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EXECUTI VE SUMVARY

EG&G Washington Analytical Services Center, Inc. (EG&G),
conducted a multidisciplinary environnental neasurenent program
of the Yukon River Delta during the summers of 1985 and 1986 for
NOAA/NOS in Anchorage, Al aska. The study area covered the | ower
Yukon downstream of Pitkas Point (St. Marys), the entire Delta
region, and the nearshore areas around the Delta. A total of
five 2-week field trips were made for purposes of in-situ field
nmeasurenments and servicing of current/water-level noorings and
net eorol ogi cal stations, which were installed to provide tine
series records of various physical paraneters. Emmonak was used
as a staging site because of its location near the center of the
Del t a. NOAA provided a 25-foot boat for the field work, and
additional support for transport of fuel and equipnent was
obt ai ned from a NOAA helicopter and crew stationed in Emobnak.

The primary objective of the investigation was to study the
maj or physical processes of the Yukon Delta region, including
river bathymetry, discharge, sedimentology, nearshore currents,
tides, water properties, storm surge, and neteorol ogy. Ext ensi ve
anal yses of each neasurenent type have yielded interesting, quan-
titative descriptions of each physical process from this vast,
nat ur al envi ronnent . These results also represent a valuable
data source for later studies of pollutant transport in the
fragil e ecosystem of the Delta.

The bathynetric survey of the |ower Yukon reveal ed a conpl ex
system of erosional channels extending from Pitkas Point to the
Delta shoreline. Maxi mum depths across river transects ranged
from 27 to 97 feet, the deepest channels being situated where the
river was constricted or adjacent to the bank at |arge neanders.
The mmjor channels are expected to persist for nany years,
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whereas the bars, shoals, and “cut banks” are continuallybeing
altered by erosion and deposition.

Vel ocity profiling surveys and noored current neasurenents
reveal ed strong currents and extensive vertical and horizontal
shear throughout the |ower Yukon and within the three major Delta
di stributaries. The maxi mnum observed current speed of 180 cm/sec
was neasured in Kwikluak Pass during Cctober 1985, Ri ver
di scharge estimates derived from the velocity profiling surveys
denonstrated the climatological trend of peak discharge shortly
after ice-breakup in early June, followed by a gradual decrease
t hrough the sumer and early fall. Di scharge neasurenents ranged
from 9,000 to 14,000 m3/sec for the four summer profiling
surveys.

The strong summer discharge of the Yukon effectively
dom nates the flow and water properties in the nearshore areas
surroundi ng the Delta. oservations indicate that saline water
from the Bering Sea did not penetrate into the nouths of the
major Delta distributaries during the sumrers of 1985 and 1986.
Ccean tides do affect the water level and current speeds wthin
the distributary nouths, but the tides are not able to reverse
the flow during the sumrer periods of strong discharge. Measur e-
ments were not made during the period of weak river discharge
(fall through spring), but hydraulic calculations indicate that
salt water may penetrate a distance on the order of 10 km up-
stream within the mmjor distributaries, via the process of a
stratified salt-wedge intrusion.

The major fraction of the Yukon discharge flows through
Kwikluak Pass and into the Bering Sea via South Muth.  During
summer and early fall when discharge is strong, the flow through
South, Mddle, and North Muths is,proportioned as 66% 26% and
8%, respectively. This indicates that nearshore regions to the
west of the Delta receive the greatest contribution of fresh,
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sedi ment -1 aden Yukon waters, whereas the area to the north of the
Delta receives nuch less fresh water.

Current measurenments along the Delta front (at two sites
|ocated 15 nm west of the Delta) revealed diurnal and semi-
diurnal, oscillatory tidal currents of 40 to 80 cm sec anplitude,
and a northeastward, shore-parallel drift of roughly 12 cm/sec.
This | owfrequency, alongshore current is apparently related to
t he southwesterly w nds which prevail during the sunmer nonths.

During sunmer, suspended sedinment concentrations within the
| ower Yukon exhibited |arge tenporal fluctuations. Concentr a-
tions varied from roughly 160 to 475 mg/1, with no apparent
relationship to discharge estimtes; however, at any given tineg,
suspended concentrations were relatively constant throughout the
Delta region. During summer, turbid, freshwater plunes enmanate
from the nouths of the three nmajor distributaries, and often
reach distances of 10 to 15 nm from the Delta shoreline. Along-
shore advection, tidal processes, and turbulent mxing cause the
i ndi vidual distributary plunmes to spread over the Delta platform,
with the result that the turbid waters sometimes enconpass the
entire Delta. Patches of relatively clear water have been
observed between the distributary nouths by other field investi-
gators and from satellite inmagery, but these features were not an
obj ective of the present study.

W suspect that sedinents within the surface plune and in
t he pronounced near-bottom turbidity |ayer are advected northward
of the Delta and into Norton Sound and the eastern Bering Sea.
This hypothesis is consistent with northward progradation of the
Delta and the northward migration of salnmon snelt, which are
expected to remain within the Yukon plunme as |ong as possible.
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1. | NTRODUCTI ON

1.1 PROGRAM OVERVI EW

EG&G Washington Analytical Services Center, Inc., Oceano-
graphic Services (EG&G), under contract to the NOAA National
Ccean Service, conducted a nultidisciplinary field investigation
of the Yukon River Delta in northwest Al aska during the summer
and early fall of both 1985 and 1986. This program identified
as the Yukon Delta Processes: Physi cal Oceanogr aphy  ( NOAA
Research Unit 670), was admnistered by the Quter Continental
Shel f Environmental Assessnment Program (OCSEAP) O fice of NOAA/
NOS in Anchorage, Alaska, with contractual support from the NOAA
Western Administrative Support Center in Seattle, Wshington.

The study area extended downstream from Pitkas Point, over
the entire Delta and surrounding nearshore regions (Figure 1-1).
Pitkas Point is located approxinmately 100 km upstream from the
mouth of the river, at the confluence of the Yukon and Andreafsky
Rivers. The entire study area enconpasses roughly 5,000 sgq km of
the Yukon Basin, and a distance of 200 km along the nmin course
of the Yukon River and its three major distributaries. In addi-
tion, a limted program of hydrographic stations and noorings was
conducted to a distance of 30 km offshore of the western Delta.

The field measurenent program consisted of five 2-week field
trips during the sumrers of 1985 and 1986. NOAA' s specification
for a summer neasurenent program was based upon two factors:
first, during spring, ice breakup prevents safe travel and
instrunent deploynment in the river. Since breakup generally
occurs in late May or early June, equipnent deploynent could not
be scheduled wuntil m d-June. The second factor Ilimting the
length of the field neasurenments was prinmarily |logistical and
related to weather conditions. In Cctober, air tenperatures on
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VKON DELTA

St Marys
_ p.n&w
— 0 25 NM -
l ) 4. e A J
! | | 1
165° 164*
Figure 1-1. The study area of the Yukon Delta Physical

Cceanography  Program which extends downstream from Pitkas
Point, over the entire Delta region, and into the nearshore
areas surrounding the Delta.
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the Delta are well below freezing, and ice formation begins
rapidly within the river and nearshore regions around the Delta.
Smal | boat travel on the river becones difficult, and helicopter
transport is often restricted due to icing and frequent storns.
Thus , it was necessary to curtail all field nmeasurenents by early
Cct ober . The possibility of subsurface nooring deploynment over
the ice-covered wnter period was investigated and deened
possible, but funds for such deploynments were not available
within the existing contract.

The first Yukon Delta field trip commenced in late July
1985, 2 weeks after award of contract. As discussed in detail in
Section 2, current neters, tide gauges and neteorol ogical
stations were deployed, and an extensive bathynetric survey was
conducted along 100 km of the |ower Yukon. In | ate August 1985,
current noorings were serviced and hydrographic sanpling was con-
duct ed. During the third field trip in early October 1985, all
noored equipnent was retrieved and stored for use during the
followng year. The fourth field trip wasnade in md-June 1986.
This trip was scheduled shortly after ice breakup in order to
observe the maxi mum river flow, however, the NOAA-provi ded vessel
was committed to the field party conducting a fisheries investi-
gation of the Yukon Delta (NOAA Research Unit 660).
Consequently, the earliest river flow neasurenents were nmade
roughly 3 weeks after breakup. The fifth and final field trip
was originally planned for July 1986, but was noved to |ate
August in order to extend the neasurenent program and allow
conparison of results from August of consecutive years.

The field neasurenent conponent of the Yukon Delta program
was highly successful. COver the 2-year field program 11 subsur-
face «current/tide nmorings were deployed and successfully
recovered without loss of a single instrunment; bathynetric and
hydr ographi ¢ surveys were conducted with excellent results; and
nmet eorol ogical stations were maintained in renote areas. Thi s

357



success was due to the excellent |ogistical support from NOAA s
OCSEAP office, as well as from the NOAA helicopter pilots who
provi ded transport of personnel and equipnment to various sites
around the Delta.

Field operations were based in Emonak, wth shipnment of
equi prrent from Anchorage via St. Marys. Field activities were
described in trip reports submtted to NOAA follow ng each of the
five field trips.

Basic results from the 1985 field neasurenents were
presented in a Md-Program Progress Report submtted to NOAA in
March 1986. This Final Report presents the field observations
and analysis results from both years of the program A 9-track
data tape containing all current, tide, neteorological, and
hydrographic data collected by EG& was presented to NOAA at the
conpl etion of the program

1.2 PROGRAM OBJECTI VES

The NOAA OCSEAP Office, established under agreenent between
NOAA and the Departnment of Interior’s Mnerals Managenent
Service, has the responsibility of obtaining the scientific data
and information needed to predict environnmental disturbances that
may be caused by oil and gas devel opnent offshore Al aska.
Concern for the Yukon Delta is high because the Yukon supports a
maj or salnon fishery, while the Delta |ow ands represent a nest-
ing area for nunerous species of magratory waterfow . There is
particular concern that pollutants and oil spills originating at
devel opnent sites or along offshore transportation routes nmay be
transported upriver and seriously danage the fragile marine envi-
ronment . There are a nunber of physical processes which could
cause or facilitate such transport: the gently sloping topog-
raphy; occurrences of storm surge; suspected salinity intrusion;
onshore wind stress and. sea breeze; and the heavy |oad of sus-
pended sedi nent.
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The primary focus of the program was to obtain field nea-
surenents and conduct scientific analyses which describe the
temporal and spatial scales of physical processes that could
affect the transport of released pollutants in the vicinity of
the Delta, its mjor distributaries, and adjacent coastal
regions. It is anticipated that these results will provide the
physi cal characterization of the Delta that is greatly needed for
nunerical nodels of flow in the Yukon and in nearshore regions
around the Delta, as well as background information for fisheries
habi tat studi es.

An extensive nmnultidisciplinary nmeasurenent program was
designed to obtain the foll ow ng physical neasurenents:

e bathynetric profile data at closely spaced river tran-
sects to determine river cross-sectional area for trans-
port estimates and nunerical nodel generation;

e current data from the Yukon and nearshore areas to deter-
mne river flow and offshore transport processes;

e water-level data from upstream in the river, at the
nmouths of the distributaries, and offshore to nonitor
river height and determne the effect of tides and storm
surge on the Delta;

e velocity profile data from river transects to determ ne
vertical and horizontal shear and river discharge;

e tenperature, salinity, and density data from the near-
shore areas and distributary nouths to determ ne whether
seawater can enter the distributaries by neans of
estuarine circul ation;

e neteorological data from sites on the Delta for identifi-
cation of sea-breeze and synoptic-scale neteorologica
processes; and

e suspended and bottom sedinent data from within the river
and the nearshore areas to determ ne |arge-scal e sedi nent
characteristics and affinity for hydrocarbon pollutants.
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The neasurenent results are discussed as separate physical
processes in Section 3, and then synthesized in Section 4 for
identification of Ilikely pollutant transport processes on the
Yukon Del ta.

1.3 YUKON DELTA PHYSIOGRAPHY

The physical characteristics of the Yukon Delta have been
described in detail by previous investigators: Dupre and Hopkins
(1976) describe the geological characteristics of the Yukon-
Kuskokwim region wth enphasis on norphology and sedinent
zonation, LG (1984) presents a general discussion of Delta
characteristics based upon an extensive literature review, Jones
and Kirchhoff (1976) offer an interesting view of Iliving
resources on the Delta; and Envirosphere (1986) presents recent
observations which identify |ocal fisheries and preferred
habitats around the Delta. Since these references provide a
broad characterization of the Delta region, only a  Dbrief
description of the Delta and the |ower Yukon is provided here in
order to describe the length scales and environnmental conditions
of the study area.

The Yukon River is one of the major rivers in North Anerica.
Its Delta flood plane extends over an area of western Al aska that
is the equivalent size of the state of New Hanpshire. The extent
of this Delta was traversed by the EG&G field cewby helicopter
and boat. The perspective of the Delta provided by the heli-
copter is that of a broad, gently sloping flood plane, beginning
at the foot of the Andreafsky Hlls at the town of St. warys and
continuing northwest, with no topographic I €l i ef , to the Bering
Sea. From the vantage point of 5,000 feet, the |andscape appears
to be dominated by the broad, main channel of the river, and nmany
side sloughs and oxbow |akes. Mdway between St. Mirys and the
coastal village of Emonak, the river w dens and branches into
distributaries. Here, the flood plane broadens and the nunber

360



of sloughs and interlocking side channels increases dranmatically.
At the coast, the distributaries broaden and fan out through the
nunerous channels cutting through the nud flats and shallows of
the Delta platform Dupre (1980) describes this platform as
havi ng gentle slopes (1:1000 or |ess) and connecting the energent
edge of the Delta with the adjacent subnerged portion, the Delta
front. The turbid river water extends over the entire platform
and continues seaward over the Delta front in plunes that reach
out into the Bering Sea.

An appreciation of the enormty of the lower area of the
Delta is realized from the perspective of a boat. The many
interl ocking sloughs and side channels reveal a typical riparian
environment dom nated by alder and willow, and intermxed wth
expanses of grassland and tundra vegetation. Al along the main

channel , di stributaries, and sloughs, the process of erosion is
evi dent . Strong flow at large river neanders causes steep ‘cut
banks’ and erosion which contribute considerable tree and bush
vegetation to the debris carried dowriver. Al so evident are the

bars and shoals which occur in the mddle and to the sides of the
maj or channel s and sl oughs. These subsurface features are rarely
evident from a helicopter because of the opaque, sedinent-Iaden
river water. The presence of bars, shoals, and channels was
di scovered by the boat crew during the bathynmetric surveys and
the frequent transit between sanpling stations.

In the nearshore area of the Delta, several other bathy-
nmetric features were also noticed by the field crew when using
t he echo sounder to navigate. Boat navi gation over the subnerged
portion of the Delta was often conplicated by the narrow,
shallow, wi nding channels present over the Delta platform
During tinmes of low water large portions of the platform become

exposed mud flats, and passage was extrenely difficult. The
Delta platform extends approximately 12 to 15 mles offshore to a
point where the bottom begins to slope gently seaward. Thi s
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sloped transition zone constitutes the Delta front. Fart her
of fshore is the prodelta, which extends up to 60 mles seaward to
the edge of the deltaic sedi nents (Dupre, 1980).

1.4 YUKON DELTA CLI MATOLOGY

Met eorol ogi cal data, consisting of wind speed and direction,
air tenperature, and baronetric pressure from the Yukon Delta,
were collected by EG&G during the summers of 1985 and 1986.
These neasurenents and data from governnent-operated weather
stations at Emmonak, St. Marys, Unalakleet, and Cape Ronmanzof are
presented in Section 3, along with a discussion of the dom nant
nmet eorol ogi cal processes in the vicinity of the Delta. Si nce
these data represent only the sunmmer season during 2 consecutive
years, a brief summary of climatological conditions encountered
on the Delta is presented here for conparison with the recent
observati ons. These data have been extracted primarily from two
sources: The dimatic Atlas of the Bering Sea Region (Brewer et
al., 1977) and _The Alaska Mrine lce Atlas (La Belle et al.,
1983). These atlases include data from approximately 1948
t hrough 1974, depending upon the reporting station.

The Yukon Delta, located on the 63rd parallel, receives
extended daylight during the summer nonths. The duration of
dayl i ght reaches a maxi num of 20.5 hours on the sunmer solstice
(21 June) and decreases to 11.5 hours on 1 Cctober. This was
beneficial for the field operations during the Yukon Delta
Program because navigation within the river distributaries and
sloughs is extrenely difficult during darkness. Wnter opera-
tions on the Delta would be hanpered by the limted daylight
hours, which reach a mninmum of 4.7 hours on the wnter solstice
(21 Decenber).

Mean nonthly air tenperatures on the Delta range from a high
of 10°9C in July and August to a low of -14°C during the wnter
nont hs. Monthly nean tenperatures for the Delta (conputed as an
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average of observations at Unalakleet and Cape Romanzof) and the
extrenme mninum and maxi num observed values for each nonth are
presented in Table 1-1. For the period June through Septenber,
extrene tenperatures can range from -1 to +18°C (map set nunbers
in Brewer et al., 1977). These extrenmes are underestinated,
because a nmaxi mum tenperature of 27.8°C was observed at St. Marys
during md-July 1985 (during the first Yukon field trip). Al r
tenperatures will be discussed further in subsection 3.6.

Baronetric pressure in the Yukon Delta region is primrily
governed by the large-scale pressure field that domnates the
Bering Sea and Gulf of Al aska. During the period from Septenber
t hrough April, |owpressure centers can be found over the Al eu-
tians, in Bristol Bay, or in the Gulf of Al aska. As indicated in
Table 1-1, nonthly nmean pressures on the Delta range from 1,004
to 1,014 mb during the period from Septenber through April.
During the summer, the large-scale pressure system relaxes, but
mean nonthly pressures on the Delta remain between 1,009 and
1,013 mb. These neans do not, of course, represent the extrenes
experienced during the passage of extra-tropical storns.

In correspondence with the pressure field, the |arge-scale
wind field is also governed by the |ow-pressure system that
normally lies near the Al eutians. Mean nmonthly wind statistics
from Unalakleet and Cape Ronmanzof (Table 1-2) illustrate very
steady conditions except during the summer nonths. At
Unalakleet, easterly winds prevail from Septenber through way and
scalar nean speeds range from 85 to 13.8 knots. At Cape
Romanzof, prevailing wnds are from the northeast during the
peri od Septenber through June, and scalar nean winds are slightly
greater than at Unalakleet (8.4 to 14.8 knots). During the
summer at both sites, winds reverse direction and weaken
slightly. Wnd directions on the Delta closely resenble those at
Cape Romanzof (southerly during summer) due to the simlar
orientation of the coastline and proximty to the Bering Sea.

363



Yot

Table 1-1.

Mont hly nean

nmet eor ol ogi ca

determ ned by averaging statistics for

Br ewer
and

et al.

(1977).
maxi num extrene
Unalakleet cover

air

extend from 1953 through 1968.

Val ues are given for
t emperature,

the period 1948 through 1974,

statistics
Unalakleet and Cape Romanzof,
mean nonthly air

for

t he

and barometric

Yukon

Delta

as given by
t enper at ur e,
pressure.
while data

regi on

m ni num

Data from

from Cape Romanzof

Month
J F M A M J J A S 0 N D

Mean -13 -14 -12 -6 +2 +7 +10 +10 +7 +1 -5 -14
Air
Temp Min -31 -33 -31 -22 -11 -1 +3 +5 +1 ~-10 -18 -28
(°c)

Max +2 +2 +2 +5 +11 +14 +18 +16 +14 +8 +3 +1
Pressure (rob) i0o11.5 1009.6 1013.7 1012.5 1011.6 1012.5 1012.3 1009.0 1007.8 1004.0 1005.0 1008.6




S9=

Table 1-2.

Br ewer

et

Mean nonthly wind statistics
Val ues are given

al .

(1977).

f or

scal ar

from Unalakleet and Cape Romanzof
nmean w nd speed,

from
prevailing

wind direction (+22°), and the percent frequency of occurrence that the wind |ies
W thin the prevailing w nd direction.

Unalakleet

Scal ar Mean

Speed (kt)
Prev. Dir.

Z Frequency

Cape Romanzof

Scal ar Mean
Speed (kt)

Prev. Dir.

Z Frequency

Mont h
J F M A M J J A S 0 N D
13.8 13.1 11.8 9.8 8.5 8.3 8.7 ) 9.9 11.0 13.2 12.5
E E E E E SW w E E E E E
54 48 43 30 24 22 20 24 34 42 55 53
14.5 14. 8 12.8 13.3 10.3 8.4 8.0 .2 10.7 11.4 13.7 14.5
NE NE NE NE NE NE SW S NE NE NE NE
27 33 28 25 27 23 21 22 28 30 29 33




The Yukon Delta coastal region is also influenced by a
thermally driven mesoscale circulation (sea breeze) during the
sumer  nont hs. A detailed description of the Yukon Delta sea
breeze systemis given in subsection 3.6.

Extrene wind speeds occur episodically on the Yukon Delta
during the passage of Bering Sea extra-tropical storns. These
storns are nore frequent during mid- to late fall; during this
time period, storms may occur as frequently as three to five
ti mes per nonth. Storm wi nds nmay cause severe coastal fl ooding
of the Delta, as discussed in subsection 3.6.

The Delta region is normally subjected to 20 inches of rain
and 40 to 80 inches of snowfall on an annual basis. Climato-
logically, precipitation is observed roughly 35% of the days
during the year, with a nmaxi mum occurrence of 60% in August and a
m ni mum of 25% during w nter nonths. Simlarly, cloud cover
exhibits a maxi num in August (75% probability on a given day) and
a mnimum probability of 40% during February and March when air
tenperatures are extrenely |ow Snowfall, during the 9-nonth
period from fall through spring, occurs with a daily probability
of roughly 15%

Sea ice surrounds the Delta region during winter nonths, as
illustrated in maps of the climatological ice-edge |ocation,
which are presented in The Alaska Marine lce Atlas (La Belle et
al., 1983). In md-Cctober, no ice is observed around the Delta,
but by md-Novenber, there is a 40% probability that sea ice is
present at the Delta front. Bet ween m d- Decenber and md-April,
ice is always present, but ice concentrations may range from
70 to 100% The shorefast ice in the Yukon Delta region extends
much farther offshore than in any other coastal region of the
Sound (Muench and Ahlnas, 1976; Ahlnas and Wendler, 1979) due to
t he shal |l ow topography of the Delta platform

In general, the ice cover offshore of the Delta (beyond the
shorefast ice) persists until April or May and consists primarily
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of loose pack ice with thicknesses ranging fromO0.7 to 1.2 neters

(Thor and Nel son, 1981). lce breakup in May is illustrated in
the ice atlas by ice concentrations of 50 to 60% during this
peri od. By md-June or early July, the Delta region is normally

ice free. The available ice atlases do not provide infornmation
on ice cover in the |lower Yukon, but discussions wth |ocal
i nhabi tants suggest that the cycle of river ice is nearly the
sane as that of sea ice around the Delta shoreline.

Wth the extensive ice cover in the Bering Sea during three
seasons of the year, sea-surface tenperature neasurenents are
spar se. The climatological data of Brewer et al. (1977), which
cover the period from May through Cctober, indicate that nean
sea-surface tenperatures in the vicinity of the Yukon Delta range
from a mninmnum of 0.5°C in May to a nmaxinmum of 11°¢c in July.
Mimimum tenperatures in sumer are roughly 5°C, whereas those
during ice cover can approach -1.8°c. Maxinmm observed sea-
surface tenperatures of 16°C have been observed in July, but
wi thout corresponding salinity data, one cannot be sure that
these extremes were not a result of relatively wamriver out-
flow, rather than warm ocean water.

The only intensive hydrographic survey in the vicinity of
the Yukon Delta was conducted in Norton Sound during the period
1976 through 1978 (Muench et al., 1981). Summer (1976 and 1977)
hydrographic profiles were conducted from a vessel, and wnter
profiles (1978) were made through the ice from a helicopter.
Al though all stations were nade at |east 40 km from the Delta,
t hese neasurenents are useful for identification of oceanic water
properties and the lateral persistence of Yukon R ver water. The
sunmer neasurenents revealed a broad layer of warm lowsalinity
water that was associated with the Yukon R ver. The spatial and
tenporal variability of hydrographic properties within this sur-
face layer was high; during three sumer surveys, surface proper-
ties over the Sound ranged from 6 to 16°C and 16 to 31 ppt.
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Near - bottom water properties exhibited sonewhat |ess variability
because they were isolated fromriver effluent by a strong pycno-
cline; bottom properties ranged from 1 to 9°C and 26 to 34 ppt
during sumer throughout the Sound.

During winter when the Sound is ice covered, the region is
nearly isothernmal and near the freezing point (-1.6°C in 1978).
Wnter salinities also exhibit nuch less vertical and horizontal
variability than during sumrer nonths: salinities ranged from
30.0 to 31.6 ppt over the entire survey during February 1978.

Al t hough these observations from Norton Sound do not
represent an extensive census of hydrographic properties around

the entire Yukon Delta or for all seasons, they do illustrate
seasonal variations in vertical structure, property variability,
and Yukon River influence. Further discussion of water proper-

ties is given in subsection 3.5.

Wave observations during the open-water season in the Bering
Sea and Norton Sound indicate that waves are generally small in
the vicinity of the Yukon Delta. The percent frequency of occur-
rence of wave heights less than 1.5 m are: 95% in My, 65% in
August and Septenber, and 45% in Cctober. H gh w nds acconpany
the extra-tropical storns in fall and winter, but ice cover often
precludes extrenme wave conditions. Map set 16 of Brewer et al.
(1977) indicates that from Decenber through April, nean ice
concentrations to the west of the Delta exceed five-eighths con-
centration, and the percent frequency of occurrence of wave
heights less than 1.5 m exceeds 90% Thr oughout the open-water
season, the probability of waves greater than 3.5 m is |less
than 5%

Climatological aspects of the Yukon River, such as river
tenperature, water |level, flow characteristics, river ice, and
storm surge on the Delta, are addressed in the discussion of
results presented in Section 3.
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2. FIELD MEASUREMENTS

2.1 LOGE STICS AND FI ELD OPERATI ONS

Detailed planning and |ogistical coordination were required
to successfully execute the field program on the Yukon Delta.
The EG&G facility in Anchorage served as the base for staging the
field trips, and M. Stephen Pace was responsible for all plan-
ning and |ogistical coordination with NOAA operations personnel
| ocated in Anchorage. Wile in the field, the base of operations
was |ocated in the coastal village of Emonak, proxinmally | ocated
to the three major distributaries on the Delta. At the field
base, daily coordination was naintained with the NOAA field
representative for scheduling boat and helicopter use.

The transportation of personnel and equipnent between the
Anchorage staging facility and the Emmonak field base was accom
plished via St. Mrys, Al aska. Al project equipnent and
personnel were transported between Anchorage and St. Marys via
commercial air carrier; the transportation |link between St. Mrys
and Emmonak was supplied by a NOAA Bell-205 helicopter and a
commercially operated Cessna Caravan aircraft.

Fi el d neasurenents were conducted within the Delta and al ong
the nearshore Delta platform using a 25-foot NOAA supply vessel,
with support from the NOAA helicopter. U S Coast Guard-
qual ified EG&G personnel operated the vessel on a daily basis out
of Emmonak, except when great distances and |engthy observation
periods dictated living on the vessel. During these extended
periods of operation, scheduled radio contact wth the NOAA
hel i copter provided a safety net in the event imediate assist-
ance was required. The helicopter functioned as the critical
l[ink in the net, supplying the EG&G field team with spare parts
and extra fuel for the vessel, transferring scientific equipnent

369



and personnel to renote sites not accessible by boat, and
evacuating personnel in case of a nedical energency. The support
provided by the helicopter crew proved to be very useful during
all of the field trips, especially during the second year of the
program when a nenber of the field party incurred an injury and
had to be transported to a nearby nedical clinic.

As the primary observation platform in this program the
25-foot vessel was equipped to quickly transport bul ky |oads over
| arge distances under a variety of conditions ranging from the
swift currents, everpresent bars, and opaque waters character-
istic of the distributaries and of the upper Delta, to the wind-
chopped, shallow areas of the nearshore Delta platform The
vessel was nominally equipped with such navigation and commruni ca-
tions gear as an echo sounder, a Loran-C receiver, and a VHF
radi o. As a Coast @uard-approved vessel, it was also equipped
with the appropriate safety gear and a Zodiac raft. Addi ti on-
ally, EG&G outfitted the vessel with heavy ground tackle, stout
rigging, and survival and canping equipnent. This | ogistical
approach resulted in maximzing the data recovery during the
limted periods of boat availability.

Perform ng beyond contractual obligations, on the third
field trip EG&G's field personnel conducted a diving operation to
| ocate and recover an Aanderaa tide gauge that had been depl oyed
by another NOAA contractor. This instrunent was covered wth
debris and had to be dislodged before it could be raised to the
sur f ace. Wthout diver assistance, this instrument would have
been | ost.

For each of the field trips, a contingent of two or three
experienced EG&G scientists and/or field engineers was chosen in
order to provide the nost successful and cost-effective neasure-
ment program The selection of team nenbers for each trip was
based upon the nature of the work scheduled. For instance, the
personnel for the first trip were highly skilled in nooring
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depl oynents and bathynetric surveys, while those needed for the
second trip were expert at instrument checkouts and cTD profil es.
Addi tionally, nost of the team nenbers held U S Coast GQuard
licenses, and all were highly experienced in working at renote
| ocations and under adverse conditions.

