minutes 

in distilled water at 50°C, followed by washing for an additional 15 minutes in distilled 

water at room temperature. During this washing process the average weight lost by each 

filter was between 300 to 800 M9 (mostly detergent). Additional washing produced no 

significant additional weight loss.

The filters were weighed with a Mettler S-6 microbalance to which a large desiccation 

chamber was attached. Both the balance and chamber were sealed such that the filters were 

kept in a constant state of desiccation [using 'Drierite' (anhydrous CaS04)] during the 

weighing process. Prior to weighing, the filters were air dried and then desiccated overnight 

although it was determined that the filters reached their maximum state of desiccation 

-within 2 to 3 hours. To eliminate electrostatic effects during weighing, the filters were 

passed over a polonium source prior to placement on the balance pan. This was found to be 

the most satisfactory procedure since placement of the polonium source over the pan was 

found to affect the balance movement and to give slightly erratic values. Standard weights 

and control filters were used to check and compensate for any weight variations caused by 

changes in balance temperature and the degree of desiccation of either the balance or the 

filters.
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Sample collection and filtering

Surface suspended loads were normally collected using a plastic bucket thrown over 

the side of the ship. Sampling was conducted forward of the ship's various discharge ports to 

eliminate any contamination. Suspended loads at depth were sampled by either Niskin or 

Nansen bottle casts.
A 1 to 4 liter volume of water sample, depending on the concentration of the 

suspended load, was filtered through a preweighed filter, followed by washing twice with 25 

ml aliquots of distilled water to remove sea salts. After washing, a drop of HgCI2 solution 

(averaging 30 HgCI2/drop) was added to each filter to inhibit possible biological growth 

while in transit to the laboratory for drying and weighing.

Water temperature was read immediately after collection of each sample using a partial 

immersion thermometer for surface samples and for deep samples taken with Niskin bottles. 

Reversing thermometers were used for temperature measurements at standard hydrocast 

stations.

Salinity samples were analyzed onboard ship using a Bissett-Berman Model 6230 

inductive salinometer. After malfunction of the onboard salinometer, salinity samples were 

stored and analyzed ashore using a Hytech Model 6220 inductive salinometer.

Final weighing of filters

The filtered suspensions were returned to the laboratory and weighed using the same 

technique used for preweighing the filters. Considering errors contributed by the weighing 

procedure, variations in the state of desiccation during weighing, and salt retention on the 

filters, the accuracy of the value of the recorded suspended load is considered to be ± 0.2 

mg.
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PROCESSING ERTS I M A G E R Y  

Selection of imagery for analysis

NASA furnished this project with imagery which contained 50 percent or less cloud 

cover. The imagery provided by NASA was screened to reject scenes with interfering cloud 

cover. The selected useable scenes were further subdivided into those which could be color 

density sliced (see below) and those which could not be adequately density sliced due to 

atmospheric haze or absence of suspended sediments.

General analytical method

The principal analytical tool used was an Interpretation Systems Incorporated 'VP-8 

Image Analyzer'. This system electronically density slices the black and white transparencies 

(placed on a light table beneath a vidicon camera), coding the various gray shades contained 

in the transparency into as many as 8 different colors. The color-coded image is displayed 

on a television screen.

The range of gray shades coded as any particular color and the total range of gray 

shades contained in the entire color spectrum of the display are all continuously variable 

such that the normally cr~.cH range of gray shades found in coastal waters can be density 

sliced in* uie fuil 6 colors, each color representing a different range of reflectance value or 

depended load concentration. The color-coded image displayed on the television screen was 

photographed using high speed 35 mm direct-positive color film. The 35 mm color slides 

obtained were then projected, using a photographic enlarger, onto base maps of the Alaskan 

coast. The projection of the color slide was aligned such that the color image and the base 

map coastlines conformed, and the color boundaries were traced onto the base map to 

produce the relative suspended load concentrations as shown in the black and white drafted 

figures. Figures B-1 to B-3, respectively, are representative of the image transformation from 

the original black and white to the color density slice and finally to the black and white 

drafted version.

The focal length of the vidicon camera could be varied sufficiently to allow density 

slicing of relatively small areas.
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Isodensity analysis (VP-8)

The positive and negative transparencies furnished by NASA were initially density 

sliced with the VP-8 to determine their relative utility in the density slicing technique. It 

was found that, for the scenes tested, the 70 mm positive transparency density sliced as 

well, if not better, than the 9.5 inch positive transparencies, and that the 70 mm negative 

transparency provided, in almost all cases, the best results in all MSS bands. The better 

utility of the negative transparencies in the density slicing technique is primarily due to the 

operational limitations of the VP-8 ancillary equipment. Using the positive transparencies 

the generally darker water areas would not allow sufficient light to reach the vidicon camera 

while at the same time the lighter shaded land areas would locally oversaturate the vidicon 

camera. The negative transparencies essentially eliminate both problems. However, in areas 

of very heavy sedimentation, where the shade of the water was lighter than the surrounding 

land mass, the positive 70 mm transparencies most often density sliced best.

Intercomparison of MSS bands 4 to 7 for a multitude of images indicated that MSS 

band 5 (negative 70 mm transparency) generally provided the optimum results in the 

density slicing technique. However, each one of the MSS bands was found to provide 

optimum results in different situations, depending almost entirely on the concentration of 

the suspended load. The range of suspended load concentrations over which each MSS band 

is useable was estimated on the basis of sea truth obtained in several areas of study, 

primarily Cook Inlet. These ranges are:

MSS Band Surface Suspended Load (mg/l)

4 0 to 20

5 2 to 60

6 20 to 1,000

7 40 to 2,000+ .

