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I NT ROD U CT ION

General Background

Prince William Sound is a complex fjord-type estuarine system located off of the

northern Gulf of Alaska  Fig. 1!. It connects with the Gulf via Hinchinbrook Entrance and

Montague Strait, having limited access through the archipelagic islands at th» east and west,

The Sound itself is influenced by several outward-radiating fjord systenis including Orc;i

Bay, Port Wells and Port Valdez. The waters of the Sound are thought to be affected by

mixing with waters of the North Pacific. Ocean and by local cliinatic inf]ucnccs. Prince

William Sound may be regarded as a boundary region between the peripheral fjords and the

Gulf ol Alaska,

Prince William Sound is one of the larger North American estuarine systems not

presently influenced by metropolitan activities. Comparable in size to Puget Sound,

Washington, its population numbers less than 5,000, most of whom reside in the lishing

communities of Valdez, Cordova, Whittier and l'atitlek. Within the next decade, the Sound

faces major development as the receiving-]oading area for the trans-Alaskan pipeline,

recreational and urban stresses from Anchorage and increasing pressure from commercia]

fislie rrna n.

As of late 1973, there was litt]e avai]able oceanographic information about Prince

William Sound. While data had been collected from the area, it liad not been compiled or

ana]yzcd. This report represents an attempt al anaty»is and discussion ol the ptiysica]

oce;inographic conditions in Prince William Sound, providing ~nform ition whic]i can be used

in making management decisions and planning specific research in tlie region.

Scientific Background

Prince Wil]iam Sound may be classified as an estuarine system on the basis of

Pritchard's �967! definition, an estuary being a seini-enclosed coastal body of water whicli

has a free connection with the open sea, and within wliicli sea water is measurably diluted

with fresh water derived from land drainage. 1 he glacial origin suggested by the bathymetry

 Fig. 2! further classifies the Sound as a fjord-type estuary.



Ttic lit«raturc provides sufticicnt inforination to sugg«»t processc» wliicli iiiay be

pertinent to the circulation of thc waters in Prince Williani Sound, These materials include a

qualitative analysis of selected southeastern Alaskan fjords  Pickard 1 967!, and a dynaniicat

aii;ily»is ol' Silver Bay  McAlister, Rattray and Barnes 1959!. In addition, Norw«gian fjord»

liave been analyzed, particularly with regard to their deep water circulation  Saelen 19i'i7!

and a detailed investigation of Oslofjord has been done  Gadc 1970!. Theoretical

investigations of fjord dynamics have been carried out  Rattray and Hansen 1962; Rattray

19 �!.

Recent research on Alaskan fjords lias been carried out primarily by the Institute of

Marine Science, University of Alaska, Seasonal advective fIushing of deep water was first

detected in a southeastern Alaskan fjord, Endicott Arm  Neb«rt 1972!. This mechanism has

also been described for Resurrection Bay  Heggie 1973!, and Russell Fjord  Muench,

Reeburgh and Cooney, in preparation!. An intensive hydrographic survey has been carried

out in Port Valdez  Muench and Nebert 1973!.

It is possible then to define as follows those factors which are expected to play a role

in determining the circulation and hydrographic features of Prince William Sound:

l. I'resh water runoff'might induce classical estuarine two-layered flow;

2. Surl'acc wind» arc expected to play a role in inoving the near-»url;icc I;iycr» ol
w;it«r, du« to high regional wind»pc«ds and the large horizontal extent ol' tlic
»y st«in;

3. Tide» may contribute to mixing and may induce a net cyclonic circulation  Kelvin
wave! within the Sound;

4, Understanding the nature of the Gulf of Alaska source water available to Prince
William Sound at sill depth will aid in determining mechanisms of deep water
rcnc wal:

5. Local climatic effects such as winter cooling and summer warming may affect
vertical strati fication;

These I'actors provide afocus for the discussions in this rcport.

Geographical and Bathymetrical Description

Oce;inographic processes within any syst«rn depend to a large extent upon its physical

con 'igur;ition. Iii the case of Prince William Sound, the dominant physical charact«ri»tic i»

its larg«br«adth, which makes it difficult to regard as a»irnple fjord. It would, tlier«fore, be

expected that appreciable horizontal circulation would occur and would make it inipossiblc



to treat the Sound as a simple two-dimensional system having only a classical fjord

circulation, There are two openings to the Gulf of Alaska, Montaguc Strait

Hincliinbrook Entrance, the latter of which constitutes the morc direct access. Rcnuitiing

ciiannels through the islands to the east and west are shallow and tortuous. and prohably tlo

not allow sufficient exchange of water between the Sound and the Gulf to affect more than

the surface water properties in the immediate vicinity of the openings.

Taken as a whole, the bathymetry of the Sound is complex  Fig. 2!. There is a series of

deeps extending down to nearly 800 rn �00 fm! in the western portion, while the eastern

portion consists of a broad north-south trending trough 300 to 400 m �50-200 fm! deep.

The limiting sill depth, which occurs somewhat south of Hinchinbrook Entrance on the Gulf

of Alaska shelf, is about 180 m  90 fm!. The sill outside Montague Strait is somewhat

shallower, with limiting depths of slightly more than 100 rn �0 fm! being found within the

Strait itsell'. The trough in the eastern portion of the Sound forms, essentially, a basin there

having maximum depths of 500 m �50 lm!. Taken in the simplest possible sense, the Sound

is then a physical system consisting of a 500 m �50 lm! deep basin connected to the open

Gulf of Alaska via a channel having a limiting sill depth of about 180 m  90 fm!. This

det>nition is important to the deep water renewal processes in particular; the small-scale

details in the bathymetry are probably not important in this context except in local special

cases such as Port Valdez.

Summary of Regional Meteorology

ln a water body having the horizontal extent of Prince William Sound, it would be

anticipated that surface winds might exert a significant control on water motion. Vertical

stratification in both temperature and salinity is controlled to a large degree by surface

warming and addition of freshwater at the surface from terrestrial runoff and precipitation.

A general discussion of the regional meteorology is therefore a prerequisite to understanding

the distribution of temperature and saLinity in the Sound.

No weather data are available from the central portion of the Sound itself, The weather

stations are peripherally located at Valdez, Whittier, Cordova, Latouche and Cape

Hinchinhrook. The weather data from the above stations are presented as historical

summaries  Appendix 1!. Data from Gape Hinchinbrook are presented. in addition, as

monthly mean values during 1971 to 19~3 of wind speed and direction, surface temperature

and relative humidity  Appendix 2!.



Mean seasonal air temperatures at Cape Hinchinbrook reach maxima of about 55" F

�3-14" '! during July to August and minima of about 15" F  -5 C'! in January, lagging by

about a month thc periods of maximum and minimum incoming solar radiation  Junc ~nd

December, respectively!. The tncan annual temperature at C'ape Hinchinbrook i» about 42" I
�" <.'!. ']'hc monthly mean teinperatures for 1971 to 1973 indicate that thc winter of 1'�1

to 197'2 was more severe than the winter of 197 to 1'�3, as indicated by lower

temperatures during the former period. 1'ersonal observation» in thc region at tho»c times

'sup por t t. his.

Thc wind regime in the Prince William Sound region i» controlled by the relative

positions of the Aleutian Low and the Pacific High  Royer. in press!. Dominance of the

Aleutian Low brings a series of severe storms during the winter, while thc Pacific High

normally dominates during the summer and is accompanied by relatively fair weather, Wind»

up to about 80 kts have been observed at Cape Hinchinbrook during winter  Appendix 2!,

while similar winter winds have been observed in the central portion of thc Sound  personal

observations!. The winds normally are northeasterly, trending to northerly during the winter

and ca»terly during the summer. A considerable directional variability makes gcncralizalion

dil'llcult. lt i» notable that in peripheral f'jord» such as Porl. Valdez the steep wall» channc!

wind» into an axial direction which  nay bear !ittlc relation to thc wind» in thc ccntr;~l

Sound. The»e fjords are, moreover, affected by local drainage winds whose affects n>ay not

cxtcnd appreciably beyond the fjord moul.hs.

'['he monthly rncan precipitation is important to the surface salinity variations in thc

Sound, lt is extremely variable, ranging from about 180 inches at Latouchc down to about

62 inches at Valdez, This high variability is further complicated by thc fact tltat winter

precipitation occurs as snowfall which is then stored and rclca»cd during the spring i»elt

period. making it difficult to judge the pattern of fresh water input. I'his problen> has been

qualitatively discussed by Pickard �967!. In the Prince William Sound region, precipitation

generally occur» as snowfall from about October to March  personal observations!. A»tudy

of freshwater input into Port Valdez  Carlson er al. 1969! suggested niaximu~» input trom

meltwater into that sy»tern during July, while maximum precipitation as rainfall occurred in

October. Port Valdez, which has a greater freshwater input for its size than any other

portion of the Sound duc to the presence of a major river input  thc Lowe River! has been

oceanographically classified as a low treshwater input estuary  Muench and Nebert 1'�3!.



tJpon the ba»is of this observation, it i» expected that Prince William Sound would be

classified, also, as a low freshwater input system. Knowledge of local precipitation and of

the year-round distribution of melt water input is inadequate, however, for a quantitative

assessment of this statement.