2.2 SCHEDULE OF SAMPLI NG ACTIVITIES

As proposed, five field neasurenent trips were conducted on
the Yukon Delta: three during the sumer and early fall of 1985
(27 July through 3 Cctober), and two during the sumrer of 1986
(16 June through 23 August).

Each of the five field trips was scheduled around an 8- to
12—day period when the NOAA boat was avail able for EG&G use. The
schedule was established by NOAA to prevent conflicts of boat
usage between EG&G and another contractor who was sinultaneously
conducting a fisheries study of the Yukon Delta (NOAA Research
Unit 660).

Figures 2-1 and 2-2 present a summary of data collection
activities for 1985 and 1986, respectively. As evident from
these schedules, the various data categories included in the
Yukon Delta program are diverse and multi-disciplinary. The data
collection nethods, instrunentation and sanpling equipnent, and
anal ytical procedures used in the case of each data category are
described in detail in the follow ng subsection. The rationale
for sanpling |ocations and nunbers of neasurenents is presented
wi thin individual subsections of Section 3.

2,3 EQU PMENT AND PROCEDURES
2.3.1 Bathynetric Surveys

EG&G conducted an extensive bathymetric survey of the |ower
Yukon River over the <course of two field trips. The maj or
portion of the survey extended from Pitkas Point to Kwikluak
Mouth during the first field trip (July 1985) and consisted of
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s6river transects spaced at 2-mle intervals over the 90-mle
length of the river (see Figure 3-1). The second portion of the
survey was conducted during the fifth field trip (August 1986)
and consisted of 14 transects over the 30-mile length of Kwikpak
Pass downstream of Head of Passes (see Figure 3-2). EG&G al so
conducted several additional bathynetric transects in conjunction
with river discharge neasurenents. These additional surveys were
perforned at Kobolunuk, Lanent, Kwikpak, Aproka, Hamilton, Apoon
Pass, and Okwega Pass during the last four field trips.

On all bathynetric surveys, a Raytheon DE-719B fathoneter
was used for depth determnations and a Sitex-Codon Loran-C
receiver was used to determne the locations of transect termna-

tions. The orientation of each transect was kept roughly nornal
to the river channel by running the boat on line with range poles
established on the banks. Conti nuous analog records were

obtai ned from each transect, and 30-second annotations were nade
on the record while the boat was steamng across the river at a
constant speed. The Loran-C positions at the ends of the tran-
sects provided an accurate neasurenent of the length of each
transect. This technique was tested and verified for accuracy
during the first field trip using a Hew ett-Packard 3810B Tota
Station System
Surveys in connection with the river discharge neasurenents
were conducted with an Echotech depth sounder and the sitex
Loran-C receiver. In these cases, depths were recorded manually
at 5-second intervals while the boat proceeded across the tran-
sect |ine.
Efforts were also made to tie the bathynetric data to four
vertical controls located at:
63°902.0'N 163933.0'W
62C44.0'N 163°55.9'W
62°42.8 N 164936.5'W
62°05.1'N 163°932.3'W
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However, of the several markers found, many had evidently been
di sturbed since their original establishnent. W thout expensive
equi prent and nore field tinme allocated for this aspect of the
project, local vertical controls could not be effectively estab-
lished for the bathynetric data.

After the cruise, the strip chart records and navigation
logs were returned to EG&G's Waltham office for digitization and
quality <control. The first step in processing the bathynetric
data was to plot all Loran-C transect end positions on the exist-
ing USGS topographic maps (scales 1:633,360 and 1:250,000). This
was done for quality control of the navigation data, but it also
confirned field observations that many of the islands and shoal s
had changed |ocations and characteristics since the 1952 topo-
graphi c survey.

Analysis of the Loran-C data also revealed a significant,
yet constant, offset in the latitude and |ongitude positions that
were conputed from the lines of positions (LOPS) by the Loran-C
receiver. This offset of approxinmately 0.68 nm due west was
practically constant over the entire Delta, as verified by com-
parison with a few promnent |andmarks and positions obtained
fromthe inertial navigation system in the NOAA helicopter during
subsequent field trips. Aside fromthis offset, which was easily
corrected, the Loran-C proved to be the nost reliable nethod of
navi gati on on the Delta.

Al bathynetric records were nmanually digitized to |-foot
resolution at 30-second annotations, or nore often when the
bottom relief was changing slope rapidly. On constant, gradual
sl opes, the 30-second distance between annotations represented
approximately 350 feet (107 n) over the bottom \Were the topog-
raphy was rough, depths were digitized as often as 50 feet (15 n)
in the horizontal direction. Al bathynetric transects are
included in Appendix A of this report, and a discussion of their
maj or features is provided in subsection 3. 1.
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2.3.2 Mored Current and Water-lLevel Measurenents

Subsurface current/water-level noorings were deployed and
recovered principally to obtain tinme series data of river flow,
river height, and offshore currents and tides throughout the
1985-1986 open—-water seasons. O her time series data were col -
lected, including information on tenperature and conductivity at

sonme of the nporing sites.

The instrunentation consisted of several Neil Brown Instru-
ment Systens (NBIS) ACMHII acoustic current neters, two Aanderaa
RCM-4/5 Savonius rotor current neters, and three Aanderaa TG3-A
and WLR-5 pressure gauges. Al ACM-IIs were provided by NOAA
the RCMS and pressure gauges were provided by NOAA and EG&G. The
rel ease equi pnent consisted of four EG& 314- A acoustic rel eases.

The 1985 schedule and | ocations of noorings in the river and
on the Delta front are presented in Table 2-1, and graphically
illustrated in Figure 2-3. Since the scope of the project was
limted by the availability of nmoored equi pnent, the |ocations of
depl oynent sites were altered for the three deploynent periods.
Morings G1, G2, GC3 and CG4A were deployed on the first field
trip. Al of these noorings were successfully recovered in late
August during the instrument turnaround phase of the second field
trip. Moorings €-1 and C2 were redeployed on this trip, and a
third nooring was deployed at site c-4B. During the 1986 field
nmeasur enent program noorings C-1N, C-IS, C4C and C5 consisted
of a single deploynent extending from m d-June through m d-August

(Figure 2-4).
Instrument depths and local water depth for each of the
noorings are also presented in Table 2-1. Slight changes in the

current neter depths occurred between several deploynents due to
reconfiguration of the nooring conponents and snall changes in
nmooring |locations. These differences in sensor depths between
depl oynents nust be taken into account when interpreting the
current data because of the presence of strong current shear.
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Table 2-1. Summary of instrunmentation, water depths, and sanpling depths for
nmoorings deployed in the Yukon R ver and nearshore areas during the sumers of
1985 (two depl oynments) and 1986 (one deployment). Mooring locations are shown in
Figures 2-3 and 2-4.

1985 DEPLOYMENT

Mboring configuration Position

. Instrument Sampling Instrument Wat er Measurement Latitude Longitude

station Locat 1on Depl oynent Type Rate (min) Depth (m) Depth (M) Pecirod (north) (west)
c-1 Kobolunuk First ACM -2 1 11.6 17.7 2-21 Aug 62°04'32"  163°28'15""
First WLR-5 10 «.0 “.6 9-21 Aug 62°03' 49"  163°23’ 50"
Second ACM-2 I 9.5 15.9 21 aug-2 Ot 62°04'54" 163 °28' 40
Second TG3-A 15 13.1 15.9 21 aug-2 Cct. 62 °04' 54" 163°28'40"
c-2 South Mouth First ACM-2 1 13.0 16.2 30 Jul-18aAug 62°35" 15" 164°47'a8"
First TG3-A 15 9.1 10. 4 30 Jul-18 Aug 62°35'15" 164°67'48"
First RCM- 5 10 14.0 18.3 30 Jul-18 Aug 62°35° 19" 164°49'56"
Second ACM-2 1 10.1 18.0 28 Aug-28 Sep 62 °35'34" 164°50'55'"
Second RCM~4 10 13.4 18.0 28 Aug-28 Sep 62°35'34" 164°50'55"
Second TG3-A 15 15.2 18.0 28 Aug-28 Sep 62°35'34” '164°50'55"
c-3 Offshore First ACM 2 1 4.9 9.4 31 Jul-26 Aug 62°36’52" 165°32' 01"
South Mouth First TG-A 15 7.9 9.4 31 Juil-26 Aug 62°36’52" 165°32"01"
C-4A O fshore First RCM-4 10 6.0 10.1 31 Jul-22 Aug 63°02' 47"  165°13' 54"

M ddl e Mouth
C- 4B M ddl e Muth Second ACM-2 1 6.1 12.2 24 Aug-27 Sep 63°01'06” 164°22702”
Second RCM-5 10 7.0 12.2 24 Aug-27 Sep 63°01°04’1  164°22702”
1986 DEPLOYMENT
Mooring Configurate ion Position

I nstrument Sanpl i ng I nst runent Water Measurement Latitude Longitude

Station Location Depl oynment Type Rate (rein) Depth (m Depth (m) Period (north) (west)
CGIN Kobolunuk ACM-2 1 7.0 13.7 23 Jun-20 Aug 62°05'38" 163°31 '37"
WLR-5 10 9.8 13.7 23 Jun-20 Aug 62°05'38" 163°3] '37"
C-is Kobolunuk ACM-2 1 7.0 12.2 23 Jun-20 Aug 62°04" 12" 163°32' 25"
C-4C North Mouth ACM-2 1 4.0 7.3 26 Jun-17 aug 63°02' 39"  163°65' 25"
WLR-3 10 5.0 7.3 26 Jun~-17Aug 63°02'39" 163°45'25”

c-5 Lamont ACM-2 1 13.0 18.0 .27 Jun-18 Aug 62%3'01" 164°20'16"
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It is inportant to note that Aanderaa Savonius rotor current
neters greatly overestimate current speeds when noored wthin
regions of strong wave activity. The RCcM nmoored 6 m bel ow the
surface offshore of Mddle Muth (nooring C4A) may have over-
estimated currents during wave events greater than 2 m but in
t he absence of wave records, neaningful corrections to the record
cannot be nade. We suspect, however, that this wave-induced
noise in the present record is nmuch smaller than the 1-2 knot
current signal at nooring C 4A

The techniques of instrunent deploynent and recovery were
adapted to environnental conditions and the Ilimtations of the
smal |  boat. Robust noorings wth 3/8-inch galvanized wre,
I /2-inch shackles, 28-inch dianeter steel subsurface buoys, and
600- pound anchors were designed to wthstand currents up to
5 knots. The noorings were also designed for ease of deploynent
and recovery from the 25-foot boat which |acked equipnent for
lifting the anchors. The anchors were deployed off the boat from
a portable ranp, and the noorings were wusually recovered by
activating acoustic releases. On a few occasions, the release
mechani sns were fouled by bottom debris and the noorings had to
be recovered by grapling techniques. The design and techni ques
proved successful; all of the noorings were recovered wthout

| oss of equi pnent.

2.3.3 _River Discharge Measurenents

Current profiling transects were perfornmed during the |ast
four field trips for the purpose of neasuring river discharge
within the three major distributaries. Figures 2-5 through 2-8
illustrate the locations of profiling transects on each of the
four surveys. Transect locations were selected far enough
upstream to avoid contam nation by the effects of the tides. Data
were gathered regularly at Kobolunuk, Lanent, Kwikpak, and Aproka
Passes and at Ham | ton. Suppl ementary data were gathered during

380



63'

62°

ﬁOB e

N soD---

u +

St Mor
T pm Por
0 25'NM -
l 1 i L 1 I
| | | |
165° 164°
Fi gure 2-5. Locations of velocity profiling transects occupied

during the second Yukon field trip

381




63

62"

] J e ! |
N 1 oN SOUx,,
1 . P +§ Oﬁﬂr + + + +
H ) 1
(C YUKON DELTA oo
P TNe ' w0t
- + : it ‘| > 1
+
ﬁ\é:.
[ VELGOITY PROFILING TRANSECTS
! J |
165° 164"
Figure 2-6. Locations of velocity profiling transects occupied

during the third Yukon field trip.

382




63 + +

| / VELOOI TY PROFI LING TRANSECTS l

+ +
7
A
i
. /'
"0
& —_—
y (FC5]  (PcTH]

S A obolunuk St Ma
SR,
62° = :\pi'.mm
’ 25'NM -
I @ |
1 |
1o 164°
Figure 2-7. Locations of wvelocit rofiling transects occupied
; y p g

during the fourth Yukon field trip.

383




63

62°

Pl ! ‘

) .
o
2,
" %)
S
§

?UKON DELTA

Hnd‘ of Posses

— O

| | | |

165°

Fi gure 2-8. Locations of velocity profiling
during the fifth Yukon field trip.

384

transects occupied



selected field trips at Muntain Village, Kwikluak Pass, Kawanak
Pass, and at Kotlik. A transect at Muntain Village was used to
evaluate the effectiveness .of the neasuring technique by conpar-
ing results taken during the sane period at Kobolunuk.

Transects perfornmed at South and Mddle Muths during the
initial phases of the neasurenent program were not occupied on
subsequent trips because tidal effects nmade the data difficult to
interpret. Fl ow characteristics within the North Muth distribu-
tary near Xotlik were neasured over an 18-hour and a 24-hour
period during the fourth and fifth field trips, respectively.

To establish conparable sets of current data at each tran-
sect location, a uniform procedure was devel oped for sanpling the
t wo-di nensional current field. At each profiling transect, a
bat hynetric profile was obtained by running the boat perpendicu-
larly across the river using range marks established on the bank.
The results of the profile were then used to select the appro-
priate sanpling positions for the profiling operations. Duri ng
each profile, the boat was anchored, a stable position was
| ogged, and the Endeco Mddel 110 direct reading current neter was
| owered over the side with the help of the w nch. Current read-
ings were nade near the surface, near the bottom and at a nunber
of internediate depths, depending upon the total water depth. At
each neasurenent level, the current nmeter was held stationary for
at least 2 mnutes, or until a stable speed and direction nea-
surenent could be obtained fromthe analog dial of the deck unit.

After the profiling cruises, the current data were nmanually
plotted on vertical sections containing the appropriate bathy-
nmetric data. These discrete observations were hand-contoured to
provide a conplete velocity section across the river. The tran-
sect’s cross-sectional area was then divided into 100-m2 (50 m
wide by 2 m deep) cells, and an average velocity for each cell
was estimated. The total river transport was then conputed by
addi ng the individual transport contributions within each cell.
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In this process, the actual along-channel velocity conponent
was conputed as the product of the current speed and the cosine
of the angle between the current direction and the direction
normal to the transect. This was necessary because the stations
did not lie exactly on the transect |ine. Also, there was veer-
ing of current direction with depth at sone stations. Angl es of
10 to 40° were not uncommon in the current data.

A detailed discussion of all profile nmeasurenents, including
an assessnment of the Yukon River discharge variability, is
provided in subsection 3.4.

2.3.4 _Tenperature and Salinity Measurenents

Tenperature and salinity neasurenents were nade with a Neil
Brown Instrunent Systens (NBIS) MK-III CID profiling system and
Hewl ett-Packard Mbdel 85 mcroconputer at stations |ocated at the
nout hs of Kwikluak and Kawanak Passes, and within the subageous
channels to a distance of 30 km offshore. These stations were
conducted during the second and third field trips. The CTD
system provided real—-tinme data for analysis of water properties,
as well as storage of digital data on HP nmagnetic tape car-
tridges. The digital data were returned to EG&G's Waltham,

Massachusetts, facility for processing, editing, and generation
of data products follow ng each cruise.

Additional salinity neasurenents were conducted during the
fifth field trip near the nmouth of Apoon Pass, to a distance of
2 mles offshore, utilizing a Beckman RS5-3 salinometer. This
unit provides a direct data readout and all station information
was |ogged nmanually. A discussion of the water properties and
salt intrusion within the subageous channels and Yukon distribu-
taries is offered in subsection 3.5.

Water tenperature tine series were obtained from all noored
current neters and water-level recorders. Salinity tine series
were al so obtained from Aanderaa RCM current mneters equi pped wth
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conductivity sensors. These instruments were deployed in Kwik-~
luak Muth (C2), Kawanak Muth (c-4B), and at the offshore
nooring G 4A These data are discussed in detail in subsec-
tion 3.2.

2.3.5 Meteorological Masurenents

The purposes for acquiring neteorological data from the
Yukon Delta and nearby regions were twofold. First, synoptic
data were needed to determne the influence of the nean w nds and
storm events on the coastal circulation and sea-level variability
in the vicinity of the Delta. Second, data were needed to verify
the existence (or absence) of a sea breeze that was expected to
occur on the Delta during the sumer nonths.

Met eorol ogical data were obtained using an Enviro-Labs
weat her | ogger deployed by EG&G on Nokogam ut Island during the
1985 season and on Emmonak Island during the 1986 field season,
and from an Aanderaa DL-2 automated weather station established
near Kotlik during the 1986 field season. The Enviro-Labs | ogger
was on site from the beginning of August through the end of
Sept enber  1985. However, due to system hardware problens, only
17 days of good data were obtained (10 in August and 7 in
September). Mire conplete records were obtained from the two
nmet eor ol ogi cal stations deployed at Emmonak and Kotlik during the
June through August 1986 neasurenent program

In addition, hourly neasurenments of w nd speed, wind direc-
tion, baronetric pressure, and air tenperature were obtained from
four coastal stations operated by the National Wather Service
(NWs) and the U S. Air Force. Data from stations at Emmonak and
St. Marys were obtained for the period June through Septenber
1985. This time w ndow was chosen because it overlapped the
period of the EG&G field neasurenents and provided additional
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sunmer data for analysis of the sea breeze. Simlar neteoro-
| ogical data from Cape Romanzof and Unalakleet were obtained for
the nonths of July, August, and Septenber 1985.

Since the neteorological data described above were daily
observations generally obtained fromearly norning to late after-
noon, a cubic spline algorithm was used to interpolate over gaps
of less than 24 hours for baronetric pressure and 12 hours for
air tenperature in the initial interpretation of the data. The
cubic spline procedure was effective because fluctuations in
baronetric pressure typically have tine scales of several days,
and the diurnal air tenperature extrenmes (maxi mum and m ninmum
daily values) normally occurred during the observation w ndow.
The interpolation of the wind data utilizing a cubic spline was
| ess effective due to the random variability and high-frequency
content of the w nd conponents. For this reason, gaps in the
wind data were filled only if they were 3 hours or |ess.

2.3.6 Bottom and Suspended Sedinent Measurenents

The geol ogi cal conponent of the Yukon Delta study included
collecting and analyzing both suspended and bottom sedinent
sanples from various positions in the |lower Yukon River and
nearshore regions around the Delta. The results were used to
identify the follow ng sedinentary characteristics:

. regional wvariations in suspended sedinents wthin the

river and nearshore areas;
. Tregional variations in bottom sedinments within the river

and nearshore areas; and
. tenporal fluctuations in suspended sedinent |oad and
total sedinent transport in the Yukon River.
Bot t om_ Sedi nent s
During the first field trip, bottom sedinent sanples were
collected in conjunction with the bathynetric survey from Pitkas
Point to Kwikluak Muth and the offshore region of South Muth.
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At 8-mile intervals, a bottom sanple was obtained from the main
river channel. Inall, 23 river sanples and six offshore sanples
were collected in July 1985. An additional 18 sanples were
collected during subsequent field trips: six during the third
trip (Septenber 1985); six during the fourth trip (June 1986);
and six during the fifth trip (August 1986). Sanmples were not
collected from the offshore region of Mddle Muth because of
adverse sea conditions and |ogistical constraints. Sanmples were
collected using either a nodified Ponar grab or a small pipe
dr edge. The grab was useful in the nearshore areas of the Delta
front, while the dredge was nore effective in sanpling the harder
substrates of the river channels and bars.

A total of 22 sanples were analyzed at two | aboratories.
Ten of the sanples taken during the first and third field trips
(July and Septenber 1985) were analyzedby Dr. A.S. Naidu of the
Institute of Marine Science (IMS) at the University of Al aska,
while 12 of the sanples collected during the first, third and
fifth field trips (August 1986) were analyzed by Dr. G.A. Jones
of the Wods Hol e Cceanographic Institution (VWHO). The net hods
included grain size analysis by the sieve and pipette nethod and
conputation of the conventional grain size statistical paraneters
(e.g., neansize, sorting, etc.; gravel-sand-silt-clay percent-
ages) . Estimates of carbon content were attained using two
slightly different loss on ignition techniques. The ws results
included estimates of organic and inorganic carbon, while the
WHO results were limted to estimates of organic carbon only.
The x-ray diffraction of the clay fractions perforned by the WO
team on seven sanples used the techniques described by Jones
(1983). The results for the clay analysis were expressed in
Biscaye val ues (Biscaye, 1965).

Suspended Sedi nents

Water sanples were collected for suspended sedi nent analysis
in conjunction with bottom sedinent sanples. At each station
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during the first and third trips, a |-liter water sanple was
collected at the surface and 1 m above the bottom using a N skin
bottle. During the third trip, all of the collected sanples were
analyzed in Emonak using a Hach nodel 4140 Turbidineter.
Turbidity readings, in NTU units, were obtained for five 50-n
subsamples of each sanple. Al | values were recorded
10-20 seconds after the sedinents in each of the sanples was
resuspended. Average values of turbidity and their respective
standard deviations were calculated for each of the suspended
sedi nent sanpl es.

After conparing the results from near-bottom and surface
sanpl es from both the first and third field trips, no differences
wer e not ed. Subsequent suspended sedi nent sanples were taken at
the surface only during the remaining sanpling periods and
anal yzed with the Hach Turbidi neter.

To calibrate the turbidity values of the suspended sedi nent
sanples, 22 of the sanples were also analyzed for sedinent con-
centration at the EG&G facility in Waltham. From each of the
500-m sanmples, five 100-m subsamples were individually filtered
through dried and preweighed Type A glass fiber filters. Each
filter was then dried and weighed again in order to determne the
concentration of the subsample. For each sanple, the average and
the standard deviation were calculated from analysis of the five
subsamples.

Additionally, 10 of the sanples were analyzed at an indepen-
dent facility, Arnold Geene Testing Laboratories, for suspended
sedi nent concentrations using the sane techniques. The results
conpared favorably with those nade at the EG&G facility.
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3. DI SCUSSI ON oF RESULTS

3.1 BATHYMETRY
3.1.1 Ceneral D scussion

Detail ed topographic maps of the Yukon Delta, at scales of
1:63,360 and 1:250,000, have been prepared by the U S. Geol ogi cal
Survey from surveys conducted in 1952. These nmaps illustrate the
sinuous nature of the lower Yukon, as well as the conplex system
of distributaries, islands, and sloughs which transect the Delta.
“Mnor revisions” were nade to these maps in 1971 and |ater
years, but the bathynetric survey conducted during the present
program revealed that the maps do not accurately portray the
| ower Yukon as it is today. The largest distributary, Kwikluak
Pass, has the serpentine nature shown on the maps, but its banks
are often displaced hundreds of neters from where they appear on

t he maps. Major islands still exist as shown, but smaller
i slands and exposed bars can be found in places where channels
existed during the earlier surveys. Simlarly, navigable waters
were found in a few places where snmall islands were shown on the
maps.

Regardl ess of the availability of topographic maps for the
Yukon Delta, it nust be recognized that there have been no bathy-
metric surveys of the lower Yukon prior to this program One
m ght expect that the river is navigable from bank to bank, but
this is not the case at many places between Pitkas Point (near
the nouth of the Andreafsky River) and the nouth of Kwikluak
Pass. At many |ocations, a broad depositional bar had devel oped
adj acent to one bank, such that the navigable transect had to
begin at distances up to 1 km from the river bank. Many other
transects were characterized by two deep channels separated by a
central bar or shoal that could not be crossed.
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Anot her prom nent feature of the lower Yukon is the exis-
tence of “cut banks, ” which are regions where intense flow had
caused nmajor erosion of the river bank. Deep channels, which lie
adjacent to these cut banks, convey nost of the river flow in
close proximty to the bank, thus sustaining the erosion. This
process isself-supporting because the strong flow carries away
the collapsed banks and erosion proceeds. The most active cut
banks are found near river bends, and it is at these locations
that the topographic maps differ most from present day condi-
tions.

The most striking result of the |ower Yukon bathynetric
survey was the intricate system of erosional channels that nmake
their way along the river bottom These pronounced topographic
features, which have considerable downstream |ength scales, may
persist for years until altered by the slow process of deposi-
tion, or a catastrophic erosional event due to an ice jam and
di version of the river during spring breakup. Year-to-year varia-

bility in bottom topography is expected to be small, as confirned
by local fisherman who travel within the channels wthout the aid
of depth sounders, and also anchor their gill nets at the sane

pl ace along the river bank each year.

The Yukon’s system of erosional channels extends offshore
from the nouths of the three mnmgjor distributaries. These
features persist as subaqueous channels that wnd across the
shallow flats surrounding the Delta. Although the bathynetric
survey did not extend beyond the nmouth of Kwikluak Pass, these
subaqueous channels had to be followed during the present program
in order to reach offshore sites for nooring deploynent and CITD
profiling. In Section 5, it is recommended that bathynetric
surveys be conducted offshore of the three major distributary
nout hs because little is known about the paths by which offshore
pol I utants woul d approach the Delta.
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3 .1.2 _Lower Yukon and Kwikluak Pass

Figure 3-1 indicates the Ilocations of 46 bathynetric tran-
sects between Pitkas Point and South Muwuth that were surveyed
during July 1985. Figure 3-2 presents locations of an additional
14 transects that were surveyed in Kwikpak Pass (downstream and
northward of Head of Passes) during August 1986. The start and
end positions of each transect illustrate that navigable water
was sonetines found where the outdated topographic map indicated
shorel i ne. In other locations, the transects could not extend to
existing river banks because of bars or water Jless than the
2-foot draft of the survey vessel.

NOAA had specified that bathynmetric transects be surveyed at
2-mle intervals along the length of the river in order that the

data can be used (under separate contract) as a basis for

nunerical nodeling of the |ower Yukon. This spacing was adequate
for resolution of the nmajor topographic features of the river,
such as islands, large bars, and mjor channels. There was,
however, much variability between transects, and nore detailed

surveying at a few locations revealed that river profiles can

differ significantly when separated by only a few hundred feet in
the downstream direction.

Bat hymetric profiles from all 60 river transects are
presented in Appendix A I nspection of adjacent profiles reveals
the high degree of wvariability that is observed over short
di st ances. Figure 3-3 presents bathynetric profiles from four

| ocations between Pitkas Point and South Mouth; transect postions
are shown in Figure 3-1. These transects exenplify the various
profile types that were observed along the Ilower Yukon and in
Kwikluak Pass. At Pitkas Point, a deep channel lies adjacent to
the right (north) bank, and a shallower but distinct channel

exists on the left side of the river (looking downstrean. Near
Mukialik, 24 niles downstream of Pitkas Point, noderately deep
channels are found on both sides of the river, separated by a
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bar . The two-channel characteristics of these two transects were
observed at nmany |ocations along the survey region.

Transect nunber 37, |ocated near Lanent, revealed a 93-foot
channel adjacent to the left bank. Depths decreased rather
sharply with distance across the river, and a large bar was
encountered roughly 1/2 mle from the l|eft bank. No secondary
channel existed at this transect |ocation.

Transect nunber 45, |ocated near the nmouth of Kwikluak Pass,
exhibited navigable waters over a river width of nore than
1 mle, but the maxi num channel depth was only 34 feet (10 n).
Note, however, that adjacent transects at South Muth were nuch
narrower and exhibited deep channels on opposite sides of the
river .

Al though there is nmuch topographic variability between river
transects, it is possible to categorize each into one of five
bat hynmetric profile types. Figure 3-4 presents schenmatic
diagrans of five types of channel profiles; water depth and
transect length are secondary factors. Profile type 1 is charac-

terized by two channels separated by a middle shoal. The
channels may have equivalent depths, but in nbst cases, one
channel is considerably deeper than the other. Type 2 also has

two channels, but they are separated by an island or exposed bar.
Profile types 3 and 4 are characterized by a single, deep
channel adjacent to one bank. They differ only by the relative

width of the deep channel, Type 5 represents transects where a
broad, relatively flat channel extended across the entire |ength
of the transect, These five profile types are used in Table 3-1

to characterize each of the 46 transects from Pitkas Point to
Sout h  Mout h. Also given in this table are the length of each
transect, the nmaximum depth of pronounced channel(s), and for
type 1 profiles, the mninum shoal depth between channels. The
existence of a bar or island is noted for type 2 profiles.
Distances from the position of maximum channel depth to the
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TWO CHANNELS WITH CENTRAL SHOAL

TYPE 1

TWO CHANNELS WITH CENTRAL BAR

et
\__/ \/ TYPE 2

BROAD CHANNEL ADJACENT TO BANK

TYPE 3

NARROW CHANNEL ADJACENT TO BANK

\ // TYPE 4
\Y

BROAD CENTRAL CHANNEL

TYPE 5

Figure 3-4. Typical profile types for bathynetric transects
across the | ower Yukon.
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Table 3-1. Summary of bathymetric characteristics for transects
surveyed between Pitkas Point (transect 1) and South Mouth
(transect 46) during July 1985. Transect |ocations are shown
in Figures 3-athrough 3-1c; profile types are illustrated in
Fi gure 3-4, Transect |engths and distances to the river bank
refer to the ends of the navigable transects (depth <2 feet)
rather than the actual river banks.