Notwithstanding the above ranges, MSS band 5 often gave better results than band 4 in areas 

of very low suspended load concentrations. This appeared to be due to atmospheric 

interference in band 4.
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Figure B-1 MSS Band 5 composite of the Yukon River plume on 11 August 1973; 
includes image I.D's 1384-21530 and -21533 (after Sharma, a! ., 1974).



Figure B-2. Color density slice of the 
negative 70 mm transparency of 
the scene shown in Figure B-1 
(after Snarma, et a!., 1974).



Figure B-3. Drafted version o f the color density slice shown in Figure B-2 (after
Sharma, et al.,1974).
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Figure B-4 illustrates the capability of each MSS band to differentiate between various 

concentrations of suspended sediment. As the suspended sediment concentration increases 

from 1 to 2 mg/I in lower Cook Inlet to in excess of 1,000 mg/I in the far upper inlet, bands 

4 to 7, respectively, become better adapted to differentiate variations in the suspended 

sediment concentration.

The most significant difficulty experienced in isodensity analysis was that of a variable 

density within the individual transparencies, which was not related to gray shade variation 

due to the suspended load or atmospheric interference. The color density slice of the 

transparencies in which this occurred usually appeared either as concentric bands, of 

color-coded densities (vignetting) originating at the center of the image, or approximately 

vertical bands of color-coded densities, again originating in the middle and varying equally 

towards the 2 sides of the transparency. Most transparencies like these were easily 

recognized, however, and any imagery which produced doubtful results was not used.

Many transparencies also contained a darker shaded band at the top and bottom of the 

image, corresponding to the area of overlap (approximately 10 percent at both top and 

bottom) of the preceding and following images, rendering about 20 percent of such images 

unuseable in the VP-8 density slicing technique. NASA was contacted regarding these 

problems and, where feasible, provided corrected products on a custom basis.

Attempts to standardize color density slicing such that specific gray shades represented 

specific ranges of suspended load for all imagery proved futile using the VP-8 system. 

Approximately twenty clear images (standard transparencies) in areas of known relatively 

low suspended load concentrations were selected to test the feasibility of standardization of 

imagery density slicing. For each scene the VP-8 base level was standardized using the gray 

scale provided on the image to compensate for differences in photographic processing. While 

maintaining the widths of the individual color bands constant, the base level of the VP-8 was 

adjusted to give a standard density slice color for the waters selected, and the difference in 

base level recorded. If the differences in the scene density of the water areas were due only 

to differences in the overall density (differences due to photographic processing) of the 

negative, then the relative differences in base level required to color code the water areas of 

the different scenes the same color should roughly (assuming no significant variation in 

reflectivity due to sea state or atmospheric interference) show some relation to sun angle.



. X

Figure B-4. MSS Bands 4 to 7 (left to right, respectively) of Cook Inlet on 4 November 1972; 
includes image I.D/s 1104-20572, 1104-20574 and 1104-20581 (the latter for band 4 
only).
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However, the base level differences recorded were highly variable and erratic. In one area 

overlapping scenes from two successive days showed a difference in corrected base levels 

almost as great as the total variation in Cook Inlet, equivalent to a suspended load variation 

of almost 1,000 mg/l. No attempt was made to correlate the relative differences to the sea

state or atmospheric interference.

A fair degree of success was obtained in standardizing the color density slices of 

successive images from the same satellite pass, particularly in areas of high suspended load 

concentration. The continuity of the color density slice contours from scene to scene for 

successive images was remarkably good for some satellite passes, and good results were 

obtained by splicing the transparencies of successive images together prior to density slicing.

Although many of the difficulties encountered in the VP-8 density slicing technique, 

such as variable density within individual transparencies (apparently due to photographic 

processing), could be circumvented using the ERTS data in digital tape format, the large 

areas under consideration make the cost and time required for this approach prohibitive.

VP-8 control settings used in color density slicing the various images are, for the most 

part, arbitrary. The base level and the bandwidth of the total color spectrum were normally 

adjusted such that the entire range of gray shades contained in the coastal waters of the 

specific image being analyzed equaled the range of the color spectrum displayed by the 

VP-8. Individual color bandwidths were normally kept equal to each other (linear slicing), 

however, for some images the relative bandwidths were varied to bring out specific details, 

such as eddies. In one instance, an acetate transparency showing the suspended load 

distribution for a scene for which near-synchronous sea-truth data had been obtained was 

overlain on the VP-8 TV screen. After enlarging and orienting the TV screen image to 

conform with the overlay, the image was density sliced to conform with the suspended load 

contours of the sea-truth data. This procedure gives good results where at least a limited 

amount of sea-truth data is available.

The overall procedure used, from the initial color density slice to the eventual black 

and white drafted version of the suspended load distribution, inherently produces some 

areal distortion, primarily in the VP-8 TV screen presentation and in the projection of an 

equal area image onto the Mercator projection base maps used south of 65°N latitude. 

North of 65°N latitude equal area projection base maps were used. Maximum geometric



distortion experienced in the overall procedure is approximately 5 percent.
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