FIELD WORK

Summary of Cruises to Prince William Sound

I'ew physical oceanographic surveys were made in Vrirrce Willianr Sound proper prior

to 1'�1. Scattered oceanographic stations involving n>easurerne»ts ot temper;rtrrre, salinity

and dissolved oxygen content were occupied during the sumnrers of 19SS, 1959. 19 i i and

1969 by various institutions, but were inadequate for an analysis of conditions. As part of

an Alyeska Pipeline Service Company - sponsored oceanographic survey of Por t Vatdez, six

oceanographic stations were occupied in eastern Prince William Sound at approximately

bi-monthly intervals from May 1971 through April 197  Muench and Nebert 1973!.

In March 1972, an expanded sampling program in Prince William Sound was started

which continued through May 1973. Cruises conducted under this program, summarized in

Table 1, were carried out by the Institute of Marine Science using NSI block ship funding

and support from the University of Alaska Sea Grant Program, Some data have hccn

obtained, during 1974, on cruises carried out in Prince Willianr Sound hy ottrcr projects.

St;rtion loc;rtions for all cruises are given in Appendix 3, and a surnrnary ot' st rtion» occupied

during eaclr cruise is given in Appendix 4.

Continuing research in the Gulf of Alaska, up to and including Hinchinbrook I'.ntrancc.

is being conducted by tire Institute of' Marine Science under the auspices ot' the Bureau of

Land Management. Data collected by this program are currently providing valuable

information on the nature of source waters available to the Sound at llinchinbrook

Entrance.

Collection of Hydrographic Data

Temperature and salinity data werc obtained at aB Prince William Sound stations

during the 1971-1972 period using a Bissett-Berman Model '�40 salinrty/tcrnpcraturc/depth

nreasuri»g unit  STD!. These data were calibrated at frequent intervals, generally every third

or fourth station,;rgainst data from discrete Nansen bottle sanrplcs. Surt;rcc water

temper;rtures were measured with a bucket thermometer at each oceanographic statiorr.



TABLE 1

Number of

Cruises Measuretnents

T,S,&0g

T,S.&0q

T,S,&0g

'1 R S

MonthYear

1955

1959

July19' e

August

1971 May, July
October, December T, S, 0~ & sotne nutrients

March. April. June
September,
December

1972 T, S, 02 k nutrients
  5 stations!

January, March,
May

1973
'I, S. Oq &, nutrient>

1974 T&S

Summary of Data Collected from Prince William Sound



Data from the STD were obtained in the form of charts showing continuous analog

traces of ten>perature and salinity vs. depth, This information was sin>ultaneouily rccordcd

in digital form on magnetic tape at 0," second intervals  about every l0 cn>! during lowering

of thc STD underwater unit. The analog traces werc intended to detect poisiblc

malfunctioning of the STD while on station. Digital data were forwarded to the lnititut» ol

Marin» Science in Fairbanks for post-cruise processing and intercalibration with the Nanscn

bottle data.

'l'empcratures were obtained at each sample depth during Nansen casts from a pair ol'

deep-sea protected reversing thermometers. Salinities of santples decanted from the Nanscn

bottles were measured using a Bissett-Herman Model 6220 or C>230 Portable l.aboratory

Salinorneter. Depths of samples from below 200 rn were computed using unprotected

deep-sea thermometer readings in conjunction with the amount of wire out.

Allowmg for instrument drift and human errors. temperature and ialinity data

obtained using the STD were estimated to be accurate to + 0.03" C and + 0,03o/vo

r»spcctivcly, as compared to + 0.02oC and + 0,02o~oo for data fron> Nanscn cuit». 'l'hc

l<>wcr accuracy ol' thcSTD was used in the following analyiis of the data.

At some stations, Nansen samples were analysed for dissolved oxygen and nutricnts

using a modified Winkler technique and an Autoanalyzer. respectively. Accuracy of thc

dissolved oxygen determination was estimated to be + 0,25 ml/ . and of the nutri»nts about

+ l 0 percent.

The raw data are too voldminous for inclusion in thi» rcport. They arc available fro>n

the National Oceanographic Data Center, Rockville, Maryland 20852.



OCEANOGRAPHIC CONDITIONS

Presentation of tire Hydrographic Data

Ilydrographic data collected from Prince William Sound during 197] to 1'�4;irc

presented below as:

Vertical sections showing the distributions of temperature, salinity and density.
The longitudinal section is aligned in a north-south direction along eastern Prince
William Sound and is situated so as to include both the deep basin in the central
eastern portion and the channel through Hinchinbrook Entrance to the Gulf of
Alaska. Shorter sections at right angles to this north-south section are also
presented and were selected to show details in the distributions.

2. Plan views showing the surface distributions of temperature and salinity during
each cruise to the region.

3, Time series of temperature and salinity data from two stations in the central
portion ol' the Sound.

[t i» apparent from the station locations  I'ig. 3! that it would have been possibl» to

construct rrrore cross-sections and vertical profiles than are presented. Analysis ol thc data

indicated, however, that no additional inforrrration would have been gained by the inclusion

of additional sections.

lt should bc noted that occupation of tire stations along many ot thc»cctions

encompassed a long enough period of time so that appreciable portions ot' a tidal cycle were

spanned during the sampling. Analysis of thc data has suggested than any noise introduced

by tidal motions is negligible compared to larger-scale, long-term  e.g. seasonal! variations.

This is to be expected in light of the large physical size of the area and its large volume of

water relative to the tidal pris~. 'I'idal motions v ill therefore be neg]ected in the discussions

wlrich follow, except inasmuch as they may explain anomalous details.

Time series plots of temperature and salinity trom 1~�1 to 1'�3 were constructed

using two separate stations which were in close geographical proxiinity to caclr other I hc

series is broken into two portions as each portion presents data from a separate station; they

n>ay be regarded, however, as a single continuous series duc to the proximity of the stations.



Tlic Distribution of Temperature

Tlie teinperature distribution in Priri«e William Sou»<I is presented as vertical »ections,

surface temperature distributions and time series  Figs, 4-28!. 1» orde~ to simplify

presentation and discussion of'a large quaiitity of data, these will b» covered b> se;iso».

T/i«' diirriburioi! of remperurure duri!!g <<vinrer

Minimum water temperatures occurred. relative to other sc iso<is, d<iring wiiitcr 1972

;ind 1973. ft should be noted that winter is defi»cd a» thc Dc«ember to Mar«li peri<>d fierc;

o«c;inogr;iphic winter, identified by miniinum water teinperaturcs. tag» «liinatological winter

by 2 to 3 months due to thc time required for the water to respond to surfa«c. cooling

ft was impossible to trace in detail the development of low water temperatures <i«ring

winter 1972 because no data were obtaiiied prior to March, at which time ttic low

teinperatures werc already well-developed  Figs. 4-8'! with iiiinima down to  !.4« '  Fig 4

statioii 011!. lt is possible, however, to interpolate from ttie time series observed in centr;il

Prince William Sound  Figs, 9 and lO!, and tlius trace the time development of «ooliiig and

vertical mixing leading to the March 197 teiiiperaturc structure.

Temperatures ranged from below 2 C near the surface fo a» high as about 4.7« ' iiear

thc bottom at tfiat time. These temperatures. low relative to thc I'ollowing wi»tcr  see

below!, m;iy have been due in part to thc severity of tlie 1972 winter relative f<> tli;it ot

!'�3  ficisonal observations and U.S. Wca li«r Bure,iu Re«or<fs!. witii »iih»c<fiicnf »fn!iig

«ooliiig.,Tlie»«rface temperatures werc'. lowest   I " .'! it> the soutlicrn Sound, and tended to

increase to the north and west reaching values above '.4  '. in thc iiorthern portion of the

Sound  l=ig. 11!.

Development of low teniperatures due to cooling was also observed during December

1972 to March 1973  Figs 12-19!. At thc onset otstrong cooling in December;i »trong

temperature maximum  about 6.5  '! present at about 75 m repre»eiitcd the rernna»t of the

prc«cding suininer's warm surface layer  Fi . 12! A deeper minimiim  about 3.8«  !;it '50

m niay have represented either a remant of the preceding winter's cold strata or;»i;idvective

;idditioii of water from thc Gulf of Alaska. Hy January 1973  Fig, 13! cooling fiad

pr<igrcsscd appreciably, and the inaximum tcinperaturc wa» lower tlian iii Dc«e»ibcr  ;ibo«t

4.5 "  ! and deeper �00-250 m!. 'I'he deep tenipcraturc i»;iximuin prc»cnt in Dc«cinbcr w;is

no lo»gcr evident. By March  I igs. 14-16!. tlic coohii ~ fi;id progrc»scd to   !i« i»,ixini«in

10



extent observed in 1973; temperatures at that time rn«reased monotonically with dcptlr

trorn " to 3"  ' at the surface to about 4.3"  ' .at the greatest depths observed Therrnolurlrr>c

convection had created vertical uniforrnrty down to depths of 30 to 50 rn

The sections across the Sound during March 1973  Figs. 15 and 16! indicate tlr;rt

appreciable cross-Sound structure was lrrcscnt. particularly in flinchinbrook I »trance  Fig

15! where tire strong east-west slope of the 3"C isotherm may have been relared to tlrc flow.

The cross-section slightly farther north  Fig. 1 rr indicated a tendency for isotherms to rise

toward a central part of the Sound, which was the manifestation of a domed stru«turc

present on the north-south section during March 1972 and during the entire winter of 1973

 see below!.