Left Channel Mn Right Channel
max Dist. to Shoal Max Dist. toO
Length Profile Depth Bank Depth Dept h Bank
Transect (ft) Type (ft)  (ft) (ft) (ft) — __(fe)
1 4,002 ! 21 475 3 81 625
2 3,831 1 15 325 8 45 575
3 7,227 1 28 1,275 10 33 375
4 6, 080 ! 39 1, 750 5 61 730
5 6, 683 1 36 500 5 51 805
6 6, 688 ! 65 150 9 20 105
7 6, 981 ! 34 1,075 12 58 605
8 4,984 1 32 175 3 53 1,280
9 3,370 1 13 195 5 62 1,425
10 4,914 5 43 2,000
11 5,976 1 50 200 5 15 1,325
12 5,417 2 43 304 BRar 31 854
13 3, 355 ) 49 608 i sl and
13B 3, 100 28 489
14 2,492 5 67 870
15 3,526 3 58 1,050
16 5,229 5 35 2,775
17 5, 107 5 28 395
18 8,511 2 41 601 Bar 34 431
19 8,451 1 40 200 9 41 1,125
20 2,004 5 38 835
21 1,946 5 45 710
22 6, 080 5 31 3,040
23 2,614 ) 45 1,442 I sl and
23B 5,222 25 556
24 4,073 63 3,917 | sl and
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Tabl e 3-1. Cont i nued

Left channel Mn right Channel
Max  Dist. to Shoal Max Dist. to
Length Profile Depth Bank Dept h Dept h Bank
Tr ansect (ft) _Type_ (ft) (ft) (ft) (fe)  (fr)

24B 1,701 52 1,550
25 5,411 ) 34 666 I'sland

25B 2,983 19 583
26 4,925 1 54 1,180 9 40 1,775
27 4,370 1 32 1,330 13 39 530
28 5,404 1 26 125 19 37 2,850
29 5,046 5 31 775

30 4,312 3 40 670

31 8, 454 1 35 3,425 11 39 540
32 8,502 1 40 3,924 7 20 1,526
33 11, 665 2 39 3,604 I'sl and 15 433
34 9, 437 2 33 3, 886 | sl and 23 877
35 7,216 1 34 330 5 42 1,220
36 5,280 3 47 1,865
37 2,976 4 93 480

38 3,101 4 97 350
39 2,553 5 50 420
40 3,400 5 56 600
41 2,800 5 49 680

42 4,322 3 35 1,910
43 3,339 3 27 210

44 3,412 3 51 370
45 5,775 1 26 100 7 34 1,485
46 3,704 3 72 925

402



nearest end of the navigable transect are given for profile types
1 through 4.

Excluding transects of type 2 (having central bars or
i slands), the average length of transects was roughly 4,800 feet.
This is significantly less than the average distance from bank to
bank (5,400 feet) which is obtained from neasurenent of the
exi sting topographic naps. This difference can be attributed to
the wide shoals that |lie adjacent to the river banks; at many of
the transect |ocations, a broad shoal lies on one side of the
river while a deep channel is found on the other side. Thi s
bal ance of erosion on one side and deposition on the other repre-
sents the nechanism for creation of river neanders, and the delta
formation.

Table 3-1 indicates that the greatest water depth can lie on
either side of the river, and, in fact, it often alternates from
side to side in downstream distances of less than 2 mles. For
transects between Pitkas Point and South Muth, the average of
t he maxi mum transect depths was 49 feet (14.9 nm); the m ni num and
maxi mum dept hs of the deepest channel were 27 (8.2 m and 97 feet
(29.6 m, respectively.

Secondary channels were observed at 26 of the 46 transects;
40 feet (12.2 m was the maxi num depth observed within any of the
secondary channel s.

The tendency for deep channels to lie adjacent to the river
bank is exenplified by the relatively short distances from the
maxi num channel depth to the end of the navigable transect.
Table 3-1 indicates that channel depths greater than 50 feet
(15.2 m are often observed within 800 feet of the river bank.
Wiere these horizontal distances are snall, there is always a cut
bank. The nost extrene case is at transect 38 (near Kw guk Pass,
the entrance to Emmonak), where a depth of 97 feet (29.6 n) was
observed at a distance of 350 feet from the cut bank. Thi s
corresponds to an average bottom slope of 15°. Bottom sl opes
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approaching 45° are not uncommon over short distances next to
active cut banks; 30-foot (9 n) depths were often observed w thin
a few tens of feet from cut banks.

Table 3-2 summarizes the nunber of transects of each charac-
teristic profile type. From Pitkas Point to South Muth, 18 of
46 transects (39% were of type 1, having two distinct channels

with a mddle shoal. Another eight had two channels, but were
separated by an island or bar. Thus , nmore than half of all river
transects had two channels. Roughly another quarter of the
transects had a single broad channel (type 5) which extended
across the entire transect. The remaining nine transects had a
singl e channel adjacent to one bank (types 3 and 4).

To graphically illustrate the conplex nature of the

erosional channels wthin the lower Yukon, it is necessary to
| ook at a downstream sequence of bat hymetric profiles.

Figure 3-5 has been constructed to illustrate river wdth,
expressed as the distance to either side of the river axis, as
well as the contoured depth along the river. The Pitkas Point
transect lies at the bottom and South Muth is at the top, such

t hat downstream river flow would be directed upward on the page.
This type of presentation effectively renoves the neandering of
the river, while enphasizing variations in the wdth and depth of
the river.

The width of the river varies considerably, as seen by the
constrictions of less than 3,000 feet (transects 14, 21 and
37 to 41) and broad areas with central islands and bars (tran-
sects 23 to 25 and 31 to 35) having overall widths in excess of
8,000 feet. In sinple ternms, md-river islands and bars exist
only where the river is w de.

The nost interesting characteristic of Figure 3-5 is the

spatial coherence of the erosional channels. Despite the down-
stream variability, the channels can be contoured with a high
degree of confidence. In general, where the river is wde,
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Tabl e 3-2. Summary of bathynetric profile types surveyed al ong
the [ ower Yukon R ver and Kwikluak Pass (transects 1 to 46 from
July 1985), and in Kwikpak Pass (transects 47 to 60 from August
1986) . Figure 3-4 illustrates each profile type.

Profile Yukon R ver and
Type Characteristics Kwikluak Pass Kwikpak Pass
1 Two channels with 18 6

m ddl e shoa

2 Two channels with 8 1
bar or island

3 Singl e broad channel 7 3
adj acent to either bank

4 Si ngl e narrow channel 2 0
adj acent to either bank

5 Singl e broad channel 11 4

Total transects: 46 14

405



46

H

SOUTH

MOUTH

The vertical axis corresponds

with transect number from

Pitkas Point to South Mouth

(see Fig. -3—1), downatream flow
would be oriented upward. Tron-
sect spocing was nominally 2 nm,
bul is presented at regular
downstream increments. The hori—
zontal oxis represents width

from the tiver axis to shoal
water (less than 2 ft), Depth is
contoured at 20-ft intervals, as

25

omre—<

PITKAS POINT

indicated by the color legend.

60

{(—=m) =0 Mo
H
Q

@

7 7
6

Fi gure 3-5.

ukon River.

¥

4

Conposite of

bat hymetric transects from the | ower




channels are found on each side of the river. When the river
narrows, the two channels often neet, and a single channel passes
through the constricted region, The 40-foot depth contour is the
best indicator of deep channel, and 30 of the 46 transects have
water of this depth or greater. Water depths greater than
60 feet exist at nine of the transects, and depths exceeding
80 feet were seen at only three locations. The deepest channel
within the entire survey region passed through transects 37
and 38, in the vicinity of Kwiguk Pass, which is the min
entrance to Emmonak. The river neanders sharply in this area,
and the deep channel traverses from bank to bank over a down-
stream di stance of less than 2 mles.

It is interesting to note that the 97-foot channel axis at
transect 38 lies where there was delta highground at the tinme of

t he topographi c surveys. Navi gation errors were suspected as the
cause of this discrepancy, but this was ruled out* because the
site is now the main entrance to Kw guk Pass. This is clear

proof that the cut bank had mgrated many hundreds of feet to the
north during the past three decades.

3.1.3 Kwikpak Pass

In addition to the bathynmetric survey of Kwikluak Pass,
14 bathynetric transects were surveyed in Kwikpak Pass during
August 1986. This survey region extended northward from Head of
Passes to the branch where Kawanak and Apoon Passes begin. Posi -
tions of each transect are shown in Figure 3-2.

In general, bathynmetric characteristics wthin Kwikpak Pass
were simlar to those observed in the |lower Yukon and Kwikluak
Pass. Table 3-3 presents the length, profile type and depth
characteristics of each of the 14 transects in Kwikpak Pass. In
general, Kw kpak Pass was about half the width of Kwikluak Pass;
excluding transect 60, which crossed Kawanak and Apoon Passes,
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Tabl e 3-3. Summary of bathymetric characteristics for transects
surveyed between Head of Passes (transect 47) and the north end
of Kwikpak Pass (transect 60) during August 1986. Transect
| ocations are shown in Figure 3-2; profile types are
illustrated in Figure 3-4. Transect lengths and distances to

the river bank refer to the ends of the navi%able transects
(depth <2 feet) rather than the actual river banks.

Left cChannel M n Ri ght channel
Max Dist. to Shoal Max Dist. to
Length Profile Dept h Bank Depth Depth Bank
Transect — _(ft) Type (4 <fr) 0 (fY) 0 fr) _ (fB)
47 2,720 5 19 780
48 1,405 3 36 155
49 3, 205 1 28 162 4 14 139
50 3,830 2 28 1,555 Bar 42 355
51 2,160 5 37 790
52 2,300 3 40 412
53 2,080 1 18 294 4 61 142
54 1,920 5 38 890
55 2,355 ! 28 318 18 30 304
56 1,752 3 52 180
57 1,960 1 46 210 20 29 314
58 1,870 5 40 490
59 2,250 1 48 160 10 22 88
60 6, 080 1 38 550 12 36 400
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the average transect length in Kwikpak Pass was 2,300 feet
conpared to 4,800 feet in Kwikluak Pass. Simlarly, Kwikpak was
shal | oner than Kwikluak Pass; the average of the maxi num transect
depths was 40 feet (12.2 nm); the mninmum and naxi rum depths of
t he deepest channel were 19 (5.8 n) and 61 feet (18.6 n), respec-
tively. Secondary channels existed at seven of the 14 transects,
with the deepest being 36 feet.

Table 3-3 illustrates that the profile types in Kwikpak Pass

are simlar to those found in Kwikluak Pass. This conparison is
shown in Table 3-2, which indicates that profile type 1, having
two channels with a central shoal, is the nbost common structure.

Only one transect contained a bar (profile type 2). Types 3
and 5, having a single channel either adjacent to the bank or in
the center of the river, nmake up the renmainder. Al though the
bat hynetric surveys did not extend into the passes leading to
North and Mddle Muths, we suspect these passes are generally
too narrow to possess two channels (profile types 1 and 2). Only
in parts of Kawanak Pass that are w der than 2,000 feet would we
expect two channels.
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3,2 MOORElI) CURRENT MEASUREMENTS

One of the primary objJectives of the Yukon Delta neasurenent
program was to obtain tine series records of river currents in
conjunction with offshore current neasurenents from various sites
around the Delta. Prior to the neasurenent program it was
recogni zed that the study region conprised three characteris-
tically different flow reginmes: first, an upstream region Wher e
flow is strictly hydraulic, and tides or other oceanic processes
are absent; second, a dynamically rich region at the nouths of
the major distributaries, where river flow is dom nant during the
open-wat er season, but oceanic processes can affect the flow
characteristics; and third, the nearshore regions around the
Delta which can be affected by oceanic processes and/or river
di scharge, the balance between these processes varying Wi th
di stance offshore.

This regional characterization is, however, greatly over-
sinplified because tenporal variations in Yukon River flow have a
maj or effect upon the dynamics at the river nouths and in the
nearshore regions. For exanple, when river discharge drops
rapidly in autumm, salt water can be expected to penetrate into
the river nouths and the flow, which was primarily governed by
river discharge, becones increasingly controlled by tides and
ot her oceani c processes, Li kewi se in the nearshore regions, the
shal low flats surrounding the Delta are covered by river water in
sunmer, but later in the year, salt water is likely to be
ubi qui tous and oceani c processes are dom nant.

The conplexity of the flow regine around the Yukon Delta can
also be attributed to the large differences in flow anong the
three major distributaries. As will be shown in subsection 3.4,
Kwikluak Pass discharges roughly two-thirds of the Yukon flow
from South Mouth, whereas the discharge from North Muth is |ess
by a factor of eight. Thus, for a given Yukon flow rate, there



is no doubt that the dynamics wthin South Muth are nmnuch
different from those at North Muth, where oceanic processes
will, relatively speaking, have a nmuch greater effect upon the
| ocal dynam cs.

In light of these spatial and tenporal factors, one recog-
nizes the difficulty in attenpting to nonitor the flow regine
around the entire Delta region using the limted resources (three
or four current noorings) that were allocated to the present
program Qur approach was to dedicate at |east one nooring to
upstream flow nmeasurenents, while the remaining noorings were
placed in the nouth of one or nore of the major distributaries
O fshore neasurenents were planned for all deploynent periods,
but sea conditions prevented offshore work on all but the first
depl oyment .

Results from the noored current neasurenents are presented
in the following three subsections, corresponding to the mgjor
flow regines of the Delta. In the absence of any prior current
neasurenents from this area, nuch information has been gained
fromthis program but |onger deploynent periods and additiona
of fshore neasurenments are highly recommended (Section 5). Thi s
program also proved that Eulerian current neasurements can be
made in the lower Yukon if strong hardware is used on subsurface
noorings; all instruments were recovered from the 11 noorings
depl oyed during the program NBIS acoustic current neters, which
have no noving parts, proved to be the nost reliable for use in

the river. Aanderaa current nmeters deployed in the river nouth
became jamed wth organic matter shortly after deploynent.
These and other field experiences wll be helpful for future

nmeasurenment progranms in this region.

3.2.1 Upstream Measurenents
Kobolunuk, |ocated 11 mles downstream of Pitkas Point, was
chosen as the site for upstream current measurenents throughout

411



t he Yukon Delta neasurenment program This site (see Figure 2-3)
proved adequate because it was far enough downstream of the
Andreafsky River influx that the Yukon flow was free of disturb-
ances as it approached the Delta region. A current meter nooring
was deployed in the northern channel at Kobolunuk for both
depl oynent periods in 1985 and during the single deploynent in
1986. An additional nooring was placed in the southern channel
at Kobolunuk during the 1986 deploynment (see Figure 2-4) to
resolve the partition of flow between the two nmjor erosional

channel s.
The northern channel nooring at Kobolunuk included a water-
| evel recorder for all three deploynent periods. | nstrunent

problens at the beginning of the first deploynent resulted in
7 days of lost data, but good water-level records were obtained
for the renai nder of the program The water-level tinme series is
di scussed in subsection 3.3.

Figure 3-6 presents a conposite tine series plot of noored
measurenments from Kobolunuk and concurrent neteorological nea-
surements from the airport at St. Marys during the 1985 field
measur enment  program Al though the neteorological neasurenents
were taken at 364 feet above sea level, the airport is |ocated
within 6 miles of the nporing, and the observations are believed
to be representative of Kobolunuk. As discussed in subsec-
tion 3.6, the St. Marys neteorological data are not continuous
because observations are nmade manually and only during hours of
aircraft traffic.

Figure 3-6 also presents tine series records of water |evel,
water tenperature, and currents fromthe Kobolunuk Site. Current
data are shown as al ong-channel current vectors and as i ndividua
along- and cross-channel current conponents. The al ong- channel
current direction was determned from vector averages of data
from the individual deploynents: 306°T and 318°T for the two
depl oynents, respectively.
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I nspection of Figure 3-6 reveals that, upstreamin the Yukon
River, currents are very steady and characterized by a highly
pol ari zed al ong-channel flow, the average along-channel and
cross-channel current conponents and their standard deviations
during the 1985 deploynent period were 103.9 and 5.0 cm/sec and

0.2 and 6.5 cnisee, respectively. The abrupt changes in current
speed and direction on 21 August were associated wth nooring
recovery, servicing, and redepl oynent. The abrupt speed increase

of about 20% (from 90 to 110 cnisee) and countercl ockw se direc-
tional rotation of 20° was a result of nooring relocation and
changes in sensor depths. Moring G1 was first deployed in 18 m
of water with the current sensor at 12 m During the second 1985
depl oyment, nooring C1 was placed in water 16 m deep (approxi-
mately 130 m westward of the first deploynent |ocation) with the
current sensor at 9 m Since the river 1is characterized by
strong vertical and horizontal current shear, and |arge varia-
tions in bottom topography over distances of 100 m this change
in sensor depth and nooring |ocation was, undoubtedly, the cause
of the abrupt change on 21 August.

Near the end of the record (29 Septenber), currents becane
nore variable in both al ong-channel and cross-channel conponents,
These high-frequency fluctuations may have been a result of
obstructed flow near the acoustic current sensors of the ACM2
caused by river debri s.

Figure 3-6 also illustrates that water tenperatures
decreased nonotonically from 20°C at the beginning of August to
about 5°C on 2 Cctober. This snooth decrease is related to

| arge-scal e seasonal cooling of the Al aska region, as supported
by the gradual trend of decreasing air tenperatures observed at
St. Marys. It is interesting to note that, at any tinme during
the 1985 neasurenent program the Yukon River water was signifi-
cantly colder than the local average daily air tenperature (~26°C
in early August, and 18°Cc in late Septenber). This large
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difference indicates that Yukon River tenperatures are mainly
controlled by the distant, upstream characteristics of the tribu-
taries and high-elevation runoff which contribute to the Yukon.
Local convective heating and insolation in the vicinity of the
Delta is insufficient to raise the river water to air tenperature
| evel s because, at 100 cm/sec flow speeds, a water parcel can
transit the entire Delta region (roughly 100 mles) in less than
2 days.

As indicated in Figure 3-6, the river level remained rela-
tively constant from the beginning of the record (2 August 1985)
until the nooring turnaround ONn 21 August, From the date of the
turnaround wuntil 24 Septenber, however, the water-level at
Kobolunuk rose 2.8 m Climatologically, thisrise in water |evel
is sonmetines observed in late summer and early fall, and in 1985,
was apparently related to the high rainfall whi ch occurred during
the nmeasurenent period, The profiling transects conducted at
Kobolunuk (see subsection 3.4) indicated a 43% increase in river
di scharge from 22 August (9,200 ni/see) through 1 Cctober
(13,120 m/see), concurrent wth the observed rise in water
level, A detailed discussion of the upstream water-|evel nea-
surenments, and a conparison with concurrent neasurenments taken by
USGS, is presented in subsection 3, 3,

Figure 3-7 presents a conposite of +time series records
obtained from two noorings deployed near Kobolunuk during the
1986 field neasurement program During this period, one mooring
(C-1N) was placed in the northern channel, near the site of the
1985 depl oynent, and a second nooring ((2-1S) was depl oyed near
the axis of the southern channel. While there was no sign.ificant
change in the along-channel current conponent in the north
channel (C-1N) from the beginning of the deploynment wuntil
24 July, there was a significant reduction in the south channel
current (C1S), which began on 4 June.
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Figure 3-7 also exhibits a 0.6 m decrease in water |evel on
mooring G IN from the beginning of the deploynent (23 June) until
24 July, concurrent with the significant reduction of the current
observed in the south channel. During the period from 25 July
t hrough the end of the deploynent (20 August), the river |evel at
Kobolunuk rose 1.1 m but the current renmained relatively weak in
the south channel wuntil an abrupt increase was experienced on
17 August . Instrunment problens were suspected as being the cause
of this discontinuity, but, wupon recovery, the instrunent was
found in good working order. Al though we cannot be sure, it is
likely that sone river debris had collected on the current neter
and caused low readings until it washed clear of the instrunent.
Unfortunately, there is no way to determne how early in the
depl oynent the current neter began to record erroneous speeds,
I nspection of the along-channel and cross-channel speed records
from nmooring C-1S8 does not reveal any abrupt change in the char-
acter of the time series that may suggest the tinme when debris
was first introduced. Velocity profiling conducted near noorings
CIN and CGI1S on 12 August did, however, confirmthat the current
nmeter at C-1S was providing |low speeds while the neter in the
north channel agreed with the profiling current neter.

Figure 3-7 illustrates a 47% reduction (97 cnmsec to
51 cnisee) in the north channel current from 23 through 26 July.
Considering that the profiling surveys and resulting discharge
calculations exhibited no significant change between June and
August 1986 in the north channel, the reduction in current speed
i ndicated by nooring C-1N is surprising. The reduction may be
attributed to sensor fouling or a cross-channel translation of
the velocity field placing the sensor within a less intense
region of the flow The latter explanation seenms nore plausible,
since the current profiling data obtained at Kobolunuk during the
fourth (27 June) and fifth (12 August) field trips are in good
agreenent with the noored current records fromthe north channel.
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Water tenperature records from noorings CGIN and G |S appear

identical , exhibiting a gradual increase from the beginning of
the 1986 deploynent through about 6 July when naxi num tenpera-
tures near 19°C were observed at both sites. From md-July until

the end of the deploynment (20 August) water tenperatures
decreased gradually. Al though the average water tenperature
during the 1986 deploynent period at site C-1N (16.02°C) was
about 0.4°C warner than the average at C€-1S (15.59°C), we suspect
nost of this difference is due to absolute calibration differ-
ences between instrunents, rather than horizontal or vertical
tenperature gradients wthin the river. This is further
supported by the result that maxi mum and m ni num tenperatures at
C-1N exceeded those at C 1S by 0.549c and 0.32°C, respectively,
suggesting a consistent calibration offset between instrunents.

River water tenperatures at the beginning of the 1985
depl oynent (2 August) were roughly 20°C conpared to 15°C on the
sane day in 1986. By 20 August, however, conparison of the water
tenperatures from year to year showed agreenent to within 1°C

During the 1986 field program an additional upstream
nooring was deployed in Kwikluak Pass near Lanment, a distance of
2-1/2 mles upstream of the entrance to Kwiguk Pass, which |eads
to Emmonak. Figure 3-8 presents a conposite of tinme series
records from the Lanent nmooring (C5) and neteorological data
collected by a renote station deployed in Emmonak by EG&G. The
net eorol ogi cal station was |ocated approxinmately 8 nmiles to the
west - nort hwest of the nooring and should be representative of the
conditions at the nooring site,

The current data presented in Figure 3-8 reveal the highly
polarized flow field that was observed farther upstream at
Kobolunuk, but the record from Lanont exhibits a great deal nore
variability in the al ong-channel velocity conmponent, Maj or vel o-
city fluctuations are observed on 8 and 17 July, followed by a
period of relatively constant velocities until an abrupt increase
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on 13 August. Cross-channel current veering cannot be the cause
of this since the cross-channel velocity conponent was relatively
constant throughout the record. It is interesting to note that
these fluctuations occurred when the northernnost nooring at
Kobolunuk exhibited little variability. One might first hypothe-
size that there exists a conplex two-channel flow system at
Lanment, but this is not the case; the nooring was placed in the
axis of the single, 60-foot channel that exists at this |ocation.

The abrupt speed increase that was observed on 13 August is
nmost likely related to renmoval of debris around the noored
velocity sensor. This again raises the question of when the
sensors becane obstructed, and at what point in the record do the
data becone suspect. Note that this junp occurred 4 days prior
to the simlar velocity discontinuity that was observed at
mooring GC- 1S, thus precluding the possibility of an actual
increase in river flow that would have had to originate upstream

After 13 August, the Lanent current record renains rela-
tively constant near 90 cnisee, with the exception of a notice-
abl e diurnal speed reduction in the along-channel conponent that
persists over the last 5 days of the record. This is qualita-
tively simlar to the diurnal fluctuations that can be seen from
20 through 23 July. The rapid drop in baronetric pressure at
Emmonak on 21 July indicates the passage of an extra-tropical
storm which may have caused the diurnal fluctuations in river
flow. Coincident wth the passage of this atnospheric |ow, |arge
diurnal air tenperature fluctuations were evident, as well as a
sudden wind shift from northeastward to southwestward w nds.
(Wnd vectors in Figure 3-8 are plotted in the oceanographic
convention to indicate the direction toward which the wind is
bl owi ng.) Curiously, southward wnds were not observed at
Emmonak wuntil 14 August when diurnal river fluctuations were
agai n observed. Further analysis wll be required to determ ne
whet her these fluctuations are truly a function of the |ocal w nd
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field, and why they were not observed in sinultaneous records
from Kobolunuk.

3 .2.2 _River Muth Measurenents

Current neters and water-level (pressure) recorders were
deployed in the nmouths of the three major distributaries, but
l[imted hardware resources prohibited sinultaneous neasurenents
from all three distributary nouths and the upstream site. The
depl oynent strategy was to occupy each distributary nmouth during
at least one of the three deploynent periods (two in 1985 and one
in 1986). Depl oynent dates and instrunment depths are presented
in subsection 2.3. In sunmary, nooring G2 was deployed in South
Mouth during both deploynents of 1985 (late July through
Septenber); nooring C-4B was deployed in Mddle Muth during the
second deploynent of 1985 (late August through Septenber); and
nmooring C-4C was deployed in North Muuth from late June through
the m ddl e of August 1986.

Figures 3-9 through 3-11 present conposite tine series plots
of nmeteorological data obtained at Emonak and Kotlik, and
current neter data obtained from noorings deployed in the South,
M ddl e, and North Muths. Each plot presents tinme series of
baronetric pressure, water level, air tenperature, water tenpera-
ture, wind vectors, current vectors, and al ong-channel and cross-
channel current conponents. The water-level record is absent
from Figure 3-10 because no water-level recorder was deployed on
the current nooring (C-4B) in Mddl e Muth.

Moored data from stations G2 and C-4B, obtained during
summmer 1985, are acconpanied by neteorological data that were
collected by NWS observers in Emmonak (see subsection 2.3 for a
di scussion of gaps in the neteorological data). Moored data
collected in North Muth (station €-4cC) during sunmmer 1986 are
concurrent with neteorological data collected by EG&G using a
renote station installed near Kotlik.
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The current records from the three distributary nouths all
reveal a highly polarized al ong-channel flow which is a conbina-
tion of intense Yukon River flow and tidal currents. Oher
processes, such as storm surge and the effects of coastal
currents, introduce non-periodic, short-term variability on the
current and water-|evel records.

Current data from South Muth (rmooring C2), presented in
Figure 3-9, cover the period from 30 July through 28 Septenber
1985, excluding the 9-day gap in late August associated wth
i nstrument  servi cing. Currents during the first deploynent
period exhibited two periods of significant al ong-channel current
reduction: 1 through 3 August, and 4 through 7 August. The
wat er —| evel recorder on nooring G2 experienced hardware problens
after only a few days, but a nearby water-level recorder deployed
by NOAA RU 660 did not exhibit any significant change in water
level during this period. Also, the current records from
Kobolunuk indicate that the Yukon discharge was relatively
constant during this period. For this reason, we mnust regard the
current data from the first deployment at «c¢-2 as suspect,
probably due to fouling of the sensors by river debris.

Good quality current data were obtained during the second
depl oyment at South Muth {C2). As indicated in Table 3-4, the
average along-channel current speed from 28 August through
28 Septenber was 80.3 cm see; the maxi num al ong-channel speed and
the standard deviation were 121.2 cm/sec and 25.6 cm see, respec-
tively. In contrast, the average cross-channel speed was near
zero, with a nmaxi numof 47.8 cm/sec. The magnitude of the cross-
channel standard deviations (15.3 cmsee) was significantly |ess
than that of the al ong-channel current. The water-level data are
di scussed in detail in subsection 3.3.

Water tenperatures during the two deploynents in South Muth
are not significantly different from those neasured at Kobolunuk:
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Table 3-4. Statistical summary of  current nmeter observations
from noorings located in the nouths of the three min Yukon
River distributaries. Depl oynent periods and instrunent depths
are given in Table 2-1.

Along- Channel Conponent Cr oss- Channel Conponent

Max. Avg. St d. Max. Avg. St d.
St ati on (cm/s) (cm/s) (cm/s) {cm/s) (cm/s) {cm/s)
C-2 121.2 80.3 25.6 47. 8 0.3 15.3
(Sout h Mout h)
C- 4B 77.3 50. 4 16. 6 10. 7 0.5 3.9
(M ddl e Mout h)
c-4C 83.3 46. 7 14. 8 12.8 0.1 8.3

(North Mouth)

426



tenperatures decreased nonotonically from a maxi mum of 20°C in
early August to values near 5°C at the end of Septenber.

Although there were significant tidal conponents in the
current and water—|level records from South Muth during the 1985
nmeasur enment program the extrenely snooth water tenperature
record strongly suggests that seawater did not enter South NMbuth
with the tidal excursions. O fshore seawater tenperatures in
early August wee5 to 10°C colder than the Yukon discharge, but
by late Septenber, the Yukon was significantly colder than the
nearby sea water. Nevertheless, it is highly unlikely that sea-
water would reach the site of nmooring C-2 yet not be evident in
the tinme series of water tenperature. The absence of seawater
penetration into South Muth during the 1985 neasurenent period
is confirnmed by the conductivity record that was obtained from a
conductivity sensor nmounted on an Aanderaa current neter near the
bottom of nooring c-2. Non-zero salinity readings were obtained
from this instrunment, but careful analysis revealed that the
maxi mum observed readings, which ranged between 0.10 and
0.16 ppt, were not significantly different from zero. These
readings nmay sinply be a result of background conductivity in the
sedinment-laden river water. Despite the threshold uncertainties
of the Aanderaa conductivity sensor, we can be sure that this
instrunent woul d have detected salinity levels of a few parts per
t housand if sea water had actually entered South Mout h.

Figure 3-10 presents water tenperature and current data
obtained from nooring Cc-4B deployed in Mddle Muth during the
second deploynment period of 1985 (24 August through 27 Sep-
t enber) . Al so shown are neteorological data from Emonak (sane
as those included in Figure 3-9). The current records from this
site, which was |ocated approximately 9 nmiles upstream from the
seaward edge of the Delta, exhibit |ess high-frequency and cross-
channel fluctuations than were observed at South Mouth. Along-
channel speeds are snoothly varying, yet exhibit a clear diurnal
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tidal conponent with a |esser semidiurnal conponent. On several
occasi ons, 24 August, 28 August, and twice during 1 Septenber,
the current in the river actually reversed, apparently in phase
with the tide. Near constant water tenperatures and near-zero
conductivity readings from an Aanderaa conductivity sensor
|ocated at the base of the nooring strongly suggest that sea
water did not penetrate into Mddle Muth during these events.

The current reversal on 1 Septenber is related to a storm
surge event, as discussed in subsection 3.6. Al though EG&G did
not deploy a water-level recorder at this site, a concurrent
water-level record was obtained from a nearby site by NOAA
RU 660. These data have been analyzed and included in subsec-
tion 3.3 for interpretation of tides in Mddle Mouth.

Statistics of the along-channel and cross-channel currents
observed at Mddle Muth are also presented in Table 3-4. The
average along-channel speed at Mddle Muth (50.4 cnisee) is
significantly Jless than that observed at South Mouth
(80.3 cnisee) during roughly the sane tine period. These reduced
currents, in conmbination wth the relatively small cross-
sectional area of Kawanak Pass, result in a nmuch snaller dis-
charge from Mddle Muth than South Mbuth. This will be quanti-
fied in subsection 3.4, which presents results of the velocity
profiling surveys and discharge cal cul ati ons.

Figure 3-11 presents noored data from North Muth during the

1986 field neasurenent period. Mooring G-4C was | ocated roughly
8 mles upstream from the seaward edge of the Delta, the sane
relative position as nooring C-4B in Mddl e Muth. Meteoro-

| ogical data were collected by a renote station installed near
Kotlik by EG&G.

The al ong-channel current record from North Muth exhibited
little high-frequency variability; fluctuations were primarily a
result of slowy varying river discharge and a predom nantly
diurnal tidal current. The semidiurnal tide was nuch |ess
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conspi cuous than in current records from M ddl e and South Mout hs.
The water-level record from nooring c-4c¢ confirnmed the m xed,
predom nantly diurnal characteristics of this location, and a
conplete tidal analysis of all three distributary nouths is
presented in subsection 3.3.

The neteorol ogical data collected near Kotlik reveal |arge
diurnal variations in air tenperature, which may be related to
sea breeze processes (see subsection 3.6). The wind tinme series
from |ate June through md-August exhibits nunerous reversals on
time scales of a few days to a week, but wupon inspection, there
appears to be no correlation between wind fluctuations and along-
channel currents. This is not surprising, since only noderate
wi nd speeds (15 to 20 knots) were observed during the depl oynent
period, and wind effects may be unable to penetrate below 1 or
2 meters depth in cases of strong river flow. Note that current
nmeters were situated at least 4 m below the surface at all
nooring sites. Shal | ower instrunent depl oynments would be
required to determine the wnd-current correlation within the
river, but this deploynent strategy may result in significant
| oss of equipnent due to floating debris and fishing activity.

I nspection of water-level fluctuations at nooring C-4C (sub-
section 3.6) also indicated that there were no significant storm
surge events during this sumer deploynent of 1986. W expect,
however, that during fall and w nterof any year, storm surge and
nmet eorol ogi cal forcing would have a noticeable effect upon the
flow in North Muth, especially since river discharge rates
normal |y would be greatly reduced during these periods.

3.2.3 O fshore Measurenents

Although there is much information about tidal anplitudes
and phases within Norton Sound and the eastern Bering Sea, there
have been no prior current neasurenents in the nearshore regions
around the Yukon Delta. W expect tidal currents westward of the
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Delta to be nmuch different from those to the north of the Delta
(at the southern boundary of Norton Sound) due to the Ilarge
spatial gradients that exist for both the K diurnal and M
semidiurnal tidal constituents. The northward tendency of the
general circulation along the eastern boundary of the Bering Sea
is also nuch different than the circulation in the Sound to the
north of the Delta. Anot her inportant difference between the
west and north sides of the Delta is related to the w nd-driven
circul ation. For a strong northerly w nd, nearshore currents
north of the Delta would be primarily onshore, wth a small
westward conponent; however, northerly winds along the western
margin of the Delta would result in strong alongshore currents
with a significant offshore, surface circulation due to Ekman
dynam cs. In contrast, a strong southerly wind would result in
onshore flow at South and M ddle Muths, while the nearshore flow
would be primarily offshore at North Mbuth.

To resolve the spatial characteristics of the general circu-
lation, tidal currents, and the wind-driven flow in the vicinity
of the Yukon Delta would require sinultaneous current neasure-
ments from a nunber of sites around the Delta during both the
summer and fall open-water seasons. Because hardware resources
were limted, EG&G had proposed to deploy noorings offshore of
South and Mddle Muths during the sunmer of 1985 to determne
the large-scale circulation, tidal current characteristics, and
the spatial correlation between currents offshore of two najor
di stributaries. A single nooring was to be deployed offshore
North Mowuth during 1986 to observe the circulation along the
southern margin of Norton Sound.

Good quality current, water tenmperature, salinity and water-
| evel data were obtained from the nporings deployed to the west
of the Delta during the period fromlate July through |ate August
1985. Unfortunately, rough sea conditions prohibited a second
of fshore deploynent in |ate August. Consequently, all noorings
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had to be placed within the river. Li kewi se, an attenpt was nade
to deploys nooring offshoreof North Muth in June 1986, but bad
weat her again prevented the field party from traveling the
20-mle distance to reach water depths of 30 feet that were
required for the nooring deploynent. Had a |arger vessel been
available for the mporing work, it may have been possible to
depl oy additional noorings offshore of the Delta, but navigating
across the shallow tidal flats of the Delta front would have
becone nore of a problem

The offshore neasurenents in 1985 consisted of one nooring
(G3) located approximately 16 mles west of South Muth, and
another (G 4A) situated 15 mles west of Mddle Muth. The
noorings were placed at water depths of 32 and 33 feet, respec-
tively, westward of the shallow flats that surround the Delta.
At mooring GC-3, current and water tenperature measurenents were
obtained from an ACM2 noored 19 feet below the surface. An
Aanderaa water-level recorder was situated at the base of the
noor i ng. Salinity, water tenperature, and current neasurenents
were ODt @i ned at nmooring C4A using an Aanderaa current neter
that was al so situated 19 feet below the surface.

Figures 3-12 and 3-13 present conposite tinme series plots of

noored data from sites C3 and GC-4A, as well as concurrent
neteorol ogical data from Emmonak for the period from 31 July
through 26 August 1985. Both nmoorings were recovered on

26 August, but the Aanderaa neter stopped recording on 22 August.
Al though these records are relatively short for resolution of the
coastal circulation, which may have tinme scales of weeks to a few
nonths, there are nmany interesting features which are evident in
the tinme series of the different variables.

Inspection of the tinme series reveals two distinct flow
regimes. The first, extending from 31 July until 6 August, con-
sists of a rotary tidal current with major axis parallel to the
coast and nean speeds of about 40 cm/sec. During this tinme
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period, the salinity and tenperature at nooring C-4A were rela-
tively steady with nean values of about 24 ppt and 12°C, respec-
tively. The water tenperature at C 3, however, was nmuch col der,
with average values of about 6.5°cC.

A tenperature/salinity profile obtained during the
depl oynent of nmooring CG3 on 31 July revealed a thin, surface
| ayer of relatively fresh water overlying cold, saline Bering Sea
water; at a depth of 3 feet, tenperature and salinity were 11.6°C
and 12.9 ppt, respectively, whereas from a depth of 9 feet to
the bottom tenperature and salinity exhibited no depth

dependence. In this Ilower, oceanic |ayer, tenperature and
salinity ranges were 5.2 to 5.9°C and 25.8 to 27.2 ppt,
respectively. Due to poor weather conditions and darkness, T/S

profiles could not be conducted at the tinme of deploynment at
nooring site G 4A A discussion of the CID data collected in
Septenber 1985 during the recovery of noorings G3 and G4A is
provided in subsection 3.5.

The second regine, extending from 6 August until the end of
t he depl oynent (26 August), was characteristically different and
much nore energetic. The flow again exhibited a rotary pattern
of diurnal period, but speeds of 80 to 90 cm/sec were conmon
through the end of the deploynent at G 3, and speeds were only
slightly less at C 4A This energetic period was acconpani ed by
a significant tenperature increase at both nmporing sites. At
-3, tenperatures increased to about 12°C and exhibited noderate
variability through the end of the record. At nmooring GC-4A,
excursions in tenperature and salinity were large and visually
correlated to each other; tenperature oscillations of 10°¢ were
acconpanied by salinity variations of up to 9 ppt, and warm
waters were relatively fresh while colder waters were nore
sal i ne.

To illustrate the Jlarge excursions in tenperature and
salinity that were observed at nooring C 4A during the passage of
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the Yukon River plune, Figure 3-14 presents a T/S diagram
constructed from 10-mnute sanples of each variable. The
pronounced |inear segnments, which have tenperature ranges up to
10°c, represent individual events where the nooring wtnessed the
passage of the front between warm river water and cold, saline
ocean water. The large nunber of points connecting the two
extrema indicate that the two distinct water types have undergone
extensive mxing, such that the front between the two has
noderate property gradients. Further speculation about the
characteristics of this front is not possible because one cannot
di stingui sh between horizontal and vertical excursions of water
masses past a single noored, subsurface sensor. For instance, a
fresh, surface lens of river water may pass the nooring site,
whereas the subsurface instrument may detect |low salinities only
when the lens beconmes thick enough to reach the depth of the
i nstrument.

The current and water property tinme series clearly indicate
that both noorings were |ocated at the fringe of the Yukon R ver
pl ume. Prior to 6 August, the nmoorings were lying on the ocean
side of the front, and cool, saline Bering Sea water resided at
both sites. Soon after, the front noved farther offshore,
placing nmooring C4A in water that, on a salt basis, was a
m xture of roughly five parts Bering Sea water to two parts fresh
Yukon River water. Since the Aanderaa was noored well Dbelow the
sea surface, it is likely that fresher, less dense waters lie
within a surface lens that could not be sanpled by the subsurface
i nstrunents.

The offshore advection of the river plume was nost |ikely
caused by a low pressure storm that entered the area on 6 August.
(Note that river discharge during this period was relatively
constant, as shown in Figure 3-6.) The Emmonak neteorol ogical
data presented in Figures 3-12 and 3-13 illustrate that, on this
day, the baronetric pressure dropped, the average daily air
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Fi gure 3-14. Tenperature/salinity scatter plot of 10-m nute
sanples neasured by a current neter on nooring C 4A offshore
M ddle Muth for the period 31 July through 22 August 1985.
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t enperature decreased, and diurnal oscillations in the air tem
perature were greatly danped (probably due to an increase in
cl ouds acconpanying the storm. Wnds during this period appear
to be stronger than on previous days, but with the gaps in the
NWS observations at Emmonak, it is difficult to resolve the true
wind field during this period. The strong southwestward w nds on
the norning of 7 August would be favorable for an offshore sur-
face flow, based upon Ekman dynamcs, but verification of this
transport process is not possible with the available information.
A further account of the evolution of this storm and another
whi ch affected the Delta on 8 August, is given in subsection 3.6.

Progressive vector diagrans (PVDs) generated from current
data at sites CG3 and C4A (Figures 3-15 and 3-16, respectively)
illustrate that the two sites were affected by the sane north-
northeastward drift for the 3-week deploynent period. A net
drift of roughly 260 km over the first 22 days of each record
resulted in an average speed of 12knfday, or 12 cm/sec. This is
in close agreement wth Drury et al.'s {1981) estimate of a
10— to 15-cm/sec northward drift along the westward side of the
Yukon Delta. Unfortunately, the limted length of the recent
of fshore neasurenents precludes estimation of alongshore drift
during other seasons of the year.

The PVDS also provide evidence that the flow regine was
related to the neteorological events that occurred during the
measur enent peri od. Both PVDS indicate that from the beginning
of the deploynent (lower left corner) until 6 August, relatively
smal |l counterclockwi se tidal excursions were superinposed on a
north-northeastward drift. In contrast, from 6 August until the
end of the depl oynent, the PVD fromnmooring G3 is characterized
by much |arger counterclockw se oscillations and a mnuch stronger
northward drift.

The PVD from nooring C4A was significantly different from
that of mooring C-3 after 6 August. At GC-4A there were periods
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STATION C3, YUKON peLta, ALASKA
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Fi gure 3-15. Progressive vector diagram of currents from nooring
C-3 offshore South Mouth. The trajectory begins on 31 July
1985 (lower left) and ends on 26 August 1985 (upper right).
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STATION C4, YUKON DELTA, ALASKA
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Figure 3-16. Progressive vector diagram of currents from nooring
G 4A offshore Mddle Muth. The trajectory begins on 31 July
1985 (lower left) and ends on 22 August 1985 (upper right).
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of strong northward drift, as observed at C3, but there were
other periods when the northward flow decreased and tidal
oscillations were dom nant. Analysis of the tenperature and
salinity data from G 4A reveals that strong northward flow was
observed when the instrunent was inmmrersed in the warm |ow
salinity plume of Yukon River water, whereas the predomnantly
tidal reginme occurred when cold, saline water was present. Thi s
result indicates that the water nass boundary between Yukon River
water and Bering Sea water also represents a dynam c boundary for
current generating processes.

It is interesting to note that Norton Sound, which is 280 km
long with an average depth of approximately 18 m has a resonant
period of nearly 24 hours. This may provide a mechani sm by which
atnospheric forcing can generate diurnal seiches in Norton Sound.
This nechanism is consistent with the observed diurnal current
anplification that was observed in the current records after the
arrival Of  the storm on 6 August 1985.

For further analysis of the oscillatory conmponent of the
currents at moorings C3 and G 4A, variance conserving plots of
rotary spectra, including the counterclockwise (top half) and
cl ockwi se (bottom half) conponents for each record, are presented
in Figure 3-17. At nporing C 3, nost of the spectral energy is
contained in the counterclockw se conponent: a broad peak at
diurnal periods, a lesser peak at the semidiurnal frequency, and
smal | but noticeable energy at higher harnonics. In the clock-
wi se conponent, all energy is confined to periods of 1 day or
| onger . At periods longer than 2 days, the flow has no preferred
sense of rotation, but since the records are only a few weeks
long, it is likely that this analysis greatly underestimtes the
energy content of processes having periods greater than 1 week.

The rotary spectra at C4A exhibit roughly five tines |ess
energy in the diurnal counterclockwi se current conponent than was
observed at nooring GC 3. The countercl ockwi se semidiurnal
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component at C-4A was also less than at G3, but only by a factor
of two. It is very surprising that the diurnal counterclockw se
currents differ by this anobunt over the 26-mle distance between
the two nooring sites, especially since the range of the diurnal
tide should be roughly the sane at both sites.

Pearson et al. (1981) indicate that both the K diurnal and
M semidiurnal tidal constituents, which are the predom nant
barotropic tidal constituents in this area, have a counter-
cl ockwi se sense of rotation in the region to the west of the
Delta. The large counterclockwise diurnal current at GC3 is
definitely not a result of inertial effects, because at this
|atitude, inertial currents would have a period near 13 hours,
and their sense of rotation would be clockw se. Nor would we
suspect the large diurnal anplitude at C-3 to be a result of sone
| ocal topographic effect, because bathynmetric contours to the
west of the Delta are snmooth and oriented north-south, such that
nmooring c-3 is located in the sane topographic regine as nooring
C4A. Both nporings lie on the gradual slope which lies offshore
of the shallow flats of the Delta platform

W suspect the high energy at GCG3 to be a result of
baroclinic processes which are related to the Yukon R ver plune.
The tine series of currents and water tenperature at C3 (Figure
3-12) indicate that the large anplitude diurnal currents were
present when water tenperatures were relatively high. Wen the

plume of fresh, I|ess dense river water advances offshore, |arge
density gradients will form at the boundary wth the cold,
saline, and dense seawater. These density fronts wll occur

along the horizontal boundary of the plune, as well as at the
vertical boundary between the two layers of different density.
Thi s baroclinic structure wll be very susceptible to excitation
by the nore energetic processes of the region, nanely the diurnal
and semidiurnal barotropic tides. The apparent result that baro-
clinic notions are not excited at nmooring C-4A may be due to a
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|l ess intense front between the two water types at that |ocation.
Since the Yukon discharge from South Muth (inshore of GC3)
greatly exceeds that at Mddle Muth (inshore of GC4A), it is
likely that waters at C4A are well mxed conpared with those at
c-3.

The available data are insufficient to resolve the two-
di mensional field of mxing in this region, but there appears to
be major differences in the extent of vertical mxing at the two
sites. At CG4A, the plune of relatively fresh water (15 to
20 ppt) often penetrates to the 19 foot (5.8-n) depth of the
instrunment, but at CG3, which lies closer to the mmjor river
di scharge point, warm river waters never reached the 19 foot
(5.8-m depth of the instrunent. W may conclude that the plune
is subjected to vertical mxing as it is advected northward al ong
the Delta coast, and vertical gradients between water types were
much weaker to the north of nmooring C 3. Al t hough highly specu-
lative, this scenario is consistent with both water properties
and the dynam cs of the current regine.

Coherence analyses were also performed upon the north and
east current conponents from the two noorings {Figure 3-17a). No
significant coherence was detected in the eastward current com
ponent, but coherence was significant in the northward current
conponent at diurnal periods and in the 2- to 10-day band. The
observed 150° phase lag (where GC-3 leads C4A) is consistent with
t he countercl ockwi se tidal wave.
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3.3 WATER-LEVEL MEASUREMENTS

Water-1level (pressure) neasurenents were obtained at various
sites during the Yukon Delta neasurenent programin order to neet
three objectives. First, upstream tinme series of water-|evel
were obtained in conjunction with the current neasurenents to
monitor the height of the river during the summer season when
river discharge and water |evel changed significantly. Second,
of fshore water-level neasurenents were nmade to determne the
predom nant tidal characteristics and relate these results to the
fl ow regine. Third, water-level neasurenents were made in the
distributary nouths to determ ne whether tides penetrate into the
river and alter the rate of river discharge. The water-|evel
measurenments from the distributary nouths and offshore sites were
also wuseful for identification of storm surge events. An
anal ysis of the surge results is provided in subsection 3.6, as
it relates closely to the neteorol ogical results.

To supplenment the water-level neasurenments obtained during
the present program additional water-level data have been
obtained from a variety of sources. For the analysis of river
level, time series of river height were acquired from government-
operated stations at Russian Mssion and Yukon Bridge, which are
| ocated 90 and 670 mles upstream of Pitkas Point, respectively.
At the nouth of the three major distributaries, tidal character-
istics change greatly over small spatial scales, and it was
necessary to obtain additional water-level records collected
during sunmmer 1985 as part of NOAARU 660, the fisheries investi-
gation of the Yukon Delta. Water-level records from three sites
around the Delta shoreline were also available from a past NOAA
study conducted by EG&G. Using all of these data sources, it has
been possible to resolve the tidal regine within the distributary
nmout hs and nearshore areas.
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3.3.1 _Upstream River Height
As previously discussed in subsection 3.2, water-level mea-
surenents were obtained atKobolunuk during the 1985 and 1986

field prograns. The 1985 water-level time series (see Figure
3-6) exhibited a gradual drop in water level from late July to
m d- August , followed by a 2.8m rise in river height from

22 August until the end of the deploynent period on 2 Cctober.
This rise was apparently related to the relatively high rainfall
that occurred throughout Alaska during this period. The velocity
profiling transects conducted at Kobolunuk during the second
(August 1985) and third (Cctober 1985) field trips indicated a
43% increase in river transport, concurrent wth the rise in
river |evel.

This autum rise in water level was so large that it was
initially suspected tobe an instrunment calibration problem
Upon EG&G's request, NOAA sent the governnment-furnished water-
| evel recorder (TG-3) used atKobolunuk (station GC-1) to the
Northwest Calibration Center in Seattle for post-deploynent
instrument calibration. The time series of water level was
reprocessed wusing the new calibration coefficients, and the
resulting time series revealed a 4% decrease in water |evel
conpared with the initial anal ysi s. Al though the nmagnitude of
the rise was thus reduced to 2.7 m this recalibration proved
that the neasurenents were credible.

As an independent check, concurrent water-|evel data were
acquired from a USGS station at Russian Mssion, which is |located
90 miles wupstream from Kobolunuk. During the period 30 August
through 25 Septenmber 1985, the water level at Russian M ssion
rose 1.94 m while the nmeasurenents at Kobolunuk indicated a

1,85-m water—-level rise during the sane time period. Figure 3-18
illustrates the good agreement between the water-level neasure-
ments obtained by EG&G at Kobolunuk (continuous 1line) during the

period 22 August through 30 Septenber 1985, and the concurrent
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daily water-level measurenments from Russian Mssion (solid
circles). These results confirmthe rise in water |evel that was
observed at Kobolunuk.

It should be noted that all water-level records are plotted
relative to a mean water-level datum conputed for the length of
the record in question. Absol ute water-Ilevel conparison between
sites is not possible because the noored records obtained by EG&G
and other NOAA Research Units were not vertically surveyed wth
respect to USGS benchmarks.

For conparison with the Kobolunuk water-|level data, a tine
series of river level has been obtained from a USGS station at
Yukon Bridge, which is located in the Yukon Flats, 670 mles
upstream of Kobolunuk. During 1985, good quality water-|evel
data were obtained from early June through late COctober (Figure
3-19). This represents the period when the Yukon, at this |oca-
tion, was ice free. Fromthis tinme series, peak river flow and
water |evel apparently occurred in early June, and water |evel
dropped consistently wuntil the end of the open-water season.
Note that in |late August and m d-Septenber, water |evel at Yukon
Bridge did rise for periods of a few days.

Also shown in Figure 3-19 is the 1986 tine series of water
| evel from Yukon Bridge. This record begins on 25 My, but does
not extend to the end of the open-water season (late Cctober)
because the data were not available at the tine of this analysis.
In 1986, the peak river level was |ess than observed in 1985, and
occurred roughly 1 week later. The river also exhibited a second
rise at the end of June 1986, followed by near-constant |evels
through the first week of Septenber. A small rise in |ate August
appeared simlar to that observed in 1985.

Figure 3-20 presents a conposite of water-level tinme series
from Yukon Bridge, Kobolunuk, and a nunber of sites on the Yukon
Del ta. Two water-level records were available from South Mouth;
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a single record was available from both Mddle and North Mbuths.
The noored records were obtained either by EG& or NOAA RU 660.

This figure illustrates that the increase in river height
observed at Kobolunuk from 28 August through 26 Septenber 1985
was al so observed at Naringolapak during the same tinme period.
However, the river level at Yukon Bridge was not correlated with
the river |evel at Kobolunuk. This is not surprising, since Yukon
Bridge is located over 600 mles upstream of Kobolunuk and nuch
of the Yukon drainage area |lies between these two sites. Duri ng
sunmmer and early fall, the precipitation patterns over interior
and coastal Al aska also differ significantly.

Unfortunately, the water-level records from Mddle and North
Mouths are too short to allow conparison with the EG&G record
from South Muth, but it appears that they do not significantly
diverge from a nean water |evel during m d-Septenber 1985. The
South Muth record from NOAARU 660 al so appears to have a steady
mean level, although there may be a gradual rise during the
period 5 through 15 Septenber 1985. In contrast, the EG&G record
from South Muth exhibits a strong rise of well over 1 m W
believe the instrument was working properly and that this is not
the result of a drift in calibration. Nevertheless, the nmagni-
tude of the rise exceeds the increase to be expected from the
hydraulic effect of an increased river discharge at a point so
close to the ocean boundary. This inpression is reinforced by
the steady nmean |levels which appear in the records fromthe North
and M ddl e Mout hs. It is possible that there nmay have been sone
settling of the nooring due to anchor scour.

Wat er—| evel nmeasurenents at Kobolunuk were also obtained
during the 1986 field program fromlate June through m d-—August.
Figure 3-21 presents tinme series of water |evel at Kobolunuk and
North Mouth, which were obtained by EG&G in addition to the
water-level record from Yukon Bridge. The tinme series at
Kobolunuk exhibits a 0.6-m drop in the river | evel from the
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begi nning of the deploynent (23 June) until 22 July 1986. Soon
after, the river rose 1.2 min a period of 2 weeks, then began to
drop again at the end of the depl oynent.

The 1986 water-level records from Yukon Bridge and North
Mouth exhibit no correlation with the record from Kobolunuk. As
during 1985, the Yukon Bridge record exhibited a peak in June
followed by a gradual decrease in water level during July and
August. At North Muwuth, only small, short—term fluctuations were
observed around a nean water level, again simlar to the observa-
tions from 1985.

3.3.2 _Tides

Astronom cal tides are an inportant physical process in the
vicinity of the Yukon Delta because they are responsible for
periodic fluctuations in the water |evel around the Delta, as
well as oscillatory currents at offshore sites and flow reversals

within the river distributaries. Ti dal anal yses have been per-
formed on time series of water |evel and currents obtained at two
of fshore noorings, in addition to noorings deployed at the nouths

of the three major Yukon distributaries. Both tide height and
tidal current data have been analyzed using the response nethod,
as developed by Munk and Cartwight (1966). The predicted tide
height, or tidal current, is calculated as the response to the
astronomcal forcing;, that is, the predicted tide is the convolu-
tion of the astronomcal forcing with a set of conplex weights
whi ch have been determined so that the predicted tide is a least-
squares fit to the observed records. This procedure can be used
on any length data set (preferably a m ninmum of 15 days), and the
principal outputs are the anplitudes and phases of the harnonic
constituents for either the tide height or tidal current.

The follow ng subsections present results of the tidal
anal yses. First, the tidal characteristics at the offshore sites
and in the nouths of the three mjor distributaries are
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described, wusing the recent EG&G neasurenents as a basis for the
analyses. This is followed by anal yses of additional water-I|evel
records that were acquired during other investigations of the
Yukon Delta. Subsection 3.3.2.4 provides a sunmary of the tidal
characteristics around the Delta, wusing all sources of data.
3.3.2.1 O fshore Tidal Characteristics

Pearson et al. (1981) have presented a sumary of the tides
within the eastern Bering Sea and Norton Sound region, based upon
a large nunber of observations and conparison with tidal nodels.
Their results indicate that along the western shore of Al aska,
tides are m xed, predom nantly semidiurnal, except wthin Norton
Sound where diurnal anplitudes are largest. The majority of the
tidal energy is contained in two semidiurnal constituents, M, and
N, and two diurnal constituents, Ky and 0. The S,constituent,
which is normally the second-nost energetic semidiurnal constit-
uent, is small within the Bering Sea. In the vicinity of the
Yukon Delta, the semidiurnal and diurnal tidal currents both
rotate in a counterclockw se sense.

According to Pearson et al. (1981), the predomnant Mtide
has an anphidrome in Norton Sound, and large anplitudes in
Kuskokwi m Bay (>100 cm) and Bristol Bay (>200 cn). Anplitudes
for the Mconstituent are shown to range from 40 cm near South
Mouth to about 15 cmin the vicinity of North Mouth. Ampl i tudes
for the Nconstituent are relatively small (on the order of
10 cm) around the Delta.

The nost dominant diurnal constituent, K, has anphidrones
near None and south of Nunivak |sland (west of Kuskokwi m Bay) ,
and anplitudes between 30 and 40 cm around the Delta. It is
expected that K anplitudes at North Muth are greater than at
Mddle and South Muths, since a local maxinum (>40 cm s
| ocated at the head of Norton Sound. Anplitudes of the 04 tide
are between 10 and 20 cm around the Delta.
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Pearson et al. (1981), using data from nunerous offshore and
coastal stations (eight stations wthin Norton Sound and one
record from Yukon South Muth), constructed co-tidal charts of
the eastern Bering Sea for the four major tidal constituents (K,
01, M, Ny). From inspection of these charts, it is possible to
estimate the anplitude and phase of the tide at various positions
of fshore of the Delta. At the site of nooring GC-3, offshore of
South Mouth, the anplitude and phase (referred to G eenw ch) of
the K, 0, Mand N, tidal constituents are estimated to be
35 cm and 330°, 15 cm and 290°, 40 cm and 20°, and 10 cm and
300°, respectively.