A pronounced upward bowing of the isotherms in the central portion of thc Sound

occurred during winter. as best exernplifred by tire 2 C isotherm in March 197'2  Fig 4!.

This feature, best shown by the 4 C isotherm during January  Fig. 13!, was less

well-developed during winter 1973.

Development of the domed stru«turc was also cvidcr>t in tire surfrce tcrrrper,rt<rre

distributions  Figs. 11 and 17-19! as a rnaxirnum temperature region in the eastern central

Sound, lts more prominent development during 1972 than during 1973 may lrave been

related to tire severity of the winter, i.e. vertical convection and possibly wind mixing. Water

south of the structure was generally of lower temperature and less vertically stratified than

tllat to the north, suggesting a possible relation to coastal upwelling in the Gulf of Al'rska

Tlus will be discussed below in more derail.

The intensity of vertical mixing as evidenced by vertical homogeneity w;rs observed to

v«ry tremendously 1'rom place to place within tire Sound. During tire winter of 1972  or

cxarnplc, tire water column within Port Valdez had mix«d conrpletcly to tire bottom by

Marctr. a d«ptlr ot' about 230 rn  Muench and IVebert 1973!. Mixing to tlris d«pth w;rs not

observed;rnywhere else within the Sound, although data w«rc available. The rcasori for tlrese

n.gio»al variations in vertical mixing may rest in local climatic conditions. Cooling and

winds witlrin Port Valdez during winter 1972 »right well have been rnor«severe than

«Is«where in the Sound, although weather data are insufficient to test this lrypotlresis. It is

noteworthy that convection in Port Valdez during winter 1973 did not extend sigrrificantly

deeper than elsewhere in Prince William Sound  unpublished data!.



The distrib»tio» of temperature during sprt'rtg

The spring periods during these years are represented by June. 1'�2;ind May. 1973

al>d I '�4  Figs. 20-24!. During tliis period the water coluinii w;is cli;ir;ictcrized by wariniiig

ot tlic itcilr-»urt ace I;iyers, resulting in surface tern per itures;i» liigh a» »ho«t I I .8"  ' hy J iinc

1972  Fig. 0! and up to 5 to  >"C during May 1973 and I'�4  Fig». '2- 4!. I lic rc»>»ant <>I'

tl!c I>receding winter'» cold convcctivc I;iyer» occurred in cacti ca»c,it 100 I<> 15 ! i» itcl> li.

'Ilic lowe»t spring temperatures observed during the spring within tlii» c<>td ci>rc  ai l<>w;i»

>.37"  '! occurred during June 1972  Fig. 20!, probably due to the»cvcrity ot' tlic wiritcr of'

I'�2.  '.old core tcrnpcrature minima during May 1973 and 1974 werc higher �.7 >"  : a»d

3. �" ", respectively!, reflecting the milder winters even though the 1973 and I'�4 data

werc obtained a month earlier in the warming season than the 1972 data.

Maximum surface warming would be expected to occur during June, since thi» month

has generally lower cloud cover at Valdez than other spring-summer inonths a»tl tlic sun is

at it» maximum elevation above the horizon, Thc ensuing higli insolation w;is reflected in

the relatively high surface temperatures  I 1.84"  '. at station l071 observed duriiig June 1972

 I.ig, 20!.

S«rtacc tciiipcritures were higher in the easter~ central arid northc;i»tern t»>rtii>» i>t tlie

S~>«nd tli;iii in thc»outtiern part ne'ir llincliinbrook Entrance  Fig». 21;ind '3!. I I«»»lay

liavc reflected longer exposure ol the water there to solar w iri»iiig ttian near tlic I i>tnmcc.

Tlie temperature tiine series  Figs. 9 and 10!, clearly indicates that tciiipcraturc» incrcaseil in

flic near-siirface waters down to about 100 m during ttie spring. Little v;iriaiion wa»

observed in deeper water temperatures during this period,

The distribution of temperature tauri>ig sntnmer

Oceanographic summer, with maximuin temperatures in the water cotumn, occur»

during August to September in southcentral Alask;i. Summer data»ufficicnt fvr

construction of a vertical section were available only during September 197 ', t licsc

indicated that maximum teinperatures relative to those observed;it other time» of year

occurred throughout the water column  I igs. 25-28!. Surf;icc tcniperature» werc i>n tlic

order of 12" '. with teniperaturc» decreasing to a subsurf',icc ininiiiiuiii of'aboiit .i"  ';it 150

»i. 'I cinpcr,'iture» ttien increased witli deptti from the miiiimum to I.hc bottoiii. witli hot toiii

tcinper;it»res above 4  '. I'hc greatest oh»crvcd temperature stratif'ic;ition duriii ~ 1 lii» l>crii>d
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occurred in the upper 75 m. The strength of the stratification deere rsed tow hard

Hinchinbrook Entrance, possibly due ro the presence of tid;rl mixing fhcre, Tlris did irot,

however, result in appreciable lowering o t surface tcrrr per;r t urus nc;rr 1 lirr clr in firoo I

1'.r1tr'r rrcc.

Surface temperatures were maximum  ! 12,5"C! irr the eastern central portron of thc

Sound  Fig, 28!. A tongue of lower temperature    10 C! water in the northern portion

was probably due to presence of the lower temperature fresh water plume from the

Columbia Glacier system. Surface temperatures in Hinchinbrook Entrance were only slightly

lower �1.8 C! than farther rrorth.

The time series �'igs. 9 and 10! indicates that warming of the water column,

particularly in the upper layers, was still occurrrng during early September 1972 and 1973;

maximum temperatures occurred in rnid-late September just prior to thc onset ot t'aff

cooling. Deep water temperatures showed little variation during the sumnrer, however,

Th» disrribrriion of temperarure during autumn

Although data gathered during the period from September Lo Decerrrbcr werc

insufficient to construct cross-sections, conditions may be inferred from the temperature

distributions at either end of this period and from the time series  Figs, 9 and 10!. With the

cessation of appreciable solar warming. in September, there followed a sharp decrease in

surface temperatures which had resulted, by December. in the isolation of a subsurface

warm layer representing a remnant of' th» preceding summer's warm surface water. The

deeper cold core had higher minimum temperatures in December than during September.

This was probably due in part to the continual diffusion of heat from overlying and

underlying waters into this core, and possibly slrowed the effects of horizontal rrdvection of

water.

The temperature time series plots  }'ig. 9 and 10! indicate clearly rhc decrease in

surface tenrperature during the autumn and suggest a downward ditfusion of heat from fire

near-surface layers as shown by the 5"C isothernr '1'empcrature clranges in th» deep v ater

werc small. relative to changes in the surface wafers, during this season.
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The Distribution of Salinity

The distribution of salinity is illustrated below by means of cross-sect'ions. surface

views and time series  Figs. 29-53!, Like temperature, salinity serves as a useful indicator ot

water sources and sinks and of mixing,

The distribrrtion of' salini ty during winter

Salinitics attained ntaximurr! surfa«c values  about 32"  OU! and minimum v«rtical

subsurface stratification throughout the water column during Marclr 1972 and January to

M;rrch 1973  Figs. 29-38!. Development of this winter salinity distribution is also clearly

indicated on thc 1971 to 1973 time series  Figs. 39 and 40! The time series indrcatcs;r

t«ndency for deep water salinity to decrease slightly over the winter. as exemplii'icd by tire

dowirward vertical migration of the 32.5 /oo isohaiinc.

'1 he vertical sections for March and December 1972 and January to March 1'�3 each

inLlic rtc th rt a pronounced upward bowing of the isohalincs occurred in rhc e;rstcrn central

1!r!rtion ol' thc Sound and was centered at about station 13  Figs. 29 and 34-3'!. fhis w;rs

also reflected by high surface salinities in that region  Figs. 41-44!. 1'his hump in thc

isohalines coincided with that in the isotherms  see The distribution of temperature during

winter! and was even more pronounced. The cross-section through station 55 <Fig. 33!

indicated evidence of the structure in a cross-sound direction, lt was not clearly def'ined in 'r

cross-sound direction, however, by the remaining cross-scctior!s  Figs. 30-32r. suggesting a

co nlplcx contlguratlon.

Th«generalsalinity increase observed during winter may he attriburcd to a ccssatio» of

I'rcshwatcr input into the system coupled with advective fluxcs tlrrough Hincliirrbr<!ok

1'.»trance, Appreciable ice formation h;rs never been observed in Prince Wdliar» Sour!d

except h! isol;rtcd locales such as the he;rd of Port Valdez. wh«rc 1'rcslrwater i»pal 1'olll!s a

hr;rckish surface layer which may freeze  personal observation!. Salt exclusion Irorr! ice

formation is, therefore, not a likely contributing agency toward salinrty rircrcasc h! tlr«

water column.

The distribution of saiini ty during .qrring

The spring salinity distributions are represented by cross-sections showing data trom

June 1972, May 1973 and May 1974  Figs. 45-47!, and bv surface distributio»s drrring Junc

1972 and May 1973  Figs. 48 and 49! Data were insulficient lor constructiorr or a Pl;111

view for May 1'�4.