Table 3-5 presents the results of the tidal analysis per-
formed on the water-level tine series record obtained from
nmooring GC-3 during 1985. Tidal anplitude and phase for seven
princi pal constituents are shown in this table. In general, the
constituent paraneters are in excellent agreenent with Pearson’'s
results. Ti dal phases agreed to within 20° for each constituent,
while anplitudes generally agreed to within about 6 cm wth the
exception of the Mconstituent, which was about 11 cm greater
than the Pearson estimate. This difference is not surprising,
since the Mco-range lines are closely spaced at this location
and relatively large variations can occur over small distances.

Spatial variations of tidal characteristics within the east-
ern Bering Sea can be denonstrated by the ratio between the sum
of anplitudes of the principal diurnal constituents K and O,
and the sum of anplitudes of the principal semidiurnal constit-
uents Mand N, (Pearson et al., 1981). From the recent measure-
ments offshore of South Muth, the local value of this ratio is
determined to be O0.94. This value characterizes the tide at
Station C-3 as mxed, predomnantly semidiurnal, with two high
and two low waters per day, and large diurnal inequalities in
hei ghts. This description is in good agreenent with the observed
ti de height.
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Table 3-5. Principal harmonic tide height constituents determined from water-|evel
records within Yukon distributaries and offshore of the Delta. Ti dal h .
referred to G eenw ch. I daal phase 1s

Station G3 Station G2 ~ Station c-4c
O fshore South Mouth Wthin South Muth Wthin North Muth

Period Amplitude Phase Anpl i tude Phase  Anplitude Phase

Constituent (hours) (cm) (degr ees) (cm (degr ees) (cm) (degrees)
Q 26. 87 3.9 296 2.4 50 5.2 56
0, 25. 82 20.8 302 5.2 50 16.3 73
Ky 23.93 36. 8 346 12.6 93 19.3 118
Mo 12. 87 7.6 307 2.0 107 1.0 106
N, 12. 66 9.8 304 3.6 122 4.0 157
My 12.42 51.2 13 16. 6 113 12.6 174

S* 12.00 8.0 83 0.9 154 3.0 60



Tidal analysis of current neter data, on the other hand, is
nore difficult than tide height analysis due to the variety of
physi cal processes which affect currents in nearshore regions.
As indicated in subsection 3.2, the offshore current neasurenents
were subjected to two different flow reginmes on account of the
nooring location relative to the Yukon River plunme, For instance,
the arrival of a storm on 5 August 1985 caused the water nass
boundary to advance farther offshore, placing the noorings inside
the river plune. The translation of the front was acconpani ed by
a much stronger northward net drift and an anplification of the
diurnal current variability, especially at mooring C 3. As pre-
viously mentioned, atnospheric forcing may induce diurnal seiches
in Norton Sound, and baroclinic processes at the front between
the Yukon plume and the Bering Sea water may also result in
oscillations at tidal frequencies.

For the above reasons, the offshore current records contain
very strong nontidal fluctuations in the diurnal frequency band
Considering that, for the purpose of tidal analysis, any nontida
conponent is regarded as noise, the current records have a very
| ow signal -to-noise ratio. Since nost of the noise is contained
in the diurnal band, the accuracy of the tidal current predic-
tions were seriously affected by this |ow signal-to-noise ratio.

Figure 3-22 presents tine series plots of the observed,
predicted, and residual tidal height and tidal currents at
station CG3 during the 1985 neasurenent period. The upper three
tiers illustrate that the predicted tide closely matches the
observed water—|level record, and the residual water Ilevel (the
di fference between the observed and predicted records) exhibits

relatively small nonperiodic fluctuations. The lower six tiers
in Figure 3-22 present tidal analyses of the north and east
current conponents from nooring GC 3. Tidal currents are m xed

predom nantly semidiurnal, at this site. Nontidal residual

currents have nmuch larger anplitudes than the tidal currents,
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Figure 3-22, Tidal analysls of water-level and current data
obt ai ned from mooring C-3 located 16 nm offshore of SouthMouth
for the period 31 July through 26 August 1985, The upper three
tiers present the observed water level (nean renoved), pre-
dicted tide height, and the residual (observed minus predicted)
water level, The lower 8ix tiers present tidal analysis for
individual (north and east) current components.
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suggesting that the accuracy of the tidal analysis may be ques-
tionable due to the dom nance of nonperiodic processes. Conse-
guently, the anplitudes of the individual harnonic constituents
determned from the tidal current analysis are questionable and
have not been presented here.

Aside from the absolute accuracy of the tidal current
anal ysis, Figure 3-22 clearly indicates that the north conponent
of the tidal current is roughly twice that of the east tidal
current conponent. The result is a tidal current ellipse wth
the major axis oriented northward, roughly along bathynetric
contours, in agreenment with Pearson et al. (1981).

Figure 3-23 presents the tidal current analysis for nooring
C 4A, which was |ocated offshore of Mddle Muth. As for nooring
c-3, tidal currents are of the mxed, predomnantly semidiurnal
type, nontidal residual currents are much larger than the pre-
dicted tidal currents, and the northward tidal current is’ signif-
icantly greater than the eastward conponent. Both tidal current
conponents at nmooring C4A were, however, nuch smaller than at
nmooring G- 3. This northward decrease in tidal current anplitude
was expected for the M, semidiurnal tide, but not for the K
diurnal tide, which, according to Pearson et al. (1981), should
have the sane nmagnitude at all nearshore sites west of the Delta.
However, in the absence of a noored water-Ievel record from
mooring C-4A, accurate tidal constituent anplitudes cannot be
determ ned, and further speculation is not warranted.
3.3.2.2 Tides within River Distributaries

Tides around the Yukon Delta and within the river distribu-

taries are characterized by extrenely large spatial variations.
Not onyare the tidal characteristics different at the nouths of
the three mpjor distributaries, but large tidal anplitude and
phase variations occur oversmall distances wthin the river.
For instance, the diurnal/sem diurnal anplitude ratio, as defined
above, changes from about 1 at South Muth to over 2 at North
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Figure 3-23. Tidal analysis of north and east current conponents
obtained from nooring C4A l|ocated 15 nm offshore of Mddle
Mouth for the period 31 July through 22 August 1985. The
observed current, predicted tidal -current, and residual
(observed mnus predicted) current are presented for each
current conponent.
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Mout h. As shown below, tide height fluctuations and tidal
current anplitudes decay very rapidly over short distances
upstream from the distributary nouth. The presence of tidal
anphidrones in Norton Sound and the |arge dissipation of tidal
energy on the shallow tidal flats surrounding the Delta are najor
contributors to the intense spatial variability of the Yukon
Delta tides.

Tidal analyses have been perforned on water level and
current records obtained from moorings G2 (South Muth), C-4B
(Mddle Muth) , and c-4c (North Muth). The results of these
tidal analyses are illustrated in Figures 3-24 through 3-26 as
conposite tine series plots of observed, predicted, and residual
tide height and tidal currents from noorings G2, C 4B and C-4cC,
respectively.

I nspection of the tidal analyses for nooring G2 in South
Mouth (Figure 3-24) indicates that the water level is influenced
by a mxed, predomnantly semidiurnal tide. The anplitudes of
the harnonic tidal constituents determined from this analysis of
the water |evel are presented in Table 3-5. Anplitudes of the M
and K constituents were 16.6 and 12.6 cm respectively, wth
much |l ess energy contained in the other constituents.

Simlarly, the tidal analysis of current data from South

Mouth illustrates a mxed, predomnantly semidiurnal, tidal
current that is primarily contained wthin the east conponent
(roughly parallel wth the channel axis). Nonti dal current

residuals are nmuch greater than the tidal currents for both
directional conponents due to variations in river discharge and
met eor ol ogi cal forcing.

The tidal current anplitude and phase for the seven nost
predom nant constituents are presented in Table 3-6, based upon
the analysis of South Muth data during the 1985 deploynent. As
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Figure 3-24. Tidal analysis of water-level and current data

obtained from nmooring G2 located within South Muth during the
period 28 August through 28 Septenber 1985. The upper three
tiers present the observed water |evel (mean removed),
predicted tide height, and residual (observed mnus predicted)
water |evel. The lower six tiers present the tidal anal ysi s
fori ndi vidual (north and east) current conponents.
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Fi gure 3-26. Tidal analysis of water-level and current data

obtained from nooring GC4C l|located within North Muth during
the period 26 June through 17 August 1986. The upper three
tiers present the observed water |evel (mean renoved),
predicted tide height, and the residual (observed m nus
predi cted) water |evel. The lower six tiers present the tidal
analysis for individual (north and east) current conponents.
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for the water-level record, nost of the tidal current fluctua-
tions are contained in the Mand K constituents having ampli-

tudes of 15.2 and 11.8 cmsee, respectively. The direction
orientation of the major axis is given for each constituent, and
all agree with the general direction of the channel at that

| ocation (roughly 65/245°T).

Results of tidal current analyses for Mddle Muth during
the 1985 neasurenent period are presented in Figure 3-25 and
Table 3-6. (A water-level recorder was not deployed on nooring
C-4B.) Tidal currents at this location were mxed, wth near
equipartition of energy between semidiurnal and diurnal con-
stituents. The east conponent, which was nearly parallel wth
the channel axis (105/285°T), contained nost of the current

variability. Both the Mand Kj constituents were oriented
toward 110°T +1°, with current anplitudes of 9.6 and 10.1 cn see,
respectively. The nontidal current residual at Mddle Muth

during 1 Septenber 1985 reveals two major eastward flow periods
that are associated with a neteorological storm This surge
event is described in subsection 3.6.

Tidal analysis of water-level and current records obtained
from North Muth during the summer of 1986 are presented in
Fi gure 3-26. Here, the water level is primarily governed by a
diurnal tide, and residuals are very snall. The only significant
residual (reaching approximately 1 m is associated with a storm
surge event on 20 July 1986. Anplitudes of the tide height
constituents (Table 3-5) indicate that the KX; and Oy tides
(19.3 and 16.3 cm respectively) are both greater than the M
tide (12.6 cn).

The eastward current conponent at the nooring location in
North Mouth also exhibits a predomnantly diurnal tide, wth
hi gh-frequency current fluctuations conprising the residual.
(Note that at the site of the nooring, the river channel is
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oriented roughly 70/250°T.) The tidal current constituent anpli-
tudes, which are given in Table 3-6, confirm that the tidal
current is predomnantly diurnal at North Mouth.

The analyses presented above reveal several interesting
features about the tides around the Yukon Delta. First, the
ratio of diurnal to semidiurnal tidal anplitudes at the distribu-

tary nouths indicates a predomnantly semidiurnal tide at South
Mouth, while at Mddle and North Muths, the tide is predom
inantly diurnal. Second, the spring tide (sum of all constituent
anplitudes) at North Muth (roughly 60 cn) is significantly
greater than the spring tide at South Muth (43 cn). Third, based
on the phase of the Mtidal «current, there is a 2.8-hour lag in
the maximum tidal current at North Muth with respect to South
Mouth, while Mddle Muth Iags South Mouth by 1.1 hours.

As a final, qualitative note, close inspection of the
residual water-level plots from each of the distributary nouths
reveals a persistent high-frequency conponent with a significant
rms anplitude. To an extent, this sinply represents the effect
of random turbul ent fluctuations; however, there is also the hint
of an underlying periodic signal which suggests the presence of
hi gher harnonic constituents such as M, M, etc. These so-
called “shallowwater tides” (Schureman, 1958) typically arise in
coastal waters due to nonlinear nodifications of the nmajor

diurnal and semidiurnal constituents. Further evidence of these
effects is apparent in the asymetry of the ebb and flood tides
in the raw water-level and current velocity records. As a

typical pattern, the water level is seen to rise nore steeply on
the flood and recede nore gradually on the ebb. Consistent with
this variation, the flood current is nore sharply peaked and of

shorter duration than the nore sluggish ebb current. It shoul d
be enphasized that these conparisons of the tidal currents refer
to fluctuations about a mnean current. Note that in the Yukon
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during periods of strong discharge, the nean current is suffi-
ciently large to maintain a seaward flow under all phases of the
tide, so that there is typically no actual current reversal
between the flood and ebb phases of the tidal cycle, at |east at
Sout h Mout h.

The tidal asymetry evident for each of the distributary
nmouths is simlar to that reported for other tidal channels;
e.g., for Nauset Inlet as observed by Aubrey and Speers (1983).
Using a nunerical nodel to simulate the nonlinear dynamcs, they
explain the behavior by the generation of the Mtide due to
nonlinear bottom friction and the effect of changing water depth.
In cases where tidal currents are predonm nant, the effect of
hi gher velocity flood currents, as conpared with ebb currents,
has inportant consequences for the net transport of sedinents
through the system. For summer conditions in the Yukon distribu-
taries, tidal velocities are snmall in conparison to the observed
nmean freshwater river discharge. The net transport renmmins sea-
ward regardless of the nonlinear details of the tidal dynam cs.
Under conditions of reduced river discharge in late fall, it is
possible that the tides may briefly assune a nore dominant role
within the distributary channels prior to winter freezeover. At
this time, consideration of such effects as flood and ebb asym
netry nmay becone a worthwhile object for analysis. The probl em
may be conpounded by potential salinity intrusions at this tineg,
as discussed in subsection 3.5.
3.3.2.3 Oher Sources of Tide Data

In addition to the water-level nmeasurenents conducted by
EG&G during the 1985 and 1986 field prograns, two other sources
of water-level data from the Yukon Delta have been identified:
neasurenents obtained from within the three mjor distributary
nout hs during sumer 1985 by NOAA RU 660 (Envirosphere, 1986),
and neasurenments at sites along the Delta shoreline that were
conducted in 1982 by ITEC and processed by EG&G under contract to
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NOAA. These various water-level records have been archived and
processed at EG&G to allow conparison with the recent water-|evel
nmeasurenents conducted as part of this program

Figure 3-27 indicates the locations of the nine water-I|evel
records that have been analyzed to resolve the tidal character-
istics around the Yukon Delta. The EG&G water-|evel neasurenents
were obtained from South Muth, Apoon Pass (8 nmiles upstream from
North Mouth), and an offshore site located 16 nmiles west of South
Mout h. The water-level recorders deployed by RU 660 were | ocated
within South, Mddle, and North Muths at distances of a few
mles upstream of the Delta shoreline. Bubbl er tide gauges were
installed by ITEC near the three distributary nouths: the first
gauge was deployed on Blind Island, 4 mles west of the South
Mout h; the second gauge was deployed at Mddle Muth on Nanuktuk
Island; and the third gauge was deployed 3 mles east of Apoon
Pass (North Muth) at the entrance to the Pastoliak River.

Figure 3-28 presents a conposite plot of observed, pre-
dicted, and residual water-level records that were obtained from
analysis of the RU 660 neasurenents in the three distributary
mouths.  These records are very useful because they begin in md-
June 1985 (prior to the first EG&G depl oynent) and continue into
m d- Sept enber, concurrent with the EG&G measurenents.

In general, the predicted tide and residual water |evels at
North and South Muths agree well with the characteristics of the
EG&G water-level data from those sites. Characteristics are
predom nantly diurnal at North Muth, and m xed, predom nantly
semidiurnal, at South Mout h. Residual water |evels exhibit high-
frequency fluctuations, and 1- to 3-day events related to
nmeteorol ogical forcing, but little energy at tidal frequencies,
thus indicating that the tidal signal-to-noise ratio of the
records is sufficient for accurate tidal analyses.

However, the tidal anplitude predicted from the water-|evel
record at Mddle Muth seens to be erroneously snmall when
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Figure 3-27. Locations of nine water-level records used in the
anal ysis of tidal characteristics on the Yukon Delta.
Measurenents were nade by EG&G (1985 and 1986), NOAA Research

Unit 660 (1985), and ITEC (1982).
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Tidal analyses of water-level data that were obtained from North,

Middle, and South Mouths for the period mid-June through mid-

September 1985 by NOAA Research Unit 660. The observed water Figure 3-28
level (mean removed), predicted tide height, and the residual

(observed minus predicted) water level are presented for each of

the measurement sites.



conpared with the tidal anplitudes at South and North Mbuths.
This discrepancy will becone nore evident upon analysis of the
tide height constituents that are presented bel ow.

Table 3-7 presents the anplitude and phase of the principal
tide height constituents that were determned at South, Mddle,
and North Mouths from analysis of the RU 660 water-I|evel neasure-
ments. Results from South and North Muths agree with the tidal
constituents derived from the EG&G neasurenents at these sites
(Table 3-5). At Mddle Muth, however, tidal anplitudes for all
constituents appear low, especially those for the M,, K and 0,
constituents. Conmparison between these anplitudes and those
obtained from nearby neasurenents is provided in the follow ng
subsecti on.

Ti dal anal yses of the water-level data collected by ITEC at
three sites around the Yukon Delta are presented in Figure 3-29.
The observed, predicted, and residual water |levels are shown for
Pastoliak (near North Muth), Kawanak (Mddle Muth) , and
Kwikluak (South Muth) for the period 20 July through 8 Septenber
1982. Al though both diurnal and semidiurnal conponents are
present in all three records, the tides are predomnantly semi-
diurnal near South Muth and predomnantly diurnal near North
Mout h. These records also indicate that tidal ranges increase
from South Mouth to North Muth; the anplitude and phase of the
principal tide height constituents (Table 3-8) indicate that
maxi mum ranges for the sum of the seven constituents at South,
M ddle, and North Muths are 62, 95 and 108 cm respectively.
These ranges are considerably larger than tide height ranges
determned from the EG&G and RU 660 neasurenments due to the
location of the neasurenments; the EG&G and RU 660 neasurenents
were made upstream of the distributary nouths, while the |TEC
measurenments were nmade on the outer edge of the Delta. Furt her
conpari son between the individual tidal data sources is given
bel ow.
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Table 3-7. Principal harnmonic tide height constituents deter-
mned from analyses of water-level records within the three
maj or Yukon River distributaries obtained in 1985 by NOAA
Research Unit 660. Tidal phase is referred to Geenwich (GW).

South Mouth M ddle Muth North Mbuth
Period Anplitude Phase Amplitude Phase Anplitude Phase
Constituents (hrs) (cm (deg) (cm (deg)_ (cm) (deg)_
Q 26. 87 1.7 32 1.5 109 4.7 54
0, 25. 82 9.0 37 4.6 64 18.5 80
Ky 23.93 12.8 79 6.1 121 25.3 128
Uy 12. 87 1.3 119 0.4 270 0.8 226
N, 12. 66 4.6 82 1.1 130 4.8 171
M, 12. 42 13.8 145 3.6 189 14.9 210
‘9 12.00 5.2 269 1.3 290 4.1 2
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Fi gure 3-29. Tidal analyses of water-level data that were obtained from Pastoliak
(near North Mouth) , Mddle Muth (Kawanak), and South Muth (Kwikluak) for the
period md-July to early September 1982 by ITEC. The observed water |evel (nean
renoved) , predicted tide height, and the residual (observed mnus predicted)
water |evel are presented for each of the measurenment sites.
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South Mout h Middle Mout h North Mouth

Peri od Anpl i tude Phase Anplitude Phase Anplitude Phase
Constituents (hrs) (cm) (deg) (cm (deg) (cm (dep)
Q 26. 87 3.8 327 4.8 332 6.2 34

0, 25. 82 1.4 -9 17.8 -12 24.2 45

Ky 23.93 18.7 21 26.0 28 37.4 105

M, 12. 87 1.4 281 1.3 267 1.6 7

Ny 12. 66 5.8 10 7.0 19 4.7 143

M, 12.42 21.8 47 25.5 58 21.8 184

S, 12.00 9.1 206 12.7 213 12.1 334
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3.3.2.4 Summary of Tidal Measurenents

The results of the previous tidal anal yses can be synthe-
sized to obtain a neaningful picture of tidal characteristics
around the Yukon Delta. To provide a framework from which to
assess the various tidal characteristics, it is useful to first
review the tidal reginme of this region, with the purpose of
identifying factors which nmay affect local tidal conditions.

Ti des around the Yukon Delta are primarily influenced by the
tidal dynamcs of the eastern Bering Sea and Norton Sound. The
tidal wave propagates counterclockwi se from the western portion
of Norton Sound (where water depths are 40 to 70 feet), across
the shallow flats of the Delta platform (depths from 2 to
10 feet), and inpinges on the Delta shoreline and into the river
distributaries. Because the tide propagates with the phase vel o-
city of a shallow water wave, its phase velocity is proportional
to the square root of the depth. Since the shallow Delta platform
is traversed by narrow subaqueous channels which originate at the
nout hs of the major distributaries, the tidal wave nmay propagate
nore rapidly’ within the channels than across the shall ow coastal

ar eas.

This complex coastal topography is conducive to a high
degree of spatial variability in the anplitude and phase of the
Yukon Delta tides. Tidal energy dissipation due to friction is
al so accentuated over the very shallow areas;this frictional
effect reduces tidal amplitudes nearshore and decreases the phase

velocity of the tide wave. In addition, wthin the ngjor
distributaries, the intense river flow opposes tidal propagation,
reduci ng the phase velocity of the tide wave. Ti dal propagati on

Wthin Kwikluak, Kawanak, and Apoon Passes IS also affected by
the presence of nunerous islands at the distributary nouths and
conpl ex bottom topography within the channels.

In order to evaluate the spatial variability of the Yukon
Delta tidal characteristics, the anplitudes and phases of the

476



K,and Mti dal constituents have been plotted on separate maps
of the Delta (Figures 3-30 and 3-31, respectively), wth values
i ndicated at the individual neasurenent | ocations. Both figures
illustrate that phases increase from South Mouth to North Mouth,
in agreement with the known counterclockwi se tidal rotation in
this region of the eastern Bering Sea.

These figures also indicate that the M, and K, tidal anpli-
tudes at South Muth are only 30% of their corresponding tidal
anplitudes 16 mles offshore (station C 3). This 70% reduction
in tidal anplitude indicates that the shallow topography
surrounding the Delta acts as an efficient sink of tidal energy.
Tidal anplitudes are further reduced upstream of the distributary
nmout hs.

As previously nentioned, the tidal anplitudes obtained from
the analysis of water-level data collected at Mddle Muth by
RU 660 appear to be erroneously snall. These anplitudes are
roughly 80% less than tidal anplitudes determined from analysis
of the ITEC data obtained at Mddle Muth, a distance of only
3 mles to the north of the RU 660 gauge. Considering this
anpl i tude discrepancy and the extrenely large (131°) phase
difference between the two records, we view the RU 660 water-
| evel data from M ddle Muth as suspect.

In general, the phase of both the K; and M, tidal constit-
uents increases rapidly wth distance upstream in the nmgjor
Yukon distributaries. This indicates that bottom friction and
intense river flow within the distributaries contribute to a
significant reduction of the phase velocity of the tidal wave.
Although a limted nunber of water-level neasurenents is avail-
able fromwithin the major distributaries, a rapid upstream decay
in tidal anplitudes is evident in Figures 3-30 and 3-31. The
extent of tidal influence upstream from the distributary nouths
cannot, however, be determned from the available water-Ievel
measur enents. The rate of tidal energy dissipation and the
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extent of tide wave penetration within the distributaries can
only be resolved with a closely spaced array of tide gauges
within each of the distributaries, since the dissipation charac-
teristics within South Muth are certainly different from those
in Mddle and North Mout hs.

In addition to the high degree of spatial variability in the
anplitude and phase of the Yukon Delta tides, there is also
significant spatial variability in the diurnal/semidiurnal tidal
anplitude ratio along the Delta coastline. This tidal anplitude
ratio, defined as F = (K; + 04)/(My + N), has been introduced by
Pearson et al. (1981) to characterize the tides in the eastern
Bering Sea. As previously discussed, ratiss rdiigihg fromO0.5 to
1.5 indicate predomnantly semidiurnal tides, while ratios

ranging from 1.5 to 3.0 indicate predomnantly diurnal tides.
Table 3-9 presents the values of F for the nine Yukon tide

stations shown in Figure 3-27. Wth the exception of the RU 660
record from Mddle Muth, all other records from south and Mddl e
Muths indicate a mxed, predonmnantly semidiurnal tide. In
contrast, all tide sources from I\brth i\/buth i ndicate a predom -
nantly diurnal tide, wth anplitude ratios over 2. The ratio of
2.28 for the RU 660 record at Mddle Muuth is further evidence of
nmeasurenment error in this water-level record.
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Tabl e 3-9. Diurnal/sem diurnal tidal anmplitude ratios (F) deter-
mned from water-level records obtained at sites around the
Yukon Delta. Measurenents were nade bv EG&G (1985 and 1986),
NOAA RU 660 (1985), and ITEC (1982) at sites shown in Figure
3- 30. The RU 660 neasurenents from Mddle Mouth appear
erroneous.

Di ur nal / Sem di ur na

Station Location Sour ce Amplitude Ratio (F)
O fshore South Muth EG&G 0.94
Sout h Mout h | TEC 0.73

EG&G 0.88
RU 660 1.18
M ddl e Mouth | TEC 1.35
RU 660 (2.28)
North Mouth ITEC 2.32
RU 660 2.22
EG&G 2.15
M+ N
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3.4 RIVER DI SCHARGE
Anot her primary objective of the Yukon neasurenent program

was to quantify the volunme transport or discharge at an upstream

site (i.e., Kobolunuk), as well as wthin the mgjor distribu-
taries. The discharge from the various distributary nouths is of
consi derable inportance because it effectively governs the

dynam cs of flow in the nearshore regions surrounding the Delta.
The basic nethod for determning discharge within a river is
to nonitor river height and use discrete current neasurenents to
derive a transfer function between height and discharge. In the
absence of any prior neasurenents of the flow in the |ower Yukon
and on the Delta, EG&G was concerned that the two-dinensional
flow field may be conplex and difficult to resolve with a single
current neter noored on each of three or four river transects.
For this reason, an extensive velocity profiling survey was
conducted on four of the five field trips (two in 1985 and two in
1986) to resolve the cross-sectional flow field at various |oca-

tions along the river. These data have proven to be extrenely
valuable in the present study in several respects. First, the
velocity profiles clearly illustrate the large vertical and hori-
zontal shear across each river transect, in addition to large
tenporal variations in the shear field between surveys. Second,
the velocity transects can be used to accurately estimate the
river discharge at specific transect |ocations. Estimates at

various locations lead to a sinple box nodel of flow throughout
the major river distributaries, and its variability during the
summer and early fall of 2 consecutive years. Third, the velo-
city profile data can be used to determ ne whether the noored
current records from within the river are representative of the
actual flow field and its variability. These issues are
addressed in the follow ng subsections.

482



3.4.1 Velocity Transects

Velocity profiles were conducted along nunmerous river tran-
sects during all but the first field trip; the four surveys were
made in md-August and |ate Septenber of 1985, and m d-June and
m d- August of 1986. This tenporal sanpling provided neasurenents
in nobst summer nonths, as well as one interannual conparison
during August. Although it was determned that the characteris-
tics of the river flow field changed greatly on tinme scales nuch
shorter than the survey interval, and, thus, the tenporal evol u-
tion of the flow cannot be resolved, the velocity surveys do
provide interesting snapshots that can be conpared wth the
noored current neasurenents.

The spatial sanpling schene was based upon the need to
guantify the Yukon flow at an upstream |ocation, as well as at
each mgjor bifurcation on the Delta. For this reason, velocity
transects were conducted at Kobolunuk during each survey. Tran-
sects were also repeated a short distance downstream of Head of
Passes to quantify the flow within Kwikluak and Kwikpak Passes.
On selected field trips, additional transects were occupied
farther downstream to determne the flow wthin Kawanak, Apoon,
and Kw guk Passes. A limted nunber of transects were also nade
in South, Mddle, and North Muths, but these were difficult to
interpret because of the significant tidal influence within the
di stributary nouths.

All of the velocity profiles have been used in conjunction
with bathynetric profiles to construct cross-sections of the
downstream flow field at each transect |ocation. The procedure
used to generate these velocity cross-sections is described in
subsection 2. 3. During the four surveys, a total of 36 velocity
transects were occupied and anal yzed, but only a small nunber of
velocity cross-sections are presented here to illustrate the
characteristics of the two-dinmensional flow field and its
t enpor al variability. Figure 3-32 presents the results of the
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KOBOLUNUK TRANSECT

©=PTH FEET)

DEPT>®REET)

DISTANCE ( FEET x1000)

Figure 3-32. Yukon River transects at Kobolunuk illustrating the

t wo- di mensi onal shear of downstream current speed during three
profiling surveys: 1 Cctober 1985, 27 June and 11 August 1986.

Current data from individual profiling stations are given in
Appendi x B. Velocities are shown in units of cm/sec.
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velocity profiling conducted near Kobolunuk on 1 October 1985,
27 June and 11 August 1986. At this location, there were two
channels separated by a md-river shoal. Differences in the
bat hynetric profiles between the three surveys were a result of
the profiles being made at slightly different |ocations: the
1 Cctober 1985 transect was |ocated approximately I|/4-mle
upstream of the two later transects. Only small bathynetric
di fferences are noted between the two 1986 transects because they
were made within 100 m of each other. )

During 1 Cctober 1985, the Kobolunuk velocity transect
exhibited strong flow in both channels, wth extensive current
shear in the vertical and horizontal directions. This shear was
clearly wevident during the field neasurenents: the core of
strongest flow could always be seen from the vessel; foam and
floating debris were normally trapped at the surface within this
hi gh-vel ocity core; and surface waves were larger in the core
than in the surrounding water when the wnd was opposing the
river flow

In the northern channel at Kobolunuk (Figure 3-32), down-
stream currents exceeded 130 cm/sec within a relatively deep, but
narrow core that was centered over the deepest part of the
channel . Considerable horizontal shear was observed across the
channel, while the vertical shear was small, except within the
bottom boundary |ayer. Velocities of 100 cm/sec were observed
within 10 feet of the bottom in the channel axis, and a thin
bottom boundary |ayer, having velocities of 50 cm/sec wthin
3 feet of the bottom existed at each profile station.

The broader, southern channel at this transect had a w de
core Wth velocities exceeding 140 cm/sec (speeds nmay have been
greater in the center of the core, but the profile spacing was
not adequate to resolve the center of this feature). The bottom
boundary layer was also very thin for all profiles. At this
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time, the southern channel at Kobolunuk conveyed considerably
more flow than the northern channel (8,041 m®/sec versus
5,094 ni/ see, respectively).

The two 1986 Kobolunuk transects were made downstream of the
sand bar where the 1985 transect was nade. Consequent | y, t he
bat hynmetric profiles look totally different; the northern channel
was roughly three tines the width of the southern channel, but
maxi mum depths were conparabl e. On 27 June 1986, the maximum
downstream velocity of the transect (150 cnisee) was neasured at
the surface within the axis of the narrow, southern channel. In
the northern channel, maximum velocities of 130 cm/sec were
observed slightly north of the deepest part of the channel.

The flow partition between the two Kobolunuk channels had
apparently reversed by 11 August 1986, and the total river dis-
charge decreased significantly since June. 1In the southern
channel, the vertical shear had |essened and downstream vel oci -
ties had decreased by roughly 30% velocities in the northern
channel decreased only slightly. The maximum velocity of the
transect (100 cnfsee) was observed in the northern channel.

For conparison with the velocity transects from Kobolunuk,
Figure 3-33 presents simlar cross-sections for the sanme three
time periods at a site in Kwikluak Pass near Lament (10 mles
downstream of Head of Passes). At this location, the navigable
river is less than 1 mle wde, conpared to the Kobolunuk
sections, which ranged from 6,000 to 7,000 feet in wdth. The
Lanent bathynetric profile is characterized by a deep channel
adjacent to the northern bank, and a narrow, shallow channel at
the southern bank. On 1 Cctober 1985, strong flow was observed
in both channels with maxi mum velocities in excess of 180 cm/sec
in a core situated above the deepest part of the northern
channel . Strong vertical and horizontal shear was present in
bot h channel s.
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LAMONT TRANSECT
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Fi gure 3-33. Yukon River transects in Kwikluak Pass near Lanent

illustrating the two-dinensional shear of downstream current
speed during three profiling surveys: 1 Cctober 1985, 28 June
and 13 August 1986. Current data from individual ©profiling
stations are given in Appendix B. Velocities are shown in
units of cm/sec.
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The velocity cross-sections of October 1985 (Figures 3-32
and 3-33) illustrate that currents were stronger at Lanent than
at Kobolunuk. It is shown in the follow ng subsection that about
two-thirds of the river discharge at Kobolunuk passes through the
Lanent transect in Kwikluak Pass, but the restricted cross-
sectional area at Lanent causes the local acceleration of the
flow. In late June 1986, the river currents at Lanment were again
significantly greater than speeds at Kobolunuk. During the
survey of md-August 1986, current speeds were conparable at the
two transects, but the vertical and horizontal shear at Lanent
was greater than at Kobolunuk.

These few velocity cross-sections clearly illustrate that
the Yukon R ver and its distributaries are characterized by
extensive current shear that varies greatly with tinme and |oca-
tion along the river. The velocity field at each river transect
is conplex, and point neasurenents of currents that are obtained
from nmoored current neters cannot adequately representt he
velocity field across a given transect. This is evident upon
i nspection of the current records presented in subsection 3.2.
For instance, the current record from the north channel at
Kobolunuk during summer 1985 exhibited very little variability,
whereas the transport had increased by 42% from |late August to
early Cctober

As a final remark about the quality of the velocity profile
results, excellent agreenent was found when conparing the npored

current measurenents (at the tine of the profiling survey) wth
the velocities interpolated from the profile neasurenents. On

1 Cctober 1985, the current meter noored on the north slope of
the northern channel at Kobolunuk nmeasured 90.8 cnisee, while the
current, interpolated from the sane relative position on the
transect, was roughly 95 cm/sec according to the profile results.
Conparisons at other times and at other locations in the river
al so gave equally favorable results.

488



3 .4.2 Discharae Cal cul ati ons

The Yukon velocity transects described in the previous
subsecti on have been used to quantify the river discharge at each
transect location. These results provide valuable information on
the range of tenporal variability during the sumers of 1985 and
1986, and allow conparisons with hydrologic data from upstream

nmonitoring stations. Each profiling survey also represents a
“snapshot” of the Delta, which can be used to quantify the flow
partition anong the three major distributaries. The i ndi vi dual

surveys are considered synoptic because, with the exception of
periodic tidal oscillations, conditions varied mninmally during
the 3- to 5-day surveys.

Table 3-10 presents the discharge results for the four
profiling surveys; transect nunbers correspond with Figures 2-5

t hrough 2-8. During each survey, transects were occupied at
Kobolunuk, in the center of the Delta (Kwikpak and Aproka
Passes), and at Lanent in Kwikluak Pass. Transects at South,

M ddle, and North Muths were occupied |less frequently, since the
results were known to be affected by tidal processes.

D scharge at Kobolunuk

In 1985, the discharge at Kobolunuk increased from 9, 200
m/sec in mid-August to 13,120 m3/sec in late Septenber, which
represents a 43% increase during a period when the river is
normal | y subsi di ng. This increase was also neasured in Kwikluak
Pass (a 37% increase from 7,160 to 9,780 ni/see), and further
evidence is found in the water-level data (subsection 3.3) which
docunents a substantial rise in the river level during this
peri od.

The first profiling survey of the 1986 field program was
conducted in June in order to nonitor the river during the period

of intense runoff which follows ice breakup. During this survey,
t he di scharge at Kobolunuk was neasured twi ce, on 22 and 27 June,
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Tabl e 3-10.

within the
tions are shown
obtained within

asteri sk.

Upstream
Kobolunuk

Mountain Vi | | age

Central Delta
Kwikpak Pass

Aproka Pass

Sout h_Branch
Kwikluak Pass
(Lawont )
Kwiguk Pass
South Mouth

M ddl e Branch
Kawanak Pass
(Seagul | Pt.)
M ddl e Mouth (N)
M ddl e Mouth (S)
Kwikpakak Slough

North Branch
Apoon Pass
(Hami | ton)
Apoon Pass
(Kakuktahuk)
Apoon Pass
(Kotlik)
Okwega Pass

kaon R ver
river

and

its major
in Figures 2-5 to 2-8.

di scharge at

_ various transect |ocations
distributaries. Transect posi-
Di scharge estimates

regions of tidal influence are indicated by an
Survey #1 Survey #2 Survey #3 Survey #4
18-23 Aue 1985 26 Sept~1 Ott 1985 21-28 Jun 1986 12-14 Aue 1986
lransect Transport | Transect Transport | Transect Transport| Transect Transpor
No. m3/3ec No. m3/8ec No. n3/sec No. m3/sec
PA-1 9,200 PB-11 13,120 Pc-6A 11,040 PD-1 8,950
PC-6B 10,870
pPC-5 10,300 PD-2 9,250
PA-2 3* 600 PB-4 3,540 PC-2A 4,370 PD-3 3,100
PC-2B 3,850
PA-3 220 PB-5 370 PC-4A 260 PD-4 220
PC-4B 290
PA-4 7,160 PB-8 9,780 PC-1A 8,530 PD-5 5,610
PG 1B 8, 460
PB-10 850*
PA-5 9,340* PB-9 6,940%
PB-2 2,480*
PB-1 480*
PB-7 1,340%
PB-6 20*
PB- 3 940 PC- 3A 1, 260 PD-6 710
PC-3B 700
PC-9 1 ,420%
PC-7 150*
Pc-8 540"
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at approximately 11,000 ni/see, with a difference of only +1%
between the two neasurenents. This consistency was surprising,
since the estimates contain a finite neasurenent error, as well
as actual variability in river flow

To assess the accuracy of the computations, a control tran-
sect was occupied near Muntain Village (6 mles downstream of
Kobolunuk) during the third and fourth profiling surveys. Si nce
there are no significant tributaries or sloughs which intersect
t he Yukon between Kobolunuk and Muntain Village, the discharge
t hrough these two sections should be very simlar at any given
time. Conparison of the results for transects PC-6A and PC5
(both conducted on 22 June 1986) reveals a 7% decrease at Moun-
tain Village, which can be attributed to errors from inadequate
resolution of the two-dinensional flow field with the limted
nunber of profile stations, and positioning errors which affect
the river cross-sectional area conputed from the bathynetric
data. Note, however, that this error estimate is actually a sum
of errors on the two independent transects.

The two control transects were again occupied on 12 August
1986 (transects PD-1 and PD-2); the discharge at Mount ai n
Village (9,250 ni/see) exceeded that of Kobolunuk (8,950 ni/see)
by 3%  Additional control transects could not be occupied during
the field program due to tinme limtations, but the tw inde-
pendent checks suggest that the transport estinates are accurate
to roughly +7%. These error estimates do not address bias errors
that may be introduced, for exanple, by the calibration of the
profiling current neter. However, there was good agreenent
between discrete profile nmeasurenents and sinultaneous, nearby
current neasurements obtained from noored current neters.

Returning to the issue of discharge at Kobolunuk, a 19%
decrease was found over the period late June 1986 to m d-August
1986, as would be expected for this tine of year. Table 3-10
indicates that the discharge at Kobolunuk during m d-August 1985
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(profiling survey 1) was not significantly different than that
nmeasured during md-August of the following year (survey 4).
Curiously, the discharge during late Septenmber 1985 was signifi-
cantly greater than in June 1986. This result wll be discussed
later in this subsection, along with a presentation of hydrol ogic
data from an upstream USGS nonitoring station

Distributary D scharges

The majority of the transects occupied during the profiling
nmeasurenments were nade downstream of Head of Passes in order to
quantify the discharge within the major distributaries. Since
the transects at Kwikluak, Aproka, and Kwikpak Passes were
| ocated roughly 70 mles downstream of Kobolunuk, it is likely
that the lower Yukon gains a significant contribution of fresh
water from the low hills and ponds which flank the river between
these two sites. This downstream increase was evident during
the first three profiling surveys: in August 1985, the sum of the
Kwikluak, Aproka, and Kwikpak di scharges (10,780 ni/see) exceeded
that at Kobolunuk (9,200 ni/see) by 17% sinilar downstream
i ncreases of 4% and 19% were neasured in Septenber 1985 and June
1986, respectively. During the fourth profiling survey, the
di scharge neasured at Kobolunuk exceeded that derived from the
sum of the three transects |ocated downstream of Head of Passes
by 0.2% but this difference is not significant, considering an
expected neasurenment error of roughly +7% at each transect.

Figure 3-34 presents the calculated budget for the three
major Yukon distributaries, as determned from the estinmates
presented in Table 3-10. For this analysis, the sum for Kwikluak,
Aproka, and Kwikpak Passes is considered to be the best estinmate
of total Yukon River discharge, Th, at Head of Passes, because it
is not affected by the runoff error described above. In Figure
3-34, percentages indicate the fraction of the total wthin the

i ndi vi dual passes.
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SURVEY |
18-23 AUG. 1985

SURVEY 2
26 SEPT. - | OCT. 1985

SURVEY 3
21-28 JUNE 1986

SURVEY 4
12-14 AUG. 1986

Figure 3-34. Percentage distribution of Yukon River discharge
( m/see) anong the three major Delta distributaries as
determned from profiling surveys. The total discharge at Head
of Passes is based upon the sum of discharges wthin Kwikluak
Pass (at Lament) and Kwikpak Pass,
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During the first profiling survey, 66% of the total
di scharge was conveyed through Kwikluak Pass at Lanent, while the
remai nder flowed toward the north through Kwikpak Pass. In the
absence of profiling stations in Apoon or Kawanak Pass, the
partitioning between Mddle and North Muths cannot be
quanti fi ed.

In late Septenber 1985 (when the Yukon discharge was rel a-
tively intense), Kwikluak Pass received 71% of the total dis-
charge at Head of Passes. O the 29% within Kwikpak Pass, 22%
entered Kawanak Pass while only 7% eventually reached North Muth
via Apoon Pass. The results from the two 1986 surveys were
remarkably simlar, with only 9 and 8% of the discharge at Head
of Passes reaching North Muth in June and August, respectively.

It appears that the flow partition within the nmajor Yukon
distributaries is relatively independent of total river dis-
charge, at least during the period from June through Septenber
when the river is relatively high. W suspect that the propor-
tions may vary as the river |evel subsides, due to the conplex
system of erosional channels. In summary, our estimate of river
di scharge partitioning within the Delta is as foll ows:

66% +5% through Kwikluak Pass (leading to South Muth and

Kw guk Pass)
26% +4% t hrough Kawanak Pass (leading to M ddle Mouth)
8% +1% through aApoon Pass (leading to North Muth)

Conparisons with USGS Data
Since 1974, Yukon River discharge neasurenents have been

made by the U S. GCeological Survey at a hydrological station
| ocated near Pilot Station, roughly 19 mles upstream of Pitkas
Point. These daily observations represent an interesting tine
series from which seasonal trends can be identified, and daily
conparisons can be nmade with the neasurenents conducted during

the present program
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The Yukon discharge is characterized by a consistent annual
cycle with peak flow in My or June, followed by a gradual
decrease until Decenber or January when the river becones ice
cover ed. Subsequently, flow remains weak until ice breakup in
May. For the period from Cctober 1975 through Septenber 1984,
the average annual discharge was 6,258 ni/see, and the maxi mum
daily discharge of 21,275 m3/sec was recorded on 27 May 1982.
During winter, discharge rates are generally between 1,000 and
2,000 m3/sec.

Figure 3-35 presents nonthly averages of Yukon discharge at
Pilot Station for the period of February 1982 through Septenber
1984. These 3 years are representative of the annual cycle in
the | ower Yukon; discharge increases rapidly from April to June,
followed by a nore gradual decrease through the sumer and fall.
By January, the discharge is normally about 7% of its maxi num in
June.

The Pilot Station data from 1982 through 1984 also illus-
trate a second, less intense peak in river discharge during the
period from August to Cctober. This peak is nobst pronounced in
the maxi mum daily discharge rates (upper curve in Figure 3-35),
but the peak is also evident in the nonthly averages of 1983 and
1984. This secondary peak is a result of high precipitation
across Al aska and the Canadi an Yukon during the nonths of August
and Septenber. As discussed in subsection 1.3, climatological
data from the Yukon Delta region exhibit wmxima in precipitation
and cloud cover during the nonth of August. This would not be
contested by the EG&G field party which experienced many days of
rain during August and Septenber field trips to the Delta.

Figure 3-36 presents a tine series of daily Yukon River
di scharge estimates at Pilot Station for the period late-May to
1 Cctober 1986, as obtained from USGS records. These daily
estimates reveal seasonal trends as well as short-term fluctua-
tions which occur on time scales of a few days. This record
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Figure 3-35. Time series of Yukon River discharge determined from USGS
measurements at Pilot Station (located 19 miles upstream of Pitkas Point) during
the period February 1982 through September 1984. Monthly mean values are
represented by the solid line; the maximum and minimum 1-day discharge values for
each month are represented by the broken line.
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indi cates that 1986 was an abnormal year, whereby nearly equiva-
| ent di scharge peaks were observed in |ate-May and m d-June. The
June maxi mum was followed by a gradual decrease until a sunmmrer
m ni mum was achieved in early August. The relatively common,
aut umm di scharge nmaxi num was observed in | ate August.

These Pilot Station data are expected to be of high quality,
since direct current neasurenents were used to derive an accurate
transfer function from the water-level data (the basic hydrol ogic
nmeasurenent) to the discharge val ues. Note, however, that Pil ot
Station data from summer 1985 are not available from USGS due to
uncertainties in calibration.

Also presented in Figure 3-36 are Yukon River discharge
estimates for Kobolunuk which were derived from two profiling
surveys in 1985 (open triangles) and two surveys in 1986 (solid
triangles) .

From August to Cctober 1985, the EG&G data from Kobolunuk
exhibited a 43%i ncrease. Di scharge estimates of 13,000 ni/sec
for October are not unconmon at Pilot Station during this tine of
the year.

The EG&G neasurenments from June and August 1986 exhibited a
19% decrease over this tinme period, in agreenment with the nean

monthly values from Pilot Station. The EG&G values from
Kobolunuk are, however, significantly less than the nmean nonthly
and daily discharge values from Pilot Station. For instance, on

27 June 1986, the neasurenent at Pilot Station (15,200 ni/see)
exceeded that at EKobolunuk (11,000 ni/see) by roughly 38%
Simlarly, the neasurenent at Pilot Station exceeded that at
Kobolunuk by 25% on 11 August 1986. If there were an actual
difference in the river discharge between these two sites, we
woul d expect that at Kobolunuk to be sonewhat |arger than at
Pilot Station, due to the addition of the Andreafsky River.
Since the intercomparison suggested a downstream decrease, we
suspect much of the discrepancy lies with a bias error in one or
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both of the neasurenents. The source of this error was being
investigated while this report was in final preparation

Regardl ess of the absolute offset between the EG&G and USGS
di scharge estimates, both data sets illustrate a significant
decrease from June through August 1986. The EG&G neasurenents
in summer 1986 were apparently made prior to the autumm rise in

Yukon di scharge. The nean nonthly values from Pilot Station
exhibited an increase from August to Septenber 1986, but the EG&G
field program had termnated earlier. W strongly recomend that

the questions raised here over the accuracy of river discharge
measurenments be further investigated in future studies.

499



3.5 WATER PROPERTI ES
3.5.1 _CTID Measurenents

The neasurenent of physical water properties, mainly tem
perature and salinity, forns an inportant elenent of the field
program because it provides a direct indication of the manner in
which the river outflow is mxed with the receiving ocean waters

of the Bering Sea on the west and Norton Sound on the north. In
turn, this provides an indirect indication of the possible manner
in which pollutants, mainly hydrocarbons, mght be transported
and distributed within the Delta region.

Since the nost I|ikely sources of hydrocarbon contam nation
are offshore spills, enphasis is placed on transport processes
which affect the seaward boundary of the study area. Although
the precise processes involved are specul ative, the nost obvious
candi dates include onshore, storm-driven surface currents and
estuarine-type <circulation nechanisnms driving upstream near-
bottom currents within the distributary channels. This second
mechani sm has aroused the nost interest, due to various accounts
of salinity intrusions wthin the distributary channels at
significant distances wupriver from the nouths. One account
describes the presence of brackish water at a point 160 km
upstream (Zi nrernman, 1982); nore comonly, observations and
enpirical calculations suggest that traces of salt (salinity of
0.4 ppt) may be found at distances of about 50 km from the
distributary nmouths (LG, 1984). Consequently, one of the main
objectives of the hydrographic surveys was to obtain thorough
coverage of the major distributary channels to detect and map the
extent of any near-bottom salinity intrusion.

As described in subsection 3.4, about 66% of the total Yukon
River discharge flows through Kwikluak Pass, which is the yukon
Delta major distributary. After leaving the nouth of Kwikluak
Pass (South Mouth), a mnor portion of the Yukon River outflow is
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di spersed laterally over the shallow offshore platform of the
Delta. The majority continues flowi ng offshore through a network
of five subagueous channels which cut the platform to depths of
4 to 9 m These channels, nanely the Acharon, Taku, Kutnuknuk,
Kwikluak, and Nurukomarot Channels (NOAA Chart No. 16240), are
very narrow (less than 100 m wide in sone places) and neanderi ng.
River water flowing through the nouth of Kawanak Pass (M ddle
Mout h), which carries about 26% of the total Yukon River dis-
charge, flows seaward through a single subageous channel, the
Kawanak Channel . There does not appear to be any discernible
of fshore channel at Apoon Pass (North Mouth).

Two series of hydrographic stations were obtained near the
nmouths of the Kwikluak and Kawanak distributaries and offshore
within the subaqueous channels during the field trips in August
and Septenber 1985.

Figures 3-37 and 3-38 illustrate the CID station |ocations
occupied during these field trips. Nine stations (A1 to A9)
were made in August 1985, and 13 (B-1 to B-13) were nade in
Septenmber. Table 3-11 presents a sunmary of the data from all
stations, including water depth and observed tenperature and
salinity at the top and bottom of each profile.

Several CTD stations in Table 3-11 are listed as having “no
salt.” This classification is used to indicate that the entire
profile contained “pure” Yukon River water. At the present tine,
the chemcal conposition of Yukon River water has not been
sanpl ed extensively. However, Livingston (1963) has estimated
that average river water has a total concentration of dissolved
solids of about 100 mg/1 (or 0.1 ppt). Equating salinity as
nmeasured with the CID to total dissolved solids concentrations,
it is assuned that salinities above 0.1 ppt indicate the presence
of a seawater fraction, This threshold salinity corresponds to a
conductivity range of between 0.31 and 0.43 mmho/cm for the
observed tenperature range. A salinity of 0.1 ppt is considered
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Tabl e 3-11.
field trips to the Yukon Delta in sumer

Summary of

CiD

results

from the second and
Station posi-

1985.

tions are-shown on Figures 3-37 and 3- 38.

SECOND FI ELD TRI P

third

Wat er Profile Tenperature Salinity
CTD Dept h Dept h Top/ Bott om Top/ Bott om
Station Dat e (m (In) (°C) (ppt )
A-1 08/ 24/ 85 15.2 13.7 12.48/12. 45 No Salt
A2 08/ 25/ 85 7.6 5.5 10. 59/ 10. 59 14.28/14.74
A-3 08/ 25/ 85 7.3 6.6 11.90/11.98 No Salt
A-4 08/ 25/ 85 18.0 17.0 12.07/12.09 No Salt
A-5 08/ 26/ 85 4.3 4.3 10. 77/ 10. 77 26. 83/ 26. 85
A-6 08/ 26/ 85 9.8 8.0 10. 81/ 10. 80 27. 24/ 27. 26
A7 08/ 28/ 85 18. 3 16.5 11.67/11. 67 No Salt
A-8 08/ 28/ 85 6.1 4.4 11.64/11. 66 No Salt
A-9 08/ 28/ 85 6.1 5.2 11.59/11.63 No Salt
THI RD FI ELD TRI P
Wat er Profile Tenperature Salinity
CTD Dept h Dept h Top/ Bott om Top/ Bott om
Station Dat e (m (m (°c) (ppt )
B-1 09/ 24/ 85 18. 3 16.5 6.67/6. 65 No Salt
B-2 09/ 24/ 85 8.2 6.7 6.51/6.52 No Salt
B-3 09/ 24/ 85 20. 4 18. 8 6.51/6.52 No Salt
B-4 09/ 24/ 85 7.9 6.6 6.49/ 6. 36 No Salt
B-5 09/ 24/ 85 10.1 8.7 6.37/6.23 No salt
B-6 09/ 24/ 85 6.7 6.1 5.91/5.85 No Salt
B-7 09/ 24/ 85 2.4 1.7 6.04/6. 16 0.94/ 5.42
B-8 09/ 24/ 85 4.0 3.4 6.57/6.81 8.29/17.04
B-9 09/ 24/ 85 7.1 6.2 7.04/7.37 20.02/24.82
B- 10 09/ 25/ 85 14.3 13.3 6.26/6. 21 No Salt
B-n 09/ 25/ 85 9.1 7.3 6.26/6. 27 No Sal t
B-12 09/ 25/ 85 15.2 11.6 6. 26/ 6. 26 No Salt
B- 13 09/ 25/ 85 12.8 10.9 6.29/6. 29 No salt
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as quite a low threshold, and the natural range of dissolved
solids concentrations in the river probably intermttently
exceeds this level independent of any mxing with seawater.

As is evident from inspection of Table 3-11, the data fail
to reveal any trace of salinity intrusion into the distributary
system Significant salinity levels were encountered only near
the seaward edge of the Delta platform at distances well off-
shore of the channel nouths. Accordingly, during the subsequent
surveys scheduled for the summer of 1986, it was decided that
there was no need to conduct additional CID surveys wthin the
maj or distributaries because salt could not penetrate upstream
during this season of high discharge. To further support this
claim a limted CID survey was conducted at North Mouth during
August 1986 using a portable Becknan RS5-3 salinometer. This
instrunent has a conductivity range of O to 60 mmho/cm and an
accuracy of +0.5 mmho/cm. Although nmuch less accurate than the
NBIS CTD used in the 1985 field work, the Beckman salinoneter is
still capable of detecting seawater fractions at quite high
di lutions. Stations were occupied along Apoon Pass near Kotlik
and to a distance of 2 mles offshore of the North Muth. Again,
these data indicated no seawater fraction was present in the
Apoon Pass during August 1986,

In support of the CTD neasurenments, Aanderaa RCM current
meters equipped wth conductivity sensors were deployed in
Kwikluak Muth and Kawanak Mout h. The sensors were noored near
the bottom at |ocation GC-2 during both deploynents in 1985, and
at G 4B during the second deploynent in 1985. Nei ther record
contained any significant conductivity above the noise |evel of
the instrunent (0.2 mmho/cm).

Significant fractions of seawater were found only at the
nost distant offshore hydrographic stations of the tw 1985
surveys. These stations lie 25 km or nore offshore of the
Kwikluak and Kawanak Muths, either at the seaward edge of the
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Delta platform or farther offshore over the steeply sloping face

of the Delta front. The vertical profiles of tenperature and
salinity for selected stations from the August and Septenber
surveys are shown in Figures 3-39 and 3-40, respectively. It is

i medi ately noticeable that the tw sets of profiles differ
fundanentally in terms of the degree of salinity stratification.
The stations from the August survey provide coverage of the areas
offshore of both the Kwikluak and Kawanak Mouths and are
vertically hompbgeneous in all cases. The stations from the
Septenber survey are confined to the Acharon Channel | eadi ng
offshore to the southwest from Kwikluak Mouth. These stations
are in the same general vicinity as stations A-5 and A-6 from the
second survey, but by the tine of the third survey, the water
colum had becone strongly stratified wth respect to salinity.
Unfortunately, profiles from stations farther north could not be
obtained during the Septenber 1985 survey; thus, it is uncertain
how far the stratified front extends to the north. It may be
that the stratified portion of the front is limted to the |ead-
ing southerly edge of the plune off Kwikluak Mouth. Not e t hat
this southerly area lies in the vicinity of nooring C 3. Dat a
from this nooring yielded evidence of sustained Stratified condi-
tions, as discussed in subsection 3.2.

Vertical tenperature variability among the profiles is nmuch
less distinct, with a contrast of Iless than 0.5°C from top to
bottom A conparison of the profiles shown in Table 3-11 indi-
cates that in md-August, Yukon River tenperatures ranged from
11.6 to 12.5°C, while the offshore tenperatures ranged from
10.6 to 10.8°c. During 1late Septenber, river and ocean water
tenperatures were simlar, ranging from 5.9 to 7.4°C, with the
ocean water slightly warmer than the river. Thus, the contrast
between the two water nmasses is slight in relation to the wvari-
ability anong the profiles, and, consequently, tenperature is not
a very sensitive water nmmss indicator for these two data sets.
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As di scussed in subsection 3.2, wder tenperature contrasts exist
both earlier and later in the season, so that profiles at these
times would be expected to show well-defined tenperature, as well
as salinity stratification.

3.5.2 _Likelihood of Salt-Wdge Intrusion
The field data denonstrate that salinity intrusions upstream

of the mouths of the nmajor distributaries did not occur during
the two sumers of 1985 and 1986. Mbreover, the available data
indicate that the shoreward I|imt of seawater mxing lies
approximately near the seaward end of the subaqueous channels
where water depths shoal to 2 mor less on the Delta platform
This point presumably marks the seaward extent where the along-
channel velocity of the river outflow is finally dissipated and
the bed-load is deposited. At this point, the river outflow has
lost its cross—shore nonmentum and other jet-like characteristics
and drifts freely with the anbient current as a buoyant plune,

The shoal area of the platform lies roughly 10 km from the
coast and appears to be a rather broad structure with a width of
several kiloneters. Farther offshore, to a distance of roughly
25 km the platform slopes gently dowward to a depth of,
roughly, 10 m where the platform break marks the beginning of the
steeply sloping Delta front. The hydrographic data indicate that
this is the general vicinity where mxing occurs between the
river plunme and Bering Sea water during sumer and early fall.
Apparently, the mixing zone may occur either as a sharp front or
as a broad, vertically honogeneous zone characterized by strictly
hori zontal gradients.

Under stratified conditions, the surface |ayer of the plune
appears to have a maxi num depth of roughly 2.5 m At station
B-7, the total water depth is only 3.0 m and relatively |ow
salinity is distinguishable at the bottom It appears reasonable
to infer that the toe of the frontal interface intersects the
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bottom at approximately this depth. The shoals at the head of the
subaqueous channels thus form a bar crest that blocks the shore-
ward flow of saline bottom water into the deeper reaches of the

subaqueous channel s further inshore. In the case of a vertically
wel | -m xed plune, it appears that the shoreward limt of seawater
mxing is again over the crest of the distributary bar. However ,

in this case, such a boundary is nore apt to arise because of the
low diffusive flux of salt shoreward, permtted by the shallow
water colum and the |ow horizontal salinity gradient produced by
i ntense m xi ng.