13y Junc 1972, frc»h water addition had lowered»uri'acc»alinities down to below

25" /oo, est'rblishing a strong vertical salinity gradient in the upper 15 to 20 r»  Fig. 45! and

strong lrorizont;ri gradient» in»urface»aiinity;rcro»» tlrc entire Sourrd  I'it.. 4'»!.

Dcvcloprrrcnt oi tire vcrtic;rl features with tirnc can bc»ccrr irr tire thrrc»eric» Iror»  lrc

ccrrtral Sound  Figs, 39 and 40!, 'I'herc was a tendency ior thc surface»;rhrrr y to hc

r»i»ir»um in the eastern portion of thc Sound, wlrile rrraximurrr»alinitic»  ! 30.4«/«»!

occurred;rt thc, central location where both i»othcrr»» and i»olralinc» hrrd been ob»crvcd to

bow upwards during the winter  I'ig. 48!,

Salinitics at rnid-depths �00-200 m! were gcncraily somewhat lower in %lay 1973 th;m

in May 1974, as indicated by the depth of the 32o/oo isohaiinc  f igs. 46 and 47!. Sufficient

1'resir water runoff had apparently not accumulated to have lowered the near-surface

»alinities appreciably; a plume-like surface feature having salinities below 30.2"/oo in the

northern Sound during May 1973 was probably due to runoff from the Col«mbia Glacier

and Port Valdez systems  Fig. 49!. 13uring May 1973. the surface 31.4 /un isohaiine

delineated the area occupied by the dome-like subsurface winter structure in the central

Sound, but not in such a pronounced way as it had done in June 1972.

Tire salinity tinre series suggests, in general, that the May to June  spring! period is onc

wtrcn surface salinities decrease while deep salinities, as exemplified by th» 32.5"/««

i»oir;rlinc, increa»c appreciably  Figs. 39 and 40!. This will bc discrrs»cd iurthcr below a» it

relates to regional circulation.

The distribution of salinity during sutnmmer

Summer is represented by the vertical sections for September 1972  Frg». 50-52'!, thc

surface salinity distribution  Fig. 53! and in general by the time series  Figs, 39 and 40!. Thc

layers above about 100 rn exhibited their lowest observed salinities during»urnmer   

32"/oo!, while the salinity at about 250 m was maximum during this period  ! 32.5 "ioo!;

this was a manifestation ot' surface decrcasc and coincident deep i»crea»e in salinity wiricir

had been occurring throughout the spring  see above section on The distribution oi salinity

during spring!. The vertical section» indicated the rno»t horizontally lromogeBeo«»

di»tribution of salinity observed during thc»tudy, particularly in tire deep water a»

cxcrrrpliiicd by the 32.5" /oo isohaiine �'igs. 50-52!. The north-»outh varr rtio» i»

 crrrpcraturc»tratification  see above section on 'I'hc distribution of tcnrperaturc during

»urnmcr! was not reflected in the salinities.
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Thc vertical salinity gradient in the upper 50 m reached a maximum during tliis period.

dirc to the summer's near-surface accumulation of fresh water, and suggests tlr;it little

vertical mixing was occurring in this !ayer  Figs. 39, 40 and 50-52!. Surf;ice saliniti«s  Fig.

53! were lowest of any observed during the study �4-26" t»<>!, and freshwater input Ironi

the  'olumbia Glacier and Port Valdez systems was evident in  li« low s;ilinity pliime

«xt«nding southward from the northern part of the Sound, bounded by thc '5"joo

isohaline. This is probably a common feature during thc summer duc to th« freshwater

inp«ts concentrated in the northeastern portion ot the Sound.

/7 e dtt'tribrrtion oj salinity during antrrmn

Siii«« d'ita obtained from Prince William Sound during �r« 'iiit«iirir

 Sept«ii! her December! were insufficient to construct vertical sections, salinity variat ions

werc obtairred by interpolation from the time series plots  Figs. 39 and 40! Salinity

g«n«rirl y appears to have increased during this period in the upper 100 m, while salinity ol'

the deeper wat«r  below 100 m! underwent a gradual deere;ise as shown by the downward

migration of tire 3 .0 /oo and 32.5" /oo isohalines.

The Distribution of Density  vt!

Due to the nonlinear nature of the equation ol state tor seawater, density;it the 1ow

temperatures encountered in Prince William Sound is a function primarily of t1!e salini y.

The density distributions  Figs. 54-69! are therefore q«alitativ«ly sirinil;rr to  hc s;ili»ity

<listrihutions;ind will he discussed in less detail here than ten!per;iture or s;r i»ity. 1'liev;ire

oI' i!!ter«st primarily as they al'1'ect the internal »rass distribution, li«nc«.   ri dyir.rirric~ ol

w,'l tci' rrroverlreirts.

'iAe di ~tribr  i otr of dc.'Iisit>' during winter

l!cnsity reached maximum values, during the winter of about '5.3 to 26.0  Figs.

54-63!. The variations during the winter were most pronouirced in the upper 5 ! to 10 ! in.

and may he seen in the December 1972 to Marcti 1973 progression when surface ilcrrsities

increased from about 24,5 to 25.3. with the accompanying developinent of,i ne;rr-irrrface

mixed layer extending down to about 50 rn. 'I'his d«i»ity incre;ise iiuiy bc explairred

qu;i1itatively as due to winter cooling coupled with a c«ssation ot' freshwater input;md

subseiluent ne:ir-surfice s;ilinity iircreasc.



Densities throughout the water column were slightly lower in March 1973 � ig. 61!

tli;iii during Mar»li 1972  Fig. 54!, probably due to thc relative liarshness oi' tlic wint»r ot'

1971

The upward bowing of isopycnals in th» central Sound during thc wint»r, iiiost

pronounced during March 1972, coincided with siinilar bowing of the is«lb»rius and

isolialincs but was displaced somewh:it southward. Thc internal mass distribution was

tli»ret'ore affected by this feature, centered about statioiis 12 and 13, it is probably:i rcgul;ir

winter feature. and may be related to a cyclonic circulation»cll in the eastern central

Sound. This will be discussed further below.

The distribution of' density during spring

During the spring. as represented by June 1972  Fig. 64! and May 1973 and 1974

t Figs. 65 and 66!, there was a general tendency for density of the near-surface layers  above

about 100 m! to decrease due to a combination of warming and freshwater input  leading to

a vertical density stratification in those layers significantly greater than observed during tlie

winter!. Densities near the bottom had decreased froin their winter values ot morc than 2 i.0

to about 26.0 or slightly less, probably due to downward diffusion ot' heat, upward

dil fusion of salt or an advective renewal of water from Hin»hinbrook Lntrancc.

Tli» isocpy»nal surfaces were relatively horizontal except during May 1'>74 wtieii sotnc

upward bowing was present centered at station 13. This may hav» been th» reiniiaiit of';i

structure similar to those observed during winter 1972 and 1973,

The distribution of density durtng surnnier 1972

By September 1972  Figs. 67-69! the density had reached its niinirnurn values in thc

portion of the water column above about 100 m while the density of the deeper water had

increased slightly to more than 26, coincident with thc deep salinity increase. Since

diffusion would have accounted only for a decrease in density during the June to September

1972 period, some advective mechanisms inust have renewed the deep water at least in part.

Surface densities down nearly to 12 at station 107 indicated the presence ol tlie 1'reshwater

runoff' ent»ring tlie system via Port Valdez  Fig. 66!. The isopy»nals were, as during Junc

1972;ind lVIay 1973, relatively flat.
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'Ifia disIribution oJ derrsity during autumn

As lor temperature and salinity, no data were availah!e lor the;«it»in» perio l.

hilerpiilatint.' hetwee» tlie suini»cr a»d winter ohservati<nii. densily n»<ierwi iil;i ge»enil

i»ere»sc i» tl>e upper 1;iyers as sol;ir wari»ing and 1'reshwaler iisp»t eea«zl. l!e»iity iii lh~

deeper l.iyers did not @lunge appreciably during this period.



DISCUSSIaN

Thc purpos» o ' tliis section is to,'itteriipt to»xpl'iin <lualit,itivcly tli» «bscrvc<l

distribution of tempvrature and salinity in terms ol circulation and mixing procvssvs within

the Sound. This will be done primarily using conservation of Iicat and salt, but will rely to

some degree on general knowledge concerning regional cliniatc and tides.

Mixing Processes

Mixing processes may be divided for our purposes onto two general categori»s: mixing

which derives energy from the mean water motion via turbulence. and mixing wliich derives

energy from buoyant forces, i.e., therinohaline convection. 'I'he temperature and salinity

distributions suggest that both types are present in Prince William Sound.

Thermohaline convection has been observed during the winter in Prince William Sound

in the ne;ir-surface waters and, duc to thc severe climate, is prob;ibly a roiitinv «ccurrcncc.

Tllis convection is due to atmosplierlc c !ollilg ot th» surl ac» watci coupled wl111 »»isation <!l

ireshw;itcr input, which allows thc surface salinity to incrvase as saline niarine w:itcr is

,idvccted inward froin the Gulf of Alaska. Density of the surface water can thus b» incre;ised

to thc point where it is denser than the underlying water and will niix vertically. Conversely,

presencv of fresh water at the surface during summer tends to inhibit such mixing.