The evidence available from these two surveys does not
provi de any assurance that seawater intrusion is limted to the
bar crest during other seasonal periods or under different condi-
tions during the sane nonths in other years. The dynam c bal ance
of forces which determines the cross-shore novenent of the
salinity front presumably involves the magnitude of the river
discharge as a primary factor. Both surveys represent periods
when the river discharge was at relatively high levels (e.g.,
bet ween roughly 10,000 and 14,000 m3/sec. As shown in subsection
3.4, the annual hydrography recedes precipitously into the fall
months imrediately prior to freeze—-up in |late Novenber or early
Decenber . Thr oughout the winter nonths, river discharge beneath
the shorefast ice cover is typically in the range of 1,000 to
2,000 ni/see, an order of nmagnitude less than during the two

hydr ographi ¢  surveys. Salinity intrusion past the bar crest,
into the subaqueous channels, and possibly past the river nouths,
could occur during quiescent conditions in late fall, or under
the ice during the early w nter nonths. Intrusion during the

late winter is seen as unlikely, due to the depth of shorefast
ice which would block flow over the bar crest.

The length to which seawater could penetrate into the
di stributary channels wunder these conditions is critically
dependent upon the dynam c balance of forces governing the flow
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regime. A nunber of quantitative nodels have been proposed to
characterize this balance in estuarine systens. The nost
straightforward approach is based on the use of non-dinensiona
conbi nations of readily determ ned physical variables. One of
the early fornulations is the Estuary MNunber, as proposed by
Harleman and Abraham (1966), i.e.,

E = PLFy2/Q¢T

wher e Py is the tidal prism

F. is the estuarine (densinetric) Froude Nunber defined
in terms of the nean depth and peak flood-tide
vel ocity,

Qis the volune rate of river discharge, and
T is the tidal period.

This fornulation is essentially based on the volunme ratio of
tidal flow to river discharge over a full tidal cycle. In the
sinple case of a standing wave within a relatively small (in
conpassion to the wavel ength) enbaynment with well—-defined bounda-
ries, this represents a convenient formulation where all of the

variables are easily defined and neasured, In the case of the
Yukon Delta, it is not clear how well a sinple standing wave
pattern represents the actual tidal dynanics. In turn, it is not

straightforward to conpute the volume of the tidal prism An
alternate fornulation proposed by Fischer (1976), termed the
Estuarine Richardson Nunber, appears to be nore directly applic-
abl e:

R = g'Qg/bu®

wher e 9 is the reduced gravitational acceleration
b is the nmean width, and
u is the rns tidal wvelcity.

This formulation elimnates both the tidal prism and the need for
assigning a “nmean” depth to the river. The widths of the Yukon
distributary channels, at |east when neasured bank to bank, are

511



relatively constant and easily determned from the existing topo-
graphic maps. The nmst uncertain aspect regards the rns tidal
vel ocity. Wiile this has been neasured quite accurately at
di screte points, the above formulation inplies sone integration
of the spatial wvariation in the tidal velocity field over a
significant reach of the river. It is not clear how effective
the nmooring locations nmight be in representing such an integrated
nmeasure of the velocity field.

Fi scher (1976) cites the range from 0.80>R>0.08 as nmarking
the transition froma well-stratified to a well-m xed condition.
Using the following estimates appropriate for South Muth, R is
found to vary fromroughly 5 to 65:

u= 0.25 msee

b= 2,000 m

g'= 0.15 mlsec’

Q¢= 1, 000- 13, 000 m/ sec.
This is obviously well above the transitional range and indicates
that if salinity intrusion were to occur, it would appear as a
highly stratified intrusion of seawater along the bottom pre-
sumably as a classical saline wedge.

The distance to which the wedge might penetrate upstream is
given by Keulegan (1966) as:

L/H = 6.0 (Re)l/4(2c'/vg)~5/2
wher e L is the length of the intrusion neasured from the
channel nout h,

H is the mean channel depth,

Re is the estuarine Reynolds Nunber based on the
internal wave speed, c'(g'H)1/2, as the velocity
scale, and the nmean depth, H as the length
scal e, and

V.is the freshwater flow velocity.

Wth Re assuned equal to 510°, H equal to 5.0 m C equal to
1.0 msee, and Vf equal to 0.20 nisee (Qg=1,000 ni/see), the
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length of salinity intrusion is predicted to be 14 km In view
of the wuncertainty involved with these paraneters, it is nore
realistic to conclude that the predicted length is sinply of the
order of 10 km This is sonewhat |less that the 50 km intrusions
reported by others (LG, 1984), but still a substantial effect
with the potential to act as a nechanism for significant pollu-
tant inpacts.

In this analysis, a point of anbiguity exists which should
be enphasized; mainly, the assunption that the predicted |ength
of the intrusion should be neasured from the channel nouth. Thi s
assunption is valid if the densinetric Froude Nunber is critical
(equal to unity) at this section of the channel. This has been
found to bean accurate assunption in hydraulic nodel tests and
for prototype conditions, such as at the nouths of the South and
Sout hwest Passes of the Mssissippi Rver (Wight, 1971). How-
ever, hydraulic conditions in these cases are highly artificial,
consisting of jettied entrances and dredged navigational
channel s. The configuration of the Yukon distributary nmouths is
much different, and it is not clear that critical two-layer flow
must occur directly at the nouths. The appropriate assunption in
these cases needs to be resolved by direct neasurenent under
suitable river discharge conditions.
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3.6 METEOROLOGY
3.6.1 _Large-Scale Meteorological Characteristics

Backagr ound

The climate of Norton Sound, including the Yukon Delta, is
primarily influenced by arctic and continental air from the north
and east in the winter, and by naritine air from the Pacific
Ccean in the sumer (Overland, 1981). During the period
Septenber to May, the atnospheric pressure reginme from the
northern Pacific Ccean to the Arctic Ccean is nost frequently
characterized by |owpressure systens |lying over the southern
part of the sound and high-pressure systens in the northern part
(Barry, 1979). The low pressure systens generally nobve to the
east along trajectories in the vicinity of the Al eutian Archi-
pel ago; however, these weather systens occasionally travel north-
east through the Bering Sea. Al t hough the high-pressure systens
tend to be stationary, when they do nove, these systens are often
di splaced to the south or sout hwest.

The atnospheric pressure regine is nore variable during the
sumrer than it is during the wnter. Low-pressure systens are
usually found overlying the area extending from the northeastern
Bering Sea to the eastern Beaufort Sea. Along the coast of the
nort heastern Bering Sea and Norton Sound, surface winds are nore
frequent from the northeast from Septenber through My; however,
the eastern part of Norton Sound is characterized by frequent
easterly winds (Brewer et al., 1977). Sout hwesterly to south-
easterly winds are nore frequent during the sumrer (June through
August) . Wntertime wnd speeds generally range from 4 to
11 msee (8 to 21 knots), while summertinme wi nd speeds range from
4 to 9 msee (8 to 18 knots). Wnd speeds of nore than 21 nifsee
(41 knots) occur less than 10% of the tine.
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Analysis of Yukon Delta Data

Data processing and analyses of neteorological data from
six coastal stations were originally planned for this study.

Figure 3-41 illustrates the locations of the neteorological sta-
tions. Data from Cape Romanzof, St . Marys, Emmonak, and
Unalakleet were obtained from NW for June through Septenber
1985. In addition, EG&G deployed an automated station on

Nokogamiut Island (in Mddle Muth) during the 1985 field
program, and two additional stations during the 1986 field
program one at Emonak and one at Kotlik.

Due to equiprment failure at the Nokogamiat |Island station, a
m ni rum amount of data was obtained at that site during 1985.
The station provided only 2 weeks of data: 1 week in August and
1 week in Septenber. These very short records are of very
limted statistical value and, therefore, were not included in
this report. However, good data were obtained from the two
stations deployed during the 1986 field program

As discussed in subsection 2.3, the meteorological data
obtained from the NW stations in 1985 contain daily gaps of
approxi mtely 12 hours. This is due to the fact that the weather
observers were only at the stations from early norning to early

evening. As explained in subsection 2.3, a cubic spline
algorithm was used to fill in data gaps of less than 3 hours for
the wind, less than 12 hours for the air tenperature, and |ess

than 24 hours for the barometric pressure,

Data from Emmonak and St. Marys are nore conplete than the
data obtained from Cape Ronmanzof and Unalakleet. Wiile observa-
tions at Emmonak and St. Marys were nmade al nost every day, the
observations at Cape Romanzof and Unalakleet contain numerous
gaps of 3 to 5 days. For this reason, only Emmonak and St. Marys
data are suitable for statistical analysis.

Conmposite tinme series plots of baronetric pressure, air
tenperature, and wind vectors at Emmonak and St. Marys for the
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period June through Septenber 1985 are shown in Figures 3-42 and
3-43. The baronetric pressure records at these two stations are
very simlar, reflecting the large-scale nature of the atnos-
pheric pressure regine. In addition, large diurnal oscillations
in air tenperature, as a result of the daily solar radiation
cycle, appear on both records from early June through early
August

A statistical conparison between the wind data from Enmmonak
with the wind data from St. Marys may be derived from the
bivariate distributions of wind speed versus w nd direction pro-
vided in Figures 3-44 and 3-45. The statistical results in these
figures are based on data covering the period 1 June through
30 Septenber 1985. The Emmonak statistical results (Figure 3-44)
indicate a nean wi nd speed of 9.5 knots, a maxi mum wi nd speed of
24.0 knot s, nost frequent wnd speeds ranging from 7.5 to
9.0 knots, and nost frequent wind directions out of the south-
east . In contrast, statistical results from St. Marys (Figure
3-45) reveal a nean wind speed of 10.0 knots, a maxi num w nd
speed of 31.8 knots, nobst frequent w nd speeds ranging from
9.0 to 10.5 knots, and predomnant wind directions out of the
south .

The above results are in good agreenent wth previous

accounts of the regional |arge-scale atnospheric circulation.
However, the data also indicate that wind speeds at St. Marys are
consistently higher than the wi nd speeds at Emonak. This wind

speed intensification may be a result of topographic effects
caused by the presence of nountains in the vicinity of St. Marys.
In addition, the fact that St. Marys lies on top of a plateau, at
an elevation of 364 feet above sea level, pmay also have an
i nfluence on the higher wi nd speeds observed at that site.
Directional distributions of 1985 wind data from Emmonak and
St. Marys are presented in Figure 3-46. The predom nant south-
westerly to southeasterly sumertinme wind directions are clearly
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shown at both stations. Secondary peaks also appear at both
stations within the north-to-east quadrant; however, the data
from St. Marys indicate a clockwise rotation in the direction of
the secondary peak with respect to Emmonak. This is probably an
orographic effect on the wind circulation at St. Marys due to the
surrounding topography. On the other hand, the Emmonak direc-
tional distribution also exhibits a significant northwesterly
peak which is not present at St. Marys. This wnd direction,
bei ng onshore and perpendicular to the coast at Emmonak, may
indicate the presence of a sea breeze at that station. A
detailed analysis of the sea breeze regine, utilizing nore
conplete neteorological data obtained during the 1986 field
program is offered in the next subsection.

3.6.2 Sea Breeze Processes
Backgr ound

Zimrerman (1982) indicated that summer mesoscale wnds, in
particul ar sea breezes, can dom nate the |ocal neteorol ogy 25% of
the time, and reach speeds up to 15 nisee (29 knots). Kozo
(1982) has shown evidence of the existence of sea breezes along
the Beaufort coast of Al aska (70°N latitude) with a horizontal
extent including at |east a 20-km zone centered on the coastline.
Typical values of arctic |and-sea tenperature differences which
generate sea breezes are on the order of 209c. Moritz (1977)
points out that in coastal |ocations of the Al askan arctic coast
(such as at Barrow), the sumer tundra-ocean thermal contrast
remains positive (land always warner than water) despite
15°C drops in land tenperature over the short arctic sunmer
ni ghts.

Kozo (1984) wused 3-hourly surface wnds from coastal
stations at Northeast Cape, Unalakleet, and Nonme to study the
mesoscale neteorol ogy of the Norton Sound region. The wind tine
series were tested for the appearance of a significant peak on
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the cl ockwi se (CW) conponent of rotary spectra corresponding to a
| -day (diurnal) period characteristic of sea breezes. However,
both CW and countercl ockwi se (CCW) peaks appear on the Nome and
Unalakleet spectra for the nmonth of July. Kozo (1984) points out
that the significant CCW diurnal peaks seen in the rotary spectra
have not appeared on previous data analyses of other Al askan
Arctic coastal sites (e.g., Beaufort sea coast).

Al so, according to the above study, the highest sea breeze
wi nds neasured (1964 through 1968) during |ow speed synoptic w nd
periods were 10.8 msee (21 knots) at both None and Unalakleet.
This value seens to indicate that the 15 nisee (29 Kknots)
reported by Zimerman (1982) is an overestimate of the sea breeze
speeds; Kozo (1984) speculates that the synoptic wnds were
probably onshore at the time and the observers assumed that they
were sea breezes.

Data from the Norton Sound mesoscale study also reveal that
the major directions of onshore winds due to sea breeze influence
are south-southwesterly at Nonme and westerly at Unalakleet.
Since these directions are perpendicular to the coast at None and
Unalakleet, by anal ogy, the convex shape of the Yukon Delta would
be conducive to sea breezes with directions ranging from north-
west to northeast.

Analysis of Yukon Delta Data

Met eorol ogi cal data obtained from the two EG&G stations
depl oyed during the 1986 field program were analyzed to identify
maj or characteristics of the Yukon Delta sea breeze. Fi gures
3-47 and 3-48 illustrate conposite tine series plots of baro-
metric pressure, air tenperature, average and gust w nd speeds,
average wind direction, and wind vectors at Kotlik and Emmonak,
respectively. The neteorological convention (direction from
which the wind is blowing) has been adopted for the wind direc-
tions displayed on these plots. The Kotlik station was depl oyed
8 km upstream from North Muth on kwega Pass, while the Emmonak
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station was deployed 14 km upstream from the coast on Kw guk Pass
near South Mout h. Both stations Ilie wthin the expected
influence of the sea breeze reginme. The Kotlik neteorol ogical
data range from 17 June through 15 August 1986, whereas the
Emmonak data cover a shorter tine period ranging from 20 July
t hrough 17 August 1986, as a result of equipnent failure.

As observed in neteorological records from summer 1985

(subsection 3.6), large, diurnal air tenperature oscillations
occurred during periods of high atnospheric pressure (clear.
skies) in summer 1986. The data were dom nated by synoptic off-

shore wi nds, except for the period of 28 June through 14 July (at
Kotlik) when onshore w nds were domnant and characterized by
coherent, diurnal wnd speed and air tenperature oscillations.
Al though there were no offshore water tenperature neasurenents
made during the 1986 field programto identify |and-ocean thernal
contrasts, the diurnal wvariability of the wind speed and the
concurrent onshore wnd direction seem to indicate that the sea
breeze regine was dom nant during that tine period. Addi ti onal
characteristics of the Delta wind field can be derived from w nd
rose plots and bivariate wind speed/direction tabulations of the
wind records from Emmonak and Kotlik. Wnd rose plots (Figures
3-49 to 3-51) and bivariate statistics (Figures 3-52 to 3-54)
have been generated from three tinme series, respectively: the
Emmonak record (20 July through 17 August); the Kotlik record for
the conplete deploynment (17 June through 15 August); and the
portion of the Kotlik record concurrent wth the Emonak
measurenments (20 July through 15 August).

A conparison between the wnd statistics at Emmonak and
Kotlik, for the period 20 July through 15 August, reveals that
wi nd speeds were generally higher at Kotlik than they were at
Emmonak. Wnd statistics from Emmonak (Figure 3-52) indicate
that the nean wind speed was 6.5 knots, maxi mum wi nd speed was
15.1 knots, nost frequent wi nd speeds were between 6 and 7 knots,
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Figure 3-54. Statistical plot of bivariate distribution of wnd
speed versus wind direction from Kotlik neasurenents for the

period 20 July through 15 August 1986.
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nost frequent wind direction was from south-southeast wth
maxi mum wi nd speeds rangi ng between 12 and 16 knots. By conpar -
ison, wind statistics from Kotlik (Figure 3-54) reveal that the
mean wi nd speed was 8.8 knots, maxi mum wind speed was 18.9 knots,
nost frequent wi nd speeds were between 7 and 8 knots, and nost
frequent wind direction was from the south wth naxi rum speeds
rangi ng between 16 and 20 knots.

The intensification of the wind speeds at Kotlik nay have
been a result of topographic effects caused by the presence of
nmountains 20 mles east of Kotlik. Kozo (1984) points out that
t opographic effects in Norton Sound redirect winds and may act to
intensify the wnd field depending on the large-scale wnd
direction and orographic obstacle orientation.

A significant change in the Kotlik wind direction distribu-
tion occurs when wind data for the entire deploynment (17 June
through 15 August 1986) are included in the statistics. Thi s
change is clearly shown by conparing the Kotlik wind rose for the
period 20 July through 15 August (Figure 3-51) with the Kotlik

wind rose for the entire deploynent (Figure 3-50). Bi vari ate
wind statistics for the full deploynment period are presented in
Figure 3-53. The wind rose including data from the entire

depl oynent (Figure 3-50) indicates the presence of onshore w nds
with directions ranging from north-northwesterly to north-
northeasterly, resulting from the addition of data from the tine
period dom nated by the sea breeze (28 June through 14 July).
These onshore winds occurred during a time period equivalent to
28% of the deployment period (md-June through md-August) with
maxi mum speeds ranging from 14 to 15 knots. This result seenms in
agreement with the previously discussed characteristics of the
Arctic sea breeze. Unfortunately, the lack of nmeteorol ogical
data from Emonak during the sea breeze-dom nated period
precludes an evaluation of the spatial variability of the Yukon

Delta sea breeze.
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In order to evaluate the period icity and sense of rotation
of the sea breeze, spectra of the north and east wind velocity
conponents, as well as rotary wi nd spectra, were conputed for the
time period of sea breeze influence. Spectra were conputed on
three 8-day long tine series with a 50% overlap; ensenble and
frequency averages (three-band average) were perforned on the
spectral estimates to increase the statistical confidence.

The north and east w nd conponent spectra, and the w nd
rotary spectra of Kotlik wind data, for the period 28 June
through 14 July, are illustrated in Figures 3-55 and 3-56,
respectively. The wi nd conponent spectra (Figures 3-55) indicate
significant diurnal peaks, with the north conponent peak being
four times nore energetic than the east conponent peak.

The rotary spectra (Figure 3-56) indicate significant peaks
in both clockwise (CWw) and counterclockw se (ccw) diurnal
conponents. Previous investigations of the Alaskan Arctic sea
breeze have shown that the wind vector rotation is predom nantly
Cw. However, coastal regions of Norton Sound seem to be an
exception, since Kozo (1984) has al so observed CCW diurnal peaks
in rotary spectra of Unalakleet and None wind data. W point out
that a purely rectilinear oscillation exhibits equal CW and CCW
energy from rotary spectra analysis. Additional data would be
needed to resolve the rotational characteristics (or |inear
behavi or) of the sea breeze on the Yukon Delta.

In summary, the analysis of Kotlik wind data has shown that
the Yukon Delta coastal wnd circulation during the period
28 June through 14 July 1986 was predom nantly controlled by the
sea breeze. During this tinme period, which corresponds to 28% of
the entire deploynment period (17 June through 15 August 1986),
north-northwesterly to north-northeasterly onshore wnds wth
maxi mum speeds of 14 to 15 knots were predom nant. Unli ke
coastal areas of the Beaufort Sea, where the sea breeze has
predomnantly CW rotations, the Yukon Delta sea breeze contains
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Kotlik for the period 28 June through 14 July 1986.
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COUNTERCLOCKWISE & CLOCKWISE SPECTRA
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significant diurnal variance in both CWand ccw conponents of the
rotary spectra. These results seem to be in agreenent wth
previous studies of the sea breeze in coastal areas of Norton
Sound (Kozo, 1984).

3.6.3 _Storm Surge

During the open-water season, roughly md-June to md-
Novenmber, the Delta is subject to coastal flooding from storm-
driven waves and surges. Along this section of the Al askan
coast, stornms typically approach from the southwest quadrant,
generating strong southerly wi nds. According to Ekman dynam cs,
this should favor onshore transport and elevated water |evels
against the open coastal boundary of the Bering Sea, which is
approxi mately aligned north-south. Conversely, northerly w nds
shoul d favor offshore transport and a drop in water level at the
coast . As shown in earlier subsections, the noored data col-
lected off South and Mddle Muths generally confirm this

expect ed behavi or.

Along the northern margin of the Delta, within the partially
encl osed waters of Norton Sound, the surge dynamics nmay be quite
different than along the open coast. Because the natural period
of oscillation in the Sound is approximately 24 hours, appro-
priate storm events can drive a seiching action, which quickly
becones resonantly anplified. The nost extrene exanple of storm
surge within Norton Sound occurred during the “Great Bering Sea
Stormi of 11 through 13Novenber 1974. Wnds of 50 to 75 knots
occurred within 12 hours of frontal passage and were sustained
for several days. A total water-level rise, including the astro-
nomcal tide, estimated at 7.6 m occurred in Unalakleet at the
extreme northeastern end of the Sound (NQOAA, 1977). Johnson and
Kowalik (1986) used a hydrodynam c storm surge nodel to sinulate
this event and estimated the storm-surge contribution to the rise

at Unalakleet at 5 m and within the vicinity of the Yukon Delta
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at 1.6 to 220 m Qher estimates (LG, 1984) of extrene surge
hei ghts in excess of 2.0 m along the northern coast of the Delta
appear reasonable in view of the nodel results.

There were no severe stornms during the periods of observa-
tion in the present study which generated extrene surge |evels
such as occurred in 1974. However, nore noderate surge events

were recorded which are still wuseful in analyzing the dynamc
processes invol ved. For exanple, the data collected with the
of fshore noorings at stations G3 and C4A, in conjunction wth

the wind data from Emmonak, provide a revealing description of
surge events along the western coastal margin of the Delta.
Figure 3-57 presents these data from August 1985, together with a
wat er —| evel record (NOAA RU 660) from South Mouth. These records
have been described previously in subsection 3.3. The *“surge
height” plots represent detided versions of the raw water-I|evel
records, wuncorrected for wvariations in atnospheric pressure.
Simlarly, the tides have been renoved from the current data by

nmeans of a lowpass filter with a cutoff point at 33 hours. The
wind vectors have been plotted according to the oceanographic
convention; i.e., pointing in the direction toward which the wi nd

is blowing, consistent with the current vectors.
Due to the relatively short record length and the presence
of shal |l ow-water constituents, renoval of the tidal variance from

the water-level records is not conplete. This results in a
rather noi sy appearance and exaggerates the variability due to
met eor ol ogi cal  forcing. Neverthel ess, the nmajor variations

representing storm surge effects are readily seen, especially
from5 through 16 August. There are two distinct storm events of
major interest during this tine period: the first occurs from
5 through 8 August, and the second from 14 through 16 August.
These events are sonewhat obscured in the wind vector plot due to
their noderate intensity and the large daily gaps in the data.
However, the water-level variations are quite apparent.
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In order to provide a detailed description of the evolution
of one of these storm surge events, an analysis of NW surface
weat her charts (obtained from the University of Al aska) has been
made for the period 5 August at 2100 AKST through 8 August at
2100 AKST. During this interval, there were actually tw succes-
sive stornms which caused positive and negative surges of about
0.5 mat the location of station G3. A map of the Bering Sea,
containing the |owpressure center trajectories for the two
storns, is presented in Figure 3-58.

The following is a 6-hourly interpretation of the surface
weat her charts and of how the storm paraneters relate to the
storm surge evol ution:

« 5 August at 2100 AKST - Storm center ‘A (986 nmb) lies in

the central Bering Sea, 510 nm southwest of the Yukon
Del t a. At a distance of about 80 nm from the storm's
center, w nd speeds range between 32 and 37 knots. W nds
are from the south-southeast at 9 to 4 knots near the
Delta. Water level at C3 begins to rise (0.1 m above
MBL) .

« _6 August at 0300 AKST - Storm A's |owpressure center
(LPC) intensifies to 984 nb and advances 30 nm nort hward.
In the vicinity of the Yukon Delta, approxinmately 480 nm
nort heast of the stormis center, winds are still fromthe
sout h-sout heast with speeds ranging from 9 to 14 knots.
Water level at C3 rises to 0.3 m above MBL.

« _6 August at 0900 AKST - LPC in the Bering Sea intensifies
to 982 nb and is now |ocated 60 nm northward of previous
posi tion. Yukon Delta winds are still from the south-
sout heast, but w nd speeds are now 15to 20 knots. \Water
| evel at station C3 reaches 0.4 m above MsSL.

541



N N

Chukotsk
Péninsula

v,
Aug. 6, 2100 'M

Aug. 6 1500

Bering Strait

Seward

ey

Aug./B, 0300

St. N
Aug. 6, 0900 Lawrence

Island

Aug. 6, ?O
Aug. 5:.2100

D
K7
Aug. S, 0900
STORM A
Aug. 6, 2100
Vs o
'~> odiak
- Island
& Ale
Islamais
Au;g, 6, 1500
STORM{ B
Fi gure 3-58. Map of the Bering Sea region illustrating the
tracks of two extra-tropical, |ow pressure stornms which caused
measurable storm surge at the Yukon Delta during the period

5-8 August 1985.

542



6 August at 1500 AKST - LPC advances 60 nm nort hwestward

and the central pressure increases to 988 mb. Yukon
Delta wind speeds range between 15 and 20 knots from the
sout h- sout heast direction. A second storm B, with its
LPC (1,000 nb) located on the Fox Islands in the Al eutian
archi pel ago, begins to intensity. The water |evel at
station G3 remains at 0.4 m above NBL.

6 August at 2100 AKST - The LPC of storm A wth a

northward track nearly parallel to the 180°W neridian,
reaches the Russian coast west of the Chukotsk Peninsul a.
At this tinme, the wind speed at the Yukon Delta decreases
to the range of 9 to 14 knots from sout h-sout heast. The
water level at C3 subsides to 0.2 m above MSL. The
second storm originating in the A eutian |Islands,
continues to intensify with the LPC reaching 996 nb.
This storm noves nuch faster than the previous one; at
this tine the LPC has traveled 240 nm northeastward in
t he past 6 hours.

i’ August at 0300 AKST - LPC of storm B advances 150 nmto

the northeast, and its central pressure, now |ocated
30 nm sout hwest of Cape Newenham intensifies to 992 nb.
The Yukon Delta is now under the influence of storm B,
with winds from the northeast at 10 knots. The wat er
| evel at G-3 drops to 0.05 m bel ow MSL.

7 August at 0900 AKST — LPC of storm B is near the coast,

60 nm north of Cape Newenham wth a central pressure of
984 mb. Although at this time, northwesterly storm w nds
over the southeastern portion of the Bering Sea intensify
to about 50 knots, northeasterly winds in the Yukon Delta
are much weaker with speeds near 10 knots. This is due
to the fact that Yukon winds, at this stage of the storm
are the result of the eastern portion of the storms
circulation which is nuch weaker because of frictional
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effects inposed by the Al askan |and nass. The water
level at G3 is now 0.35 m below M5L due to the offshore
transport caused by the northeasterly w nds.

7 August at 1500 AKST - At this tinme, the LPC |lies 120 nm

south of the Delta and the central pressure has increased
to 987 nb. However, due to the LPC's proximty to the
Delta, wnd speeds increase to 15 to 20 knots, and the
wind direction shifts from northeast to east. The nore
intense easterly winds cause the water level at C3 to
drop to 0.5 m bel ow MSL. The mnimum water |evel of
0.52 m bel ow MSL occurs later at 1700 AKST.

7 August at 2100 AKST - Storm B s LPC is now close to the

Yukon Delta (60 nmto the south) and the central pressure
has risen to 992 nb. Wnd speeds near station C3 drop
bel ow 10 knots and the water level rises to 0.45 m bel ow

MBL .
8 Auqust at 0300 AKST - LPC advances 165 nm northwestward

and is now over the Bering Sea, 45 nm north of St.
Lawr ence | sl and. The central pressure is still 992 nb,
but, due to the stormis new location, wnds near the
Delta shift to southwesterly, with speeds under 10 knots.
The water level at G3 rises to 0.2 m bel ow M5L.

8 August at 0900 AKST - LPC noves 30 nmto the south, in

a portion closer to St. Lawrence |sland. Central
pressure drops to 990 nb, southwesterly winds increase to
15 knots, and the water level at G3 rises to 0.1 m above
MBL .

8 August at 1500 AKST - LPC advances only 20 nm
sout hward, the central pressure increases to 993 nb, and
winds are still from the southwest at 10 to 15 knots.

The water level at C3 continues to rise and is now at
0.3 m above MBL.
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« 8 August at 2100 AKST - LPC remains stationary and
central pressure increases to 994 nb. Wnd conditions
and water level at GC3 do not change considerably.
However, after this time, the storm begins to weaken,
wi nds becone nore variable, and the water level at C3
finally subsides to normal MSL conditions (zero surge
hei ght) at 1800 AKST on 9 August.