In othvr high latitude regions  e.g. the Bering Sea shelf! I'ormation of surf ice icc may

exclude salt into the underlying water and increase its density, thus contriliuting to lhe

vertical convective mixing. Formation of sea ice has not been observed in Prince William

Sound except in sniall isolated locales such as the heads of bays. Salt exclusion <luc to ice

forination is therefore not reckoned to bc a significant factor in affecting thermoh;iline

iili Xiii g

In addition to therrnohaline mixing. some vertical mixing ol tlic nv;ir<surfacc l;iver»

niay occur duc to wind energy. Since tliis energy input tends to be inaximuni during storm~

when cooling and hence also thermohaline mixing would bc maximum, it is inipossible to

separate the two. Knowledge of regional heat tluxcs and of the general partition of wiiid

energy as it relates to vertical mixing are generally poorly uiiderstood. It is therefore
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impossible to quantitatively discuss the factors involved in such rrcar-s«rfacc r»ixir!g.

'1'hc cllects of tlris vertical mixing were ref lectcd in thc wir! tcr  l!cccrrrl!cr-M«rchr

di»tribution» of temperature, salinity a»d density  scc Occ;rr!o r;rl!lric  'r!r!ditir!r»!. I hi»

r»ixir!g generally cxter!ded down to depths of 3 ! to 50 m in thc central portio» of ttrc

Sound and exhibited no apparent pattern of mixed layer depth variatior!s. Vcrtic;rl r»ixing

within Port Valdez has been observed to extend dow» to about '30 m  tlrc bottom!

 Muench and Ncbert 1973!. This occurred duri»g tire unusually severe winter ol' 1'772.

Urrring the tollawing winter �973! mixing occurred only down to about SO m. or thc»ar»c

depth» «» 1'or the rcrnainder of the Sound  unpublrshed dat;r!. The rea»ons 1'or rhc»c rcgi<!rr;rl

v;rri;r ior!» arc u»certain. They are probably related to local cli»!atic variation» c<!«plcrl wrtl3

v rrying advcctivc replacen!ent of the surface layers.

'I'hc distributions of ternpcrature and salinity arc also alTected tlrro«gh~!«t thc w;rtcr

rx!I«mr! 1!y turbulent diffusion which derives its energy !rom the water motion '1 url!rrlcl!t

drftusion processes arc generally difficult to identify, since without adequate rnc;rsure»!ents

it i» impossible to»eparatc them from advective proces»e» rcl rtcd to w;rtcr rnotior»

'I hcrcforc, diffusive processes will be discussed here only in a qualitative way.

'I'ides provid» a significant source <!f energy for mrxing in a» c»tuarine systcr». The

tide» within Prince William Sound have ranges on thc order of 3 to 4 rn: tidal c«rrcnts

thrvugtr Hinchinbrook Entrance may be as high a» 2 to 3 kts  »hip drift obscrv,rtio»s!, The

cr>r!ccr! ration ol' tidal energy near Hinchi»brook Entrance may hc related to tl>c ob»crv,rtir»!

that during»ever;rl ol the cruise» there was lower stratification there thar! cl»cwhcrc i» thc

.'ir!und  Scc Oceanographic Conditions!. Lowered»tratific;rtiorr might have hccr! a rc llcctio»

ol' vcrticrl »!ixing due to the strong tidal current» thro«g!! the f r!tr «!cc. That srrch lr!werc d

»tratific;rtion was not always present rnqght bc explained by,> depender!cc <	' tl!ii feature

upon thc phase of the tide; mixing could be morc or less pror!o«need or! flood r!r chb tide as

the currents might vary in intensity. '1 hi» po»sible dcpcndcnce Ien!alns urlresolvable because

most of the longitudinal sections span morc than one tidal ci clc.

Vertical dilTusion within the Sound was evidenced by the dowrrward»!igration ant1

concurrent decrease in magnitude of temperature maxima and mi»im;r layer» rcsrrltrrrg fro»!

surface l>eati»g and cooling. This migration was particularly well-docrrrnented during winter

1972 and l973. A warm surface layer forms during thc summer wlrich, with t!!e onset ot

surf;rcc cooling irr th» tall, i» isol rted;r»;r warm core by the cold surface layer result ir! ' 1'rr!r»
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cooling. As surface cooling continues, ihe cold surface layer thickens and the warm layer

progresses downward due to diffusion of heat, while maximum temperatures witliin tlie

layer continually decrease. Downward migration of the cold layer proceed» sii»il;irly wtic»

during spring the previous winter's cold surface layer is i»olated 1'rom tlic»urfacc by a w;iriii

layer. This ensuing layered temperature structure was particularly well-developed during

December 1972 as vertically alternating layers of temperature maxinta and minima �"ig.

12!.

The subsurface temperature and salinity distributions may also be affected hy

horizontaladvection of water, In the absence of direct current measurements it i» impossible

to judge the significance of these processes other than to state that they do in fact occur

 »ee»ubse<luent section!. Typically, the distribution of variables deep witliin a fjord is

controlled by a balance between vertical diffusion as discussed ab<ive and horizo»tal

advection  Rattray 1967!.

Deep-water Renewal Processes

Features of Prince William Sound b;ithymetry which arc relavent to deep-water rciiewal

are the 400 m deep eastern basin and the 180 in sill just outside Hinchinbrook E»tr;i»cc  »cc

Geographical and Bathymetrical Description! Montague Strait will be ne< lected;i» it may

pertain to exchange of deep water with th» Gull of Alaska because it i» relatively shallow

 about 100 m! and long. with nui»erous passages branclu»g off. C'ontribution» of Gtllf of

Alaska water to I'rince William Sound via Montaguc Strait are probably rel,itivcly diliite dtie

to mixing with ambient water along the length of' the Strait. a» opposed to w;iter fro»i

Hinchinbrook Entrance which may flow directly into the ca»tern Sound.

Deep witer replenishment in southcentral and»outheast Ala»kan  'jord» lia» beeii

»tudied by Nebert �972!, Heggie  I'�31 and Mucnch <'l a . �<�S!. Tliis ineclia»i»ni

depends upon annual density variation» in thc marine source water at sill depth coupled

with vertical inixing within the fjord. At that time ol tlie year when source water dei»ity is

maxiinum at or above sill depth, this water can flow into the fjord basin a»d replace the

bottom water, whose density has been decreased since the previous renewal by»iixi»g wiih

overlying water. During periods when the source water at sill depth is less than lil'ixhiitl»i

dcii»ity it may enter the fjord but, rather than replacing the bottom water. will »eck it» own

den»itv level and enter as an advective tongue along that level. Advective rc»cw;il ot' deep

;ind bottom waters may therefore occur during an appreciable proportion of  h» yc;ir,

<lcpcnding upon thc so~rce waters and mixing within the tjord itself.



Although few data are available documenting the cltaracteristics of marine source water

directly outside Hinchinbrook Entrance, a four-year series of' data has been obtained from a

station off Resurrection Bay, about 150 km to the west. Since the westerly Alaska  '.urrcnt

fcr>ds  o para!lel isobaths along the continental shelf, it would bc expected that co»ditions

olf' Resurrection Bay would closely resemble those off Hinchinbrook Entrance. Th«sc d;rt;r

have in fact been used successfully in a study of deep water formation in R«ss«1! I.jr>rd.

scvvral hundred km to the southeast, along the coast  Muench cr rrl. 1975!. Accordirrgly, the

tcmpcrature and density as represented by time series for these da a arc ass«r»«d to be

reprcsvntative of the source water off klinchinbrook Entrar>ce  I.igs. 70 and 71! A tint«

series for salinity is not presented because it is virtual!y identic;rl to that 1'or dcrrsity.

Moreover, density is the variable of primary interest in terms of deep water form'rtir>n.

The temperature time series indicates clearly the effects of winter surf'acc coo!ing and

vertical nrixing in thc Gulf' of A!ask r  Fig. 70!. Minimum ter»peraturcs occurred !;rtc rlrrring

each winter  March! in the upper ! 80 m of the w;rter co!ur»n. Lower terTrperaturcs   "" '!

during ! 97la»d 1972 than during 1973 and 1974 �-3" C ! reflected  lrc re!a ivc !r»rshncss

ot fhc wintvr» of 1971 and 1972, Maximum annual ne;rr-s»rt;rcc  crnpcratrrrcs 18-! '" '!

r>ccurrcd during thc surnrncr �u!y-October! as a result of surface warming.

Annual variations are also evident on the density time series  Fig. 71!. with dcnsrty

maxima occurrrng in the nvar-surfac«waters �-150 m! during !atc wintcr-spring

 M rr ch-April! and minima occurring during latv sumnrcr  October' !. In deeper w,r ter  below

150 nt! the ntaxima occurred during October and November. Thc density variations;rre drre

to sc;rsonal temperature and salinity variations, which arc 'r function in t»rn of,rnnrra!

vrri;rtior>s in solar warming and 1'reshwat«r input, and variations in coastal »pwelling r!rrc tr>

wind stress in the Gulf of Alaska. Water of maximum density in t!rc 0 to 150 r» 1;ryer, t!r;rr

which might flow inward over the sill and rcplacc thc w;r er ir> Prirrcc Wil!iar» Sor»rr!

therefor« occurs during about March and April nt' each yc;rr, while br>�<»>r w,rf«r r«ncw»1

 ! 80 nr! is most likely in October and November.

'1'h«arrnua! cycle of density vrrri rtions in the G«!f ot' Alaska shelf' rc 'rr>ns is c!osc!v

related to wind-driven coastal upwe!ling  Royer, irr press! During winter. the. tror> ~ «,»t«r!y

winds of t!rc A!cutian Low trarrsport surface waters northw;rrd  shor«ward!. I his

downwclling flushes t!te shelf with cold, low salinity w:rter, During surnmvr, th«v,c;rk

westerly winds of the North Pacific High c;ruses a srna!l southerly  of' shore! trrrrripr>rt of



surface waters. This very weak upwelling places warm high salinity water on the shelf otf

Hinchinbrook Entrance. These tendencies for upwelling and downwelling in the northern

Gulf of Alaska have been computed  Bakun 1973! and are graphically presented to indicate

thc degree ot upwclling «nd downwelling during 1972 to 1974 t 1 ig. 72!,

'1't>c tiydrographic t'caturcs observed within Prince William Sound rctlcctcd thc v«rying

characteristics of thc Gull' of Alaska source waters, as may be scen from tt~c tcm peru 1»re

and salinity time series  Figs. 9, 10, 39 and 40!. The etTect appeared most pronounced in

the salinity distribution, with a winter decrease in salinity below about 150 m as shown by

the downward migration of the 32.5,'oo isohaline and a late spring-summer increase as

evidenced by upward migration of the same isohat>ne. 1'his coincided with th» occurrence

otf Hinchinbrook Entrance  interred from Fig. 71! ot low salinity water during the winter

and high salinity water during the summer. Thc salinity fluctuations are correlated to the

point where it seems reasonable that at least part ot the variation is duc to advcctive inflow

of water through Hinchinbrook Entrance. That deep salinity increase occurs at a time,

moreover, when the near-surface salinity is decreasing and vice-vers«, suggesting that

di ft'crcni n>cchanisms are responsible for deep and near-surface vari«iions.

'I'cmpcraturc vari«tions in ttte deep water are less pronounced than  lu' salinity

vari«tions   t'igs. 9 and 10!, with annual temperature variations being on thc onlcr ot 1 "C

I>urging 1 971 maximum temperatures  .> 4" C! occurred during late surnnicr;md f ~tt, lagging

slightly ihc prcscncc of warm water in the Gulf of Al«sk«. During 197' temperatures

increased steadily during this period and did not react! tnaxitnum values until winter 1973.

This may have been related to the fact that near-surtace temperatures in thc Gulf of Alaska

during 1972 were lower  about 8" C! tttan during either 1971 or 1 973  about 1' C! so that

«n influx ot water may not have caused a true maximum, Downward dif1'usion of hc«t from

overlying warmer waters might also have an appreciable effect upon deep temper«ture

variations.

Dcnsitics in the bottom vaters during the winter were of the same order  about 26.0!

as just «bove sill depth in the Gulf, suggesting t tlat these bottom waters may have originated

tt<crc, By May ot' boih 1973 and 1974 thc density of tl»s water had decreased by about 0 1

t'roni stigt!tty greater than 26.0 to slightly less than 26.0. This variation rn >y h«vc been duc

to vcrtic ~t diffusion ot heat and salt, advcction of lower density water through

1 tinchinbrook Entrance in agreement with a dccrcasing density in the Gulf «t ih«t time, or

niost likely some combination of these.



Dissolved oxygen values from deep stations i~side Prince William Sound for the period

September 1972 to March l973 were tabulated in an attempt to detect oxygen depletion

duc to biological consumption, should renewal of the deep water not bc o««urring.

Variations in the deep oxygen proved to be too small to differentiate the effects ol niixin

nod depletion. lf dccp water replacement were only occurring during one season ot' thc year,

however, work in the same area  Hood and Patton l973! has indicated thol lhc oxygen

dcplction would bc quite. noticcab]c, or on the order of niorc than I ml/I between deep

walcr renewals. 'Ihc  act that depletion ol this magnitude was not observed in l'rin«c

Willian~ Sound suggests that bottom water renewal may bc at least a quasi-«ontinuous

process rather than occurring annually at only one time ol' year.

Circulation within Prince William Sound

ln the absence of direct current measurement, the circulation within Prince William

Sound can only be discussed in a general, qualtitative sense using the observed distribution

of temperature, salinity and density lsee Oceanographic  '.onditions!.

The prominent subsurface structural feature observed in the sound was thc don>c-like

risc in the isolincs of salinity, temperature and density in the central «astern portion. This

structure suggests that, particularly during the winter, a cyclonic circulation patton witt> a

tendency for upwelling was occurring. The surface distributions did in fact il«i~ lnghcr

salinitics and tcmpcraturcs in the central Sound wlten thc feature was well-dcv~ loped.

Although it seems unlikely that such a gyre would bc in geostrophi«cqulibriuni, <luc to Ih~

probable presence of frictional and time-dependent terms, a cyclonic circulation would in

fact tend to satisfy the lorce balance suggested by thc isopycnals.

The most pronounced example ol'a surface distribution which suggested a «ir«rdation

cell occurred during June and September l972 when high salinity occurred at the surla«c in

the center of the gyre region  Figs. 48 and 53!. The lower surfa«c salinitics froni

Hinchinbrook Entran«c probably reflect the influence of the   oppcr River plume, wl>i«h

enters thc Gulf of Alaska upstream from the Entrance. Thc surface salinity distribution

could then be interpreted to indicate a cyclonic flow ot water north ot Hincliinbrook

Entrance, with the salinity becoming lower particularly i» thc northeast portions of thc

Sound due to thc «onccntration ol Ircshwatcr input from Port Valdcz and thc   ohunhia

Glacier.



lllc irl«lrnalior92 ol lllc isoliycrnlls..ls lltay tic r«lalcd lo lire slrengl!l ol llli «y«hirlic

cir«ulaliorr, varied «orrsidcrably lrorn virtu;rlly horizont;rl  during May 1973! to cxlrcme

upward bowing  during March I972!  Figs. 65 and 54!. In general. ttrc features appeared

most pronounced below the surface during the winter months and were noticeable prim;rrily

on the surface temperature and salinity distributions during thc summers. These variatiorrs

might have been due in part to variations in the strength ol' tidal currents, assuming that the

gyre is duc to these currents. The seasonality suggests, however, that they may be related to

climatic variations as well, possibly through wind stress or thermohaline mixing. Detailed

direct rncasurerncnts of water currents and regional atmospheric parameters would he

required to attempt resolving these relationships.

Thc reason for the presen«c of such a cyclonic circulation can be spe«ulated <rpon. Due

to the relatively small horizontal extent of the Sound compared to oceanic systcrns, itsccrns

unlikely that the gyre would be due to wind stress variations. It might bc due irr part to a

Kelvin wave circulation connected with the local tides, which arc appreciable  on the order

of 3-4 m range. and sernidiurnal mixed in nature!. A more satisfying explanation would hc

that the gyre is due to the inertial tendency for water fiowing inward through Hinchinbrook

Entrance on the flood tide to continue in a straight line north along the eastern edge of the

interior basin, The ebb tide would have no specific directional tendency within the Sound,

but would tend to drain uniformly. The net effect would be to set up a cyclonic circulation

such as that suggested by the temperature, salinity and density distribrrlions. Surf;rce

currents through Hin«hinbrook Entran«c have been observed to bc on tire order of 2 lo 3

kts hy ship drift observations on a flood tide; «urrcnts ol tlris rrragnitudc worrld b» expo«led

to play a signili«ant role in the dynamics of thc regional circulation.
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SUMMARY

Prirrcc Willi;rr» Sound is a «or»plex fjord-typc cstuari»e systei» located ott ot tlic

iiorthcrn Gulf of AI;iska. It connects with ttre Gulf' vi« ffiiictiinbrook I=ntr;ince;r»d

Montague Strait, having limited access tlirough thc,irchipcl;igic islands at the c;ist and west,

In the siniplest sense. the Sound is a system consistiiig of «500»r  '50 fin! deep basin

i'oiirlccted to tire Gulf by a channel having a lir»iting sill dept li of «boiit 180 m  '>0 t in t.

Seasonal Variations in Hydrographic Conditions

I'/re drsrnhrrliurr <rf' iernlrerarure

Mirrir»unr surt'«cc temperatures ol' less tliari '"C wire irbscrved iluririg wiritcr I Mar«I»

witli sunrnicr  Scpter»ber! maxim<i being it! excess irt I '"C. Tlii v«rtic;il tcr»treratrrrc

struiture strows l.'irge seasonal vari«tions    '" -I '.5" Ct in tlli'. ulrpcl 75 rrl wittl lirltcli

sr11'ilier variatioirs � "C to 6" C! below 75 m. 'l'crnpcr«ture r»axii»ui»   ! and inirih» urri  

I«yers migrated vertically during the year in response to winter cooling;ind iirrrrr»er

w«rmrng. A pronounced upward bowing of tire isotlieri»s in tire ceiitrat Sound were

observed during winter. This dor»ed structure w«s also cvider>t in the surl;ice tenrlrcraturc

clistrihution as a rnaxirnum temperature region in the «entr;il Sourrd.

f'he dixrritrrrrio» rrf salirrirJ

'I'hc s;ilinity of the surface water in Priiice William Sound «ppc ircd to fluctuate

iirverscly with the seasonal «hangcs in surf«ce temperature. A siirlai'c siilinity Irraxrllrtrrrl  rl'

;ilrout 3 "'ro<r w;is rcii«hed in Marcli with a i»inirrrum ot;ilrout I S «r<»rr Scptcrrrt~«r.