Itis inportant to note that this storm event marks the tine

of transition between two distinctive offshore current regines,

as described in detail in subsection 3.2. In that earlier
description, it was concluded that the river plune was advected a
substanti al distance offshore by the effect of this storm event.
Such an effect is quite reasonable in view of the sustained
period of strong northeasterly w nds which acconpanied the early
stages of the second storm throughout the day on 7 August.

The second storm event from 14 through 16 August appears to
follow a simlar pattern. The wind is initially directed toward
t he southwest at roughly 20 to 25 knots, causing a rapid decline
in water level to 0.7 mbelow M5L. The wind then reverses toward
the northeast, as before, acconpanied by a rapid rise in water
level to a peak of 0.6 m above MSL. The northward wind stress is
acconpanied by a northward pulse in the alongshore current at
speeds over 100 cm/sec at nooring GC 3. However, unlike the
previous storm event, the current at nooring GC4A shows little
correlation with this behavior, being directed weakly onshore.
In fact, there is little coherence between the two noorings after
7 August through the end of the deploynent. This contrasts
strongly with the appearance of the two records prior to 7 August
when the coherence is quite high.

This behavior is consistent with the interpretati on advanced
in subsection 3.3, that the first storm event served to draw the
river plume offshore, thereby inposing a baroclinic field over
nmoori ng G- 4A. The | ack of alongshore coherence reflects the fact
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that nooring CG3 tends to l|lie offshore and upstream of the
| eadi ng edge of the river plume, while C4A falls within the zone
of active frontal novenent.

Anot her interesting observation from Figure 3-57 is that the
surge anplitude decreases from CG3 to the vicinity of the South
Mouth, in contrast with the normal tendency for surge to increase
with distance toward the coast. Apparently, the platform break
marks the approximate position of rmaximum surge anplitude.
Di ssi pative processes, presumably including wave-enhanced bottom
friction, are likely to be magnified by the extrenely shallow
depths over the nmajority of the platform area. Accordingly, the
platform acts as partial buffer to storm surge flooding of the
coastal margin of the Delta.

The relatively brief period of observation shown in Figure
3-57 provides useful dynamcal insights into storm surge events,
but does not display the greater magnitude of surge Ilevels
expected later in the season when nore severe stornms are likely
to occur. Also, as stated previously, the dynam cal behavior my
change from the western to the northern coast of the Delta. In
an attenpt to examine the w der range of spatial variability,
Figures 3-59 and 3-60 present concurrent records from each
di stributary nouth. As before, these records have been detided,
but remain uncorrected for atnospheric pressure variations.

The visual coherence is surprisingly consistent anong all of
these records, indicating that the surge is domnated by a large-
scale barotropic response to the storm passage. Al t hough the
scale of the plots nmakes it difficult to discern, there is a
progressive phase lag from South to North Mouth. estimated
roughly in the range from 2 to 3 hours, indicating propagation
along the coast to the north. This is consistent with the
results obtained previously by tidal harnmonic analysis. As
described in subsection 3.3, for exanmple, a phase lag of
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2.8 hours was found between the North and South Muwuths for the M
tidal constituent. This lag is equivalent to a phase speed of
roughly 15 nmisee and is consistent with the propagation speed of
a trapped wave along the offshore margin of the Delta platformin
a nean water depth of roughly 20 m The actual dynam cs of storm
surge events undoubtedly involve sone conplex conbination of
forced and free wave propagation, but the high coherence evident
in Figure 3-59 offers encouragenent that the problem can be
treated successfully using well-established hydrodynam c nodeling
met hods.
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3.7 SEDI MENTOLOGY

Results from the analysis of sedinent sanples taken in the
river and on the Delta platform and front during this study
corroborate previous interpretations advanced in the literature;
e.g., active progradation and growh of the fan-shaped Delta is
due to the deposition of the large sedinent |load carried by the
river during the period of heavy runoff (Dupre and Hopkins, 1976;
Dupre and Thonpson, 1979). Analyses of the suspended sedinent
sanples and the current records (subsection 3.2) indicate that a
portion of the fines remain in suspension over the Delta front
and are advected northward into the Bering Sea during the open-
wat er peri od. These observations support the contention that the
Delta front is mgrating to the north in the direction of dom -
nant sumer transport (Dupre and Thonpson, 1979; Nelson and
Creager, 1977).

3.7.1 _Bottom Sedinents

Analysis of the 22 bottom sedinent sanples taken from the
first, third and fifth field trips (July and Septenber 1985 and
August 1986) indicated that: 1) there were no differences in the
general grain size conposition between stations sanpled along the
river channels and those from the Delta platform and 2) the
grain size conposition of the river channel and the Delta plat-
form sedinents differed from that of the Delta front and from
that of the I|ess-active side channels and sl oughs. Channel
sanples taken at 8-mile intervals ranging from Pitkas Point to
the South Mouth entrance (Figure 3-61) were generally conposed of
90% sand fractions (Tables 3-12 and 3-13). The exceptions
occurred at stations R45S and Kobolunuk, where the sanples may
have been collected fromthe sides of the channel instead of from
t he channel axis. Near shore sanples taken along a transect from
the South Muth entrance along the navigable channel 17 nm due
west to the Delta front were conposed of 90% sand fractions
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Table 3-12. Percentage conposition of sand, silt, and clay
fractions of bottom sedinents collected during the first and
third field trips (July and Septenber 1985) and anal yzed by the
nest ed-si eve technique (Dr. A.S. Naidu, University of Al aska,
Fai r banks) . The carbon values reflect both inorganic and
organi ¢ sources.

Sand Silt d ay Car bon
Station Date _ (%) % %) (%)
R5N 7/ 85 95.9 4.0 0 1.6
R5S 7/ 85 98. 4 1.6 0 1.2
Kobolunuk 9/ 85 48. 9 48. 9 2.2 4.4
R13S 7/ 85 93. 4 6.2 0.4 1.7
R25W 7/ 85 95.9 4.1 0 1.6
R33W 7/ 85 86.9 12.9 0. 2.4
R45S 7/ 85 3.3 88.0 8. 6.3
G2 9/ 85 99.4 0.6 0 1.1-
#4 7/ 85 19.6 75.9 4. 5.2
#6 7/85 29.6 60. 4 10. 5.6
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Table 3-13. Percentage conposition of sand, silt, and clay
fractions of bottom sedinents collected during the first,
third, and fifth field trips (July and Septenber 1985 and
August 1986) and analyzed by the pipette technique (Dr. G.A.
Jones, Wods Hole Oceanographic Institution). The carbon
val ues reflect organic sources only.

Sand Silt Cl ay Car bon
Station Date _ (%) (%) (%) (%)
Kobolunuk 9/ 85 58. 3 38.3 3.4 1.2
R5N 7/ 85 96. 6 2.9 0.5 0.3
R17W 7/ 85 98. 4 1.3 0.3 0.2
R29E 7/ 85 99.2 0.3 0.5 0.1
c-2 9/ 85 99.0 0.5 0.5 0.1
#1 7/ 85 98.7 0.7 0.7 0.1
Kwikpak 8/ 86 85.0 12.5 2.5 0.6
Apr oka 9/ 85 18.1 71.8 10.1 1.3
Kawanak 9/ 85 97.9 1.2 0.8 0.2
Hami | t on 8/ 86 59. 3 33.8 6.9 1.9
Kotlik #1 8/ 86 97.4 1.9 0.7 0.1
Kotlik #2 8/ 86 48. 8 41.4 9.7 1.3
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within the channel, and 60 to 70% silt, 20 to 30% sand, and 5 to
10% clay fractions over the Delta front {Figure 3-61, Tables 3-12
and 3-13). Stations sanpled in less active channels and on mid-
river bars exhibited higher percentages of silt and clay. For
exanple, during the August 1986 sanpling period, the slough at
Aproka Pass showed a conposition domnated by the silt fractions
(>70% . At Ham lton and Kobolunuk, sanples taken in shallow
areas located either next to the bank or on a md-river bar
contained low sand fractions, as well. Station 2 at Kotlik was
sanpled on a bar in the nearshore area of Pastel Bay, while
Kotlik 1 was sanpled within the river channel at North Mbuth.

The analyses for weight loss on ignition denonstrated that
the higher percentages of organic content were associated wth
hi gher percentages of silt. The higher values of |oss on igni-
tion were found at stations 4 and 6 and R45S and Kobolunuk (Table
3-12), and at stations Kobolunuk, Aproka, Hamilton, and Kotlik 2
(Table 3-13).

The large differences in the values for loss on ignition
from 1985 and 1986 sanples are prinmarily due to analysis
procedur es. In the 1985 sanples, the carbonates were not renoved
prior to ignition, whereas during the analysis of the 1986
sanpl es, the carbonates were purged with two rinses of dilute
hydrochloric acid before ignition. Thus , the sanples taken in
1985 contained inorganic as well as organic carbon, while those
taken in 1986 were analyzed only for organic carbon.

The x-ray diffraction analysis of the clay fractions indi-
cated that there were no differences in the mneral conposition
of five sanples taken from the bottom sedinents of the |ower
Delta and the Delta front. Percentages of smectite, illite,
kaolinite, and chlorite showed no appreciable differences between
sanpl es taken within the Delta at R25W Aproka Pass, South Mout h,
and on the Delta front at stations 4 and 6 (Figure 3-61 and Table
3-14). Generally, the Biscaye values of snectite taken from the

554



Tabl e 3-14. Percent age conposition in Biscaye values of clay
m neral ogy for bottom and suspended sedinment sanples collected
during the first and third field trips (July and Septenber
1985) .

Per cent age Conposition

St ati on Type Dat e Snectite TIllite Kaolinite Chlorite
R25W Bottom 7/ 85 13.7 43.7 15.9 26.7
R45S Bottom 7/85 14,7 40. 8 15.6 28.9
R45S Suspended 7/ 85 10.1 35.9 19.9 34.1
#4 Bott om 7/ 85 14.6 37.9 17.6 29.9
#6 Bottom 7/ 85 15.5 40.7 14.6 29.2
Apr oka Bott om 9/ 85 16.1 38.7 15.3 29.9
Apr oka Suspended 9/ 85 13.3 35.9 18.1 32.7
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deposit sanples were about 13% and the illite values were
usually close to 40% Kaolinite values for the sanples were
typically 17% and chlorite values were about 30% Thus, the
m neral ogy of the deposited sedinents appeared to be simlar
within the Delta and over the Delta front.

The Biscaye values fromthis study fell within the range of
val ues reported by Naidu and Mowatt (1983) in an extensive survey
of the Bering Sea. Ranges of 10 to 20% for expandable
(smectites), 38 to 48% for illites and a ratio of 0.5 for
kaolinite and chlorite were reported for the Yukon Delta front
stations, and values of 21% for snectites, 41% for illites, 12%
for kaolinites and 26% for chlorites were reported from the Yukon
Ri ver sanpl es.

The relative proportions of the clay conponents and their
bedrock sources have been investigated for the major rivers which
enpty into the Bering Sea (Naidu and Mwatt, 1983). The
relatively high values of chlorite are characteristic of sedinent
samples from the Yukon River drainage area due to the
preponderance of feldspar sources from the weathering of
nmet anor phi ¢ bedrock types found in this basin. The Yukon River
is also the greatest source of kaolinite clays to the Bering Sea.
The sources of kaolinite are granitic and basaltic bedrock.

3.7.2 _Suspended Sedi nents

Anal yses for suspended sedinents revealed no |arge spatial
and tenporal differences during the open-water sanpling periods
within the river and distributary channels. Prelimnary nmeasure-
ments obtained with a portable turbidity neter suggested no
significant spatial difference between sanples taken from Pitkas
Point to station 3 offshore of South Muth during the July 1985
field trip. Subsequent analysis of suspended sedinents by filter-
ing and weighing also indicated that no differences were evident
bet ween sanpl es taken along the river (Table 3-15).
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Tabl e 3-15. Anal yses of suspended sedinent sanples collected
during the first field trip_ (July 1985). The neans and
standa-rd deviations are 1listed for both concentrations of
suspended sedinents and turbidity.

Sur f ace Bot t om
Cone. Tur b. Cone. Turb

Station (mg/1) (NTU) (mg/1) (NTU)

Rl N 240.7+3.7 69.0+2.8 383.6+7.2 89.0+2.1
RIS 420.4+5.8 81.6+1.9 449.6+48.7 100.0+0.0
R5N -——- 88.2+0.7 - 75.6+0.8
R5S -—- 61.2+1.2 ——— 74.8+0.7
RON -——— 85.4+0.5 - 81.2+0.7
RIS - 61.2+1.2 - 74.8+0.7
R13N -—- 83.840.9 - 75.4+2.6
R13S -— 101.0+2.6 —-—— 83.0+3.3
R17W 313.043.9 81.4+2.1 369.0+5.3 91.6+4.5
R17E -—- 84.6+1.6 - 101.4+3.7
R21E -——— 97.4+41.7 - 98.0+1.8
R25W - 92.4+1.4 — 88.6+1.0
R25E - 88.6+1.7 —— 80.8+1.5
R2OW - 92.4+1.4 - i

R29E - 100.2+5.9 - -

R33W ——— 77.8+1.9 - 95.8+3.2
R33E 508.9+19.0 72.2+2.1 439.6*12.9 87.8+1.2
R37E —— 92.0+0.6 - 99.0+1.5
R41N -—— 98.0+1.8 - 87.8+1.9
R41S - 98.4+0.8 —_— 88.2+1.2
RA5N 308.3+14.5 98.0+1.8 —_— 87.8+1.9
R45S 281.6+4.7 98.4+0.8 —— 93.2+1.6
#1 -— 85.6+4.1 - 72.0+1.1
#2 - 81.640.5 — 68.0+0.6
#3 - 67.2+0.7 _— 72.8+0.7
#4 - 7.0+0.0 - 82.2+2.3
#5 -—- 5.0+0.0 -— 33.2+0.4
#6 25.2+3.8 5.8+0.4 117.2+3.9 31.2+0.4
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O fshore, noticeable differences were detected between
surface and bottom sanples taken over the Delta front at stations
4 to 6 during the first field trip (Table 3-15). At each of the
three stations, higher concentrations were noted near the bottom
(Table 3-15). CTD data collected concurrently with the suspended
sedi nent sanples indicated a highly stratified water colum com
prised of Bering Sea water overlain wth brackish river water.

Tenporal variations in sedinment concentrations were also
apparent in the river over the 2-year study (Table 3-16). The
stations at Kobolunuk, Lanment, Hamlton, and Kwikpak showed
greater suspended sedinment concentrations in July 1985 than
during any other sanpling period. Variations were also found
bet ween seasons of the sane year: stations sanpled in July 1985
had greater sedinent concentrations than in Septenber 1985;
concentrations in August 1986 were slightly greater than in June
1986. The interannual variations are not readily explained by
the results of the discharge neasurenents (subsection 3.4). If a
relationship exists between sedinent |oad and discharge in the
river, it was not denonstrated by the data at hand. This is
possi bly because the nunber of sanples was too |limted and the
sanpling was not frequent enough to resolve such a relationship.

The analysis of the mneral conposition of two suspended
sedi nent sanples taken at Aproka Pass and at the South Mouth
entrance showed no differences with the results of those sanples
taken from the deposited sedinents of the lower Delta and the
Delta front.

3.7.3 _Rver Transport of Suspended Sedi nent

Transport of suspended sedinent within the river appeared
simlar to that predicted in the literature; Dupre and Thonpson
(1979) estimated nmean annual suspended sedi nent concentrations of
475 mg/1 and a nean annual discharge of 185 kniof water. This
yields a suspended transport of 88 mllion tonnes. For the
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Tabl e 3-16. Mean suspended sedinent

concentrations

Kobolunuk, Lanent, Kwikpak, and Hamlton for

during the 1985-1986 field trips.

Kobolunuk i s deened suspect.

The August

Sampling Peri ods

(mg/1) at
sanpl es taken
1986 sanple at

Station 7/ 85 9/ 85

Kobolunuk 435 mg/1 ————

Lanent 475 mg/1 170 mg/1
Kwikpak T T
Ham | t on aii 162 mg/1
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6/ 86

184 mg/1
165 mg/1
176 mg/1

214 ng/1

8/ 86

1,220 mg/1

210 mg/1
263 mg/1

2?30 mg/1



present study, estimated average concentrations of suspended
sedinent from each of the sanpling periods were as follows:
455 mg/1 in July 1985; 166 mg/l1 in Septenber 1985; 185 mg/1 in
June 1986; and 234 mg/1 in August 1986. These averages were
derived from the nean values of sanple replicates. O the
sanpl es taken, those fromthe entrances to the distributaries at
C-2 and Kotlik were not used in the conputation of the average
val ues because of the influence of tidal effects; values at
Aproka Pass were not used because they are not representative of
a mjor distributary channel; and the extrenely high value
recorded for August 1986 at the Kobolunuk station was not used
because the sanple was taken from the bank instead of within the
channel . Al though the averages presented in this study are
seasonal and do not represent the annually averaged |oad of
suspended sedinments in the river, the sanpling occurred during
peak flows, soon after the spring breakup, and, thus, should
represent the major portion of the suspended sedinment |oad
carried to the Bering Sea.

Suspended sedinment transports were calculated using river
di scharge estinmates derived from the current profiling operations
(subsection 3.4). The suspended load in Septenber 1985 was 0.196
mllion tonnes/day; 0.209 mllion tonnes/day in June 1986; and
0.181 mllion tonnes/day in August 1986. Sedi nent | oads were not
calculated for July 1985 because river discharge neasurenents
were not taken during the initial cruise of the program These
estimates are roughly 50% |ower than those given by Dupre and
Thonmpson (1979). The discrepancy appears to be nmainly a result
of the «conparatively |ower suspended sedinent concentrations
measured for Septenber 1985 and June and August 1986.

Al though estimates of bed load were not nmde in this
program a few field observations may be illustrative of the
processes at work in the area of the Delta platform During the
Jul y- August 1985 sanpling period, the South Muth channel across
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the platform was present and navigable by the NOAA boat.
However, during the Septenber 1985 sanpling period, the channel
had filled with sedinent, naking boat passage across the Delta

platformdifficult. Based on the coarse conposition of the sedi-
ments, it is likely that the shoaling of the channel is the
result of bed-load deposits. It is speculated that the sub-

aqueous channels are initially gouged by ice floes and scoured by
river currents during the early portion of the open-water season.
As the ice clears and the river discharge subsides, bed-I|oad
transport gradually builds the channel bottom back up to the
el evation of the surrounding platform By late in the season,
the channel is fully blocked by a broad distributary bar or
shoa
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4. SUMVARY OF YUKON DELTA PHYSI CAL PROCESSES

In the previous section, a variety of analyses were
presented in order to describe and quantify the characteristics
of the physical processes affecting the Yukon Delta. Here, we
use these results to speculate on which processes would govern
the transport and fate of water masses and constituent materials
in the waters around the Delta. W enphasize that nuch of the
followi ng discussion is speculation, especially since the
nmeasur ement program was confined to summer nonths and sone of the
nore inportant processes (e.g., storm surge and salt-wedge intru-
sion) occur nostly during late fall and winter when no direct
observations are available.

As an introduction to this discussion, it is informative to
indicate the seasonal dependence of the processes involved and
identify those processes which can act in concert and those which
are nutually exclusive. Figure 4-1 presents a |-year tine Iline
indicating the periods during which individual processes are
active on the Delta. For instance, the Yukon and the nearshore
areas around the Delta are ice covered (solid line in Figure 4-1)
t hroughout winter and spring. During May or early June, at the
time of peak river discharge, breakup occurs in the river and the
nearshore area is swept free of ice. Ice formation begins again
in the fall when nean air tenperatures drop significantly, and
the Yukon discharge drops to about 10% of the sumer peak. The
period of high Yukon discharge (see subsection 4.1) is therefore
mutual ly exclusive with ice in the river. Simlarly, the likeli-
hood of salt penetration into the mmjor Yukon distributaries is
high only during periods of Ilow river discharge.

Storm surge in the nearshore areas around the Delta is
caused by intense meteorological storms which occur most
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frequently during fall and w nter. Sea breeze processes may be
difficult to resolve from neteorological records, but it is
relatively sinple to predict that they occur only during summer
when: 1) the Delta is nmuch warner than the offshore surface
waters, and 2) their is no cloud cover to inhibit radiation and
convecti on. Consequently, we would not expect sea breezes during
intense neteorological storms or surge events (Figure 4-1).
Regardl ess of the periods when sea breezes can be expected, we do
not view this process as an inportant transport mechanism

Al t hough sea breezes could drive surface waters toward the Delta,

this would occur during the period of nbst intense Yukon dis-
charge, and the breeze-driven <currents would be relatively
insignificant conpared to the general <circulation and tida

currents.

Tidal fluctuations in the water level around the Delta
shoreline and within the major distributary nouths occur through-
out the year, but they will have little effect upon the transport
of nearshore materials except when a surge event occurs during an
extrenely high tide. Tidal currents, on the other hand, can play
a major role because they represent a significant anount of the
energy in the currents of this region. Obital tidal currents on
the Delta platform and front also represent an effective nechan-
ism for resuspension of bottom sedi nents.

In addition to the processes nentioned above, the various
results of the neasurenent program have been synthesized to
formulate a sinple nodel of the nearshore circulation around the
Delta (subsection 4.2). The basic results indicate regions of
suspected high sedinent deposition (and progradation of the
Delta), and allow estimation of residence tinmes for river water
on the Delta platform Subsection 4.3 addresses sedinment
transport processes and salinity intrusion dynamcs. Finally,
subsection 4.4 presents a synopsis of the fisheries observations
made by NOAA RU 660 with enphasis on why juvenile salnon were
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found in high concentrations near the Delta front, rather than
near the distributary nouths. The vulnerability of this fish
habitat to offshore pollutants is also discussed.

4.1 THE CYCLE OF YUKON RIVER DI SCHARCGE

The discharge of the lower Yukon is characterized by an
annual cycle having peak flow in early sunrer and relatively weak
flow from Decenber through April. Significant fluctuations in
di scharge are observed on tinme scales of a few days, and najor
i nterannual variations are common. The USGS di scharge neasure-
ments from Pilot Station represent the best tinme series for
analysis of flow in the lower Yukon because daily observations
are available since Cctober 1975 (excluding the period OCctober
1984 t hrough Septenber 1985). Ten-year averages of nonthly nean
di scharge, presented in Figure 4-2, illustrate the annual hydro-
graph of the |ower Yukon. An envelope of +1 standard deviation
about the nean indicates that interannual variations in the
nmonthly mean’s are relatively small, whereas extrene daily dis-
charges (maxima and mninma) may vary greatly from the nonthly
aver age.

Figure 4-2 also illustrates that nean discharges are consis-
tently less than 2,000 m3/sec from January through April. Peak
di scharge occurs between md-May and md-June. An exception
occurred during the summer of 1978 (the driest of the 10-year

record) when the peak was not achieved until 8 July. Although
peak daily discharge often occurs in My, nonthly neans for My
are |low because flow is mnimal prior to breakup. 1In contrast,

June exhibits the highest nonthly nean because of gradual reduc-
tions in discharge after the peak is achieved in late My or
early June. The reduction in the nonthly neans continues mono-
tonically from June through April.
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Figure 4-2. The annual hydrography of Yukon River discharge at

Pilot Station based upon USGS neasurenents for the period
Oct ober 1975 through Septenber 1986 (excluding the period

Oct ober 1984 through Septenber 1985). The dashed line
represents 10-year averages of monthly mean discharge
estimates. Solid lines represent |-day extreme discharges for

each nont h.
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Over the summer and fall, the standard deviation envel ope
(Figure 4-2) exhibits a mnimum in July, followed by nore vari-
ability through autumm. This wvariability is associated wth
1- to 2-week periods of increased discharge which occur during
autumm of nbst years. This autum increase occurred during both
years (1985 and 1986) of this program As shown in Figure 4-2,
the maxi mum daily discharge from Cctober 1985 exceeds that from
Septenber in all years.

The autum of 1985 was characterized by sone of the highest
di scharge rates neasured over the past 10 years; e.g., 13,031
m3/sec on 1 October 198s WAS the highest daily discharge ever
recorded in Cctober, and the nonthly nmeans for Decenber 1985 and
January and February 1986 were also the highest in 10 years.
Monthly neans for the spring and summer of 1986 were relatively
normal , but 1986 had the highest Septenber nean of the past
10 years. At the time of this analysis, Pilot Station data were
not available after 30 Septenber 1986.

Recent discharge neasurenents wthin the three mjjor
distributaries of the Yukon Delta indicate that the partition
anmong the distributaries is very stable when the river is high

(June through Septenber). Downstream of Head of Passes, the flow
is distributed as follows: 66% t 0o Kwikluak Pass, 26% to Kawanak
Pass, and 8% to Apoon Pass. Measurenents on the Delta are not

avai l able from other seasons, but we suspect that Kwikluak Pass
may receive a higher proportion of the flow as the river
subsi des, due to hydraulic control within the conplex erosiona
channel s.

4.2 NEARSHORE Cl RCULATION ARCUND THE YUKON DELTA

The moored current measurenents obtained from the west side
of the Yukon Delta during sumer 1985 are insufficient for reso-
lution of the flow field around the entire Delta or throughout
the year, but they do provide enough information to speculate on
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the fate of Yukon River waters during periods of high discharge.
Wth a northward flow of roughly 12 cm/sec for the 3-week nea-
surenent period and an estimate of the Yukon discharge from the
three major distributaries, it is possible to construct a sinple
box model of the nearshore flow around the Delta. A nunber of
assunptions have to be made about the flow characteristics at
various sites (in the absence of an adequate nunber of direct
current neasurenments), but these uncertainties do not overshadow
the nost promnent results of the box nodel, as wll be shown
bel ow,

For this nodel, the nearshore area around the Yukon Delta
has been subdivided into three regions, each of which receives
the discharge from a single major distributary. Figure 4-3
illustrates the three regions labeled S, M and N, which corre-
spond wWth the South, Mddle, and North Mouths, respectively.
Since the offshore flow is apparently controlled by the |ocal
t opography, we have selected the 20-foot (6-m isobath as the
of fshore boundary and used 3 m as the average depth of the nodel
domai n. The sides of each region were selected sonewhat arbi-
trarily, but with an attenpt to delineate regions of equal area.

If we estimate the average Yukon discharge at Head of Passes
to be roughly 11,400 m3/sec during the period of the offshore
current neasurenments, then the discharge from each distributary
can be obtained from the discharge ratio 66:26:8 for South,
M ddle, and North Muths, respectively. The discharges from the
three distributaries, Tg, TM and TN then becone 7,500, 3,000 and
900 ni/ see, respectively.

At the above discharge rates, the entire volune of region
S could be filled with Yukon water in 5.8 days. This flushing
time seens vey short, but the hydrographic surveys in the near-
shore regions around South and Mddle Muths indicated that
brackish water covered the entire Delta shoreline out to a
di stance of 10 to 15 mles. W suspect this to be the case from
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Fi gure 4-3. Map of the Yukon Delta region illustrating three
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June through Septenber for nobst vyears; this coastal band of
bracki sh water may, however, be displaced by saline waters during
storm events which increase in frequency during late sumer and
fall.

The current nooring located to the west of Mddle Muth
provides a good estimate of the flow regime at the northern
boundary of region S If we use the 12 cm/sec alongshore flow
rate as an estimate of the northward flow through line B-B, then
we arrive at a northward discharge at transect B (T, of
7,320 mi/see, which is not significantly different from the Yukon
di scharge at South Muth, Tg. To a first order approximation, we
can assune that the net flow through the seaward boundary of

region S (line A-B) is near zero, in accordance with the pro-
gressive vector diagrans constructed from the offshore current
records. It follows that the net flow through the southern

boundary (line A-A offshore of Black R ver) nust also be near
zero for region S to conserve nass.

In reality, we would doubt that the 12-cm/sec northward nean
flow at the offshore nooring sites would be observed everywhere
along lines A-A and B-B'. In the nearshore areas where water
depths are generally less than 1 m, we suspect there is little,
if any, net flow to the north, and currents are dom nated by
oscillatory tidal flow and/or wnd-driven currents of 1- to
3-day duration.

The persistent alongshore current at the 30-foot contour
(both nmooring sites) is nost likely associated with the large-
scal e cyclonic circulation of the eastern Bering Sea. The Delta
front represents the eastern boundary of this gyre, such that
northward currents maydecrease toward the shore due to bottom
friction. This suggests the northward flow at point A may be
| ess than at point B, which is located nearly twi ce the distance
fromthe Delta shoreline. Therefore, if the cross—sectional area
and the nmean current at line A-A are both about one-half of

570



their respective values at line B-B, then we may expect the
transport through line A-A" to be about one—quarter of the trans-
port through line B-B', or roughly 1,800 ni/ sec. The estimated
transport through line A-A may be further reduced if we recog-
nize that the actual water depth is less than 1 m for nost of
line A~<A", and consequently, the cross-sectional area used for
the transport calculation is less than originally estinmated.
Nevert hel ess, based upon these uncertainties, we may expect that
the nodel of region S has an uncertainty of about 20%

The primary result fromthis sinple model is that nearly all
of the Yukon discharge which |leaves South Muth is advected
al ongshore toward the north, and the residence tine within this
coastal region may be less than 1 week. This flow reginme is
expected to persist during sumer nonths when Yukon discharge is
high, and winds are variable or persistent from the south. The
wi nds during sumer 1985 (when the offshore current neasurenents
were made) were generally variable, with very few periods