~rti»»y structuri slrowid large vari«tiorrs  '5" r<r<r-3'",'<><r! i» the iippir 75 nr wi I»»«ctr

si»aller variations �2"!<ro-3 .b",'ou! below '50 rrr. Iir rh<. ripper 75 in. Il]e s;rlr<iity

dcirc;isid Irom early spring to late suinriicr and tlren r»ireiised into wiritcr. Tliis is expcctid

sin«c m.rxirnuirl ruiioff' and treshwatcr iriput are cxpcitcd duriirg July a»d August. S,iliirity

the ilccp water increased slightly froin June to Scptimbir «nd then <li «re;<i< d t'r<rrrr

Scpieinher through thc winter. In conjunction with tlic wiriter isottrcrrrrs, upw«rcl bowirig of

tire isol»ilincs was also observed iri tile ccirtrat Sourld. High surl;iie s;iliiiitics were;its<i

observed.
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I'h ' distribrr tr'orr of density  at J

Irr tlrc cold waters of high latitudes, clrarrge of temper,iturc is lcsi   lfcclivc irr clr:rrrgiirg

 lcrlsl1 4 III;111 Is clr'lrrgc  !I srrllrrity. I llc dlsclissioll 01 tile seas ill;II v;il'r;I I I iris  rI i;r III'Illy  "i» l>c

'rirlr lie� t i dcirsity. A surt;ice dcrisity rrllrxiliiurlr ol 'Iboll1 0.8 was  !liver vcd 111 I.'r ic w 111 le .

 rrrd;i r»rriiniuni ol 18.5 rn late su»irircr. Surlacc dcrrsitrcs  rs Iow as 11 0 werc  rbscrvcd irc;ir

are;is ol' lrigh I'reshwatcr input. I'hc vertical density structure slrowcd tire s,«»c ic,ri rr» I

variations in the upper layer as did salirrity. Large scasorral eh»rages  I8-'5! occ irrcd iii 1 trc

upper 75 m. white below '250 rn, dcnsiLy varied only bctwccn 25.8 and 2tr.0. In the ripper

75 i», the density decreased from early sprirlg to late summer a»d then incre;rse I into

winter. As with salinity, the density of the water in the deep basin increased slightly during

summer and early faII, but decreased dur.ing thc wiritcr.

Circulation and Mixing

An attempt is made to explain qualitatively the observed distribution ot' tci»pcr,rt rrc

a»d saliriity in terms of circ»1;ition ind rrrixing processes within I'rincc Willi;rrrr No rrr t. 'I'liis

is doiic using coiiscrv;itio» ol lrc;rt aiid salt,rird gcircral I'iiowlcdgc c !lrccnlrrlg rcgrol«rl

cliiri;itc;irrd t.ides.

/11! Y!rig f!f r ' 'sscs

Tire ter»perature and salinity distributions suggest that both vcrtica! dil'l isi rrr,rod

thcrinohalinc convection were prcscnt. Thermnhaline convection was cvrdcnt d  ring tire

v inter irr thc upper 30 to 50 m. Due to tire severe clim;ite. it is probah1»:i r rurirrc

ocr'urrc»cc. I Iris convcctlon is due to atmospheric cooling of tire surtacc wa t  r couple l wi tlr

ces!atiorr of frcs]iwater input, whiclr allows the surface dcrrsity to increase as s;rlinc water is

advectcd inward fror» the Ciulf of Alaska.  !ccurrence ol' vertical dil'fusion witlri» tire 'S ruird

w;is evidenced by the downward migration and corrcurrcnt decrease i»»rrr rgrritud» ol'

tc»rp«rature rri;ixim;r;md mi»inra layers resulting lr rm surface hcatiirg and c rolhrg.

Lr ' '/!-»  r/  r r rr 'rv ri />r r  esses

I!cclr-water renewal appears to bc at least;r qu rsr-co itin ious process, rarlr~ i tlr;r»»rrc

occurriirg airnu;illy at only one time of year. Icatures ot tire batlryrrrctry w!ri�i ar  r.lc a»r

t > dccp-water renewal arc the 500 r» deep eastern b,isin and tire 180 rir sill  >  ter Ie

I Irrlclriir brook E',rrtrarrcc. The character ot' tire m;rrrnc source water between I 50 i   ' � r» i rr

11ic  >uII' i» tire primary factor inflrrencing deep water rcncwal. Dcrrsity tirrlc scr lcs
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liic;isllrcliiciltv lliilic;itcil tlult tlic itl.il'itic so«rcc w,i tel w,'Is nu>le ilctisc tli;ill <leal'< I>;<sin w;itcr

tliroughi>ut thc year except during late winter. 'I lie greatest dcr»ity diI't'crcnce occiirred in

October and November when deep water renewal is generally most likely.

 i'r<. <lu i<>   ivi i i i I'>i>n <' W lou n Su    d

I'I!c plollilllcilt ~llbsuriacc structuf'll Icaturc i>bscivl'd iii Ilic Si>i<f1<I wi<s tlic ll<>lilc-like

risc iii tlic isoliiics ol' s,iliiiity, ti.inperaturc and density iii tlic cciitral ciistcrii p<>rti<>n. 'I li<s

structure suggests, particularly during winter. that a cvclonic «irci<h<tion pattcni witli;i

tendency for upwelling was occurring. The surl;ice distributions did iil fact allow Illi'lier

sahnities and tcnipcraturcs in the central Sound when the fcatiirc was well-developed. Such

;i cyclonic circulation would tcrul to satisfy the force balance suggested by tlic isopycnals,

The reason tor tlic presence of such a cyclonic circulation c;in bc spcciilatcd. «I>on. Tlic

gyre in;iy hc duc to the inerti;il tendency for water flov,ing inward tlirougli llincliiribrook

l;ntr,'ince on tlie liood tide to continue in a straight line north along thc eastern edge of tlic

interior basin. The ebb tide would liave no specilic dircctioiial teiidcncy and tlic nct ctfcct

would bc to sct up a cyclonic circulation.
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APPEND1X 2

Monthly Wea!her Summaries

l 97 l to l 973

Cape Hinchinbrook

Wind speed - mph

2. Surface air tcrnperaturc  " l'!

Relative hu!r!idity -  .4vcragcs',~i !





CAPE HINCHINBRDOK

Wind Speed-MPH

1971

Month

4.5January 4.7 40. 0

February 62.0 9.5 48.0

44.7March 3.8 48.0 16

April 68.9 14ll. 5 56. 0

79.4 16.4 56. 0May 20

85.8 5.0 44.0June

77.6 6.8 36. 0July

28.062.4 7.2August 29

42.04.6

79.0 60.0October 5.5

72.0November 67.l

December 33. 3 44.0 29

Res.

Dir.

September 66.2

Ave.

Speed
Max.

Speed
Date

Max.



CAPE HINCHINBROOK

Wind Speed-MPH

1972

, month

328.4January 3.5 36. 0 17

44. 6 5.3I'ebruar y 40.0

51. 0 80.0March 1.9 10

April 48.8 2.4 36.0 17

69.1 7.1 36. 0 18May

78. 1 28.0 235.1June

July 171.2 0.5 32. 0

August

79.1 32.03.3

60.5 40.00 tober 6.3

98. 3 44.0November

45.3December 2.9 35.0 16

September

Res.

Dir.

Ave,

Speed
Max.

Speed
Date

Plax .



CAPE HINCHINBROOK

Wind Speed-MPH

1973

Month

76.9 22January 32.0

February 71.2 4.7 38.0

8.398.3 2834. 0March

100. 3 33. 0April 9.2

102. 4 9.9 35.0 25May

111.7 2.5 30.0June

123.5 4.4 25.0 28July

22110. 8 4.2 30.0August

89.8 5.9 29.0

82.5 105.6 39.0October

4.5 2430. 7 35. 0November

90.3 9,5 38. 0December

1


Sept ember

Res.
Dir.

Ave.

Speed
Max.

Speed
Date

Max.



CAPE HINCHINBROOK

SurEace Air Temperature  'F!

1971

Month Ave. Max.

January 25.7 18.7 22.8 -I0.5 40.0 5 1307.52.0 25

February 32.4 27.2 30.1 -3.6 38.0 14 6.0 28 997.6

32.5 24.3 28.8 -5.6 42.0 20 1122.64.0 5March

36.8 31.3 34.6 -3.2 43.0 23April 910. 68.8 30

41.1 34.9 38.7 9.5 31-4.0 49.0 12 816.8

50. 5 41. 4 47. 0 -0. 9 64. 0 23 538.80.0 5June

391.4-0.1 75.0 10 13.0 3155.0 47.7 52.4July

-0.4 66.0 3 13.0 31August 56. 6 49.2 53. 6 354.3

487.4September 52.3 43.9 -1..8 58.0 25 11.0 3048. 8

October 42.9 -4.5 50.0 16 773.37.6 3135. 7 40. 1

5.8 30November 37.8 31.7 35.1 -3.9 44.0 17 896.9

December 32.9 26.0 30.0 -4.9 39.0 7 1084.25.6 31

I 16

Ave.

Max.

Ave.

Min.

Dif.

Norm.

Date Date Degree
Max. Min. Min. Days



CAPE HINCHINBROOK

Surface Air Temperature  'F!

1972

Month

January 28.3 19.4 24.8 -8.5 37.0 29 0.0 3 1246.6

February 32.3 21.0 28.2 -5.5 38.0 22 0.0 27 1066.9

31.1 22.6 27.5 -6.9 40.0 22 0.0 10 11.63.5March

36.1 25.2 32.2 -5.6 43.0 27April 0.0 18 982. 9

44.5 35.8 40.9 -1.8 56.0 8 11.0 31 748.1May

49 3 41 4 46 3 -1 6 61..0 11 11 8 30 561.0June

60.9 51.4 57.0 4.7 75.0 6 16.7 1July 248.8

August

September 51.8 42.5 48,0 -2.6 57.0 19 8.2 30 510.6

746. 6October 43.6 37.2 40.9 -3.7 50.0 12 4.0 31

846.6November 39.1 33.6 36.8 -2.2 46.0 8 12.3 1

December 35.1 29.1 32.4 -2.5 40.0 25 10.3 1 1010.9

117

Ave.

Max.
Ave.

Min.
Dif. Date Date Degree

Ave. Norm. Max. Max. Min. Min. Days



CAPE HZNCHINBROOK

Surface Air Temperature  'F!

1973

0.0 2 1224.8January 28.3 21.6 25.5 -7.S 37.0 8

0.0 13February 33.5 25.2 30.3 -3.4 38.0 25 971. 1

March 34. 8 27.1. 32. 1 -2. 3 41. 0 24 0.0 29 1019.5

April 39.4 31.6 36.2 -1.6 48.0 22 865.46.8 30

44. 5 37. 8 41. 3 -l. 4 53. 0 14 733.412.0 1May

52.3 43.4 48.3 0.4 64.0 12 15.0 I 500. 0June

0.0 1355. 1 45. 5 51. 8 -0. 5 60. 0 24 410. 6July

August 56. 0 46. 4 52. 3 -1 ~ 7 64. 0 17 392,10.0 1

September 51.3 41.7 47.7 � 2.9 57.0 3 0.0 9 519. 8

October 43.7 36.9 40.9 -3.7 51.0 1 15.7 1 148. 4

0.0 25 1034.9November 33.5 26.4 30.5 -S.5 43.0 1

December 35.7 29.3 33.3 -1.6 41.0 27 983. 60.0 30

Ave. Ave. Dif. Date Date Degree
Month Max. Min. Ave. Norm. Max. Max. Min. Min. Days



CAPE HINCHINBROOK

Standard of Time

150th Meridian

1971

Month 02 08 20

January 93. 5 93. 3 93.4 93.9

February 96.8 95.2 96.8 97.6

95.4 93.2 94.990. 5March

April 96. 2 92. 1 94.891. 0

91. 6May 95.3 93.6 93.8

95.1June 95. 5 94.9 97.9

July 89. 092. 3 90. 3 90. 0

94. 1 89. 2August 90.3 92.8

September 89.1 88 ' 0 85.183.9

October 85.8 86.4 82.6 82.3

83.2 76.2November 83.1

December 78.1 77. 9 80. 1 77.5

119

Relative Humidity �  Averages %!



Standard of Time

150th Meridian

1973

14 2002 08Month

89.288. 4 85.283. 9January

87.2 87.686. 0February 92.2

93.4 93.293. 5March 90.1

93. 797. 8April 95. 1

94. 197.395. 3 97. 9May

82.586. 6June 92.2

-2. 0July 90. 0 91. 5

86.3 86. 090.4August

88.8 85. 891. 5 92. 1Sept ember

84. 885.8 84.5October 91.1

80. 9 79.8 79.5November

89.1 90. 8 88.0 85. 9December

j20

CAPE HINCHINBROOK

Relative Humidity �  Averages %!



CAPE HINCHINBROOK

Standard of Time

150th Meridian

1972

Month 02 08 20

94.9 92.3January 93. 5 93. 5

100. 0February 102.9 99.4 100.0

March 82.7 80.8 85.9 82.2

April 79.3 81.1 80.2

89. 6 90.889.9May

90.2 86.9 88.191.1.tune

85 4 85. 588 7 82. 6.fu1y

August

80.5 82.5September 80. 0

87.8 82.7 89. 3October 88.4

85.6 80.8 81. 183. 0November

84.8 79.4 81. 186. 4I!ecember

121

Relative Humidity �  Averages R!





APPENl! IX 3

Prince Wi!liam Sound

S ta tio» La cat io ns





COF

PFI

PGR

ORB Orca Bay PNJ

HIE KIP

COT MOS

UNI PEP

PRINCE WILLIAM SOVND

STATION NAMES

Valdez Arms

Port Fidalgo

Port Gravina

Hinchinbrook

Entrance

Columbia Bay

Unakwik Inlet

College Fjord

Port Wells

Wells Passage

Port Nellie Juan

Knight Island
Passage

Montague Strajt

Perry Passage



006

012

013

014

015

016

017

12 >

PWS � Station

VAA 001

PFI 002

PFI 003

PFI 004

PGR 005

PGR 007

PGR 008

ORB 009

ORB 010

HIE 011

COL 018

UNI 019

UNI 020

UNI 021

PRINCE WILLIAM SOUND

STATION LOCATION

Latitude 'N

60 50.0

60 46.0

60 47.8

60 51.3

60 37.4

60 32.5

60 41.7

60 37.4

60 33.3

60 35.4

60 19.0

60 27.0

60 35.0

60 27.0

60 36.0

60 42,0

60 47.0

60 56.0

60 53.0

60 58.0

61 03.2

147 01. 0

146 45.5

146 26,0

146 13.0

146 36.0

146 36.0

146 13.0

146 24.8

146 12.8

145 58.7

146 49 ' 0

146 54.0

146 55.0

147 11.0

147 14.0

147 00.0

147 13.8

147 06.0

147 32.0

147 34.0

147 33.4



022

023

028

032

033

D35

038

039

040

041

044

045

046

COF 024

PWE 025

PWE 026

WEP 027

PWE 029

PNJ 030

PNJ 031

KIP 034

KTP 036

MOS 037

HIE 042

HIE 043

60 46.5

60 43.2

61 10.5

60 55.8

60 47.5

60 46.3

60 40.5

60 42.8

60 34.2

60 32.2

60 31.1

6D 33.4

60 18.0

60 16.3

60 05.6

59 58.8

60 16.2

60 15.5

60 26.8

60 28.0

60 18,5

60 19.7

60 33.7

60 35. 6

60 41.8

147 32. 5

147 47.0

147 49.5

148 11.2

148 24.0

148 07.5

147 41.0

148 21.0

148 12.9

148 32.1

147 47.2

147 30.6

147 59.0

147 36.0

147 48.8

147 50.5

147 38.6

147 33.0

147 02.8

146 45.4

146 51.9

146 45.7

146 45.6

147 04.8

147 10.0

127



047

048

049

050

051

055

056

057

058

060

062

146 52.8

146 45.9

146 39.7

146 23. 1

60 55.1

61 00.3

61 04.4

61 06.4

128

PGR 052

ORB 053

PWE 059

PFP 061

KIP 063

MOS 064

Port Valdez Region

VAA 101

VAA 107

PVN 114

PVA 139

60 43.0

60 49.6

60 45.2

60 46.0

60 49.2

60 34.5

60 35.3

60 38.8

60 46.1

60 46.0

60 44.4

60 39.9

60 54.6

61 04.4

60 40.2

60 31.5

60 07.8

59 57.1

146 50. 0

147 11.0

147 16. 2

147 26.2

147 26.5

146 24. 0

146 12.8

146 52.8

147 01.6

147 38.6

147 33.3

147 35.5

148 8.5

147 58.0

148 02.0

147 51.8

147 47.0

147 47.6



PRINCE WILLIAM SOUND

OLD STATION LOCATION

Latitude 'N Longitude 'WPWS � Station

155

156

The following cruises occupied these stations as part of 1971

Port Valdez environmental study.

Cr~ise 113

Cruise 117

Cruise 123

Cruise 125

Cruise 131

! 29

60 30.0

60 34.8

60 50.0

60 48.5

60 44. 6

60 40.0

May 1971

July 1971

October 1971

December 1971

April 1972

147 10.9

146 55. 0

147 00.8

147 16. 2

147 02.7

146 45.0
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Cruise

Date

No.

Station

]33

001

002

003

004

005

006

007

008

009

010

011

012

013

014

015

016

017

018

019

020

021

022

023

024

025

026

027

028

029

030

PRINCE WILLIAM SOUND

CRUISE SUMMARy

March June Sept. Dec. Jan. March May
1972 1972 1972 1972 1973 1973 1973

129 137 141 147 153 159 164



03]

032

033

034

035

036

037

038

039

040

041

042

043

044

045

046

047

048

049

050

051

052

053

054

055

056

057

058

059

060

061

062

063

064

l34



VAA 101
VAA 107

VAN 11.3

PVN 114

PVA 139

PVA 172

X X X
X X X

CRUISE SUMMARY

Cruise May July
1971 1971

113 117

Dare

No.

Station

135

PWS 1

PWS 2

PWS 5

PWS 6

PWS 155

PWS 156

KIP 6

PWS 001

PRINCE WILLIAM SOUND

October December April
1971 1971 1972
123 125 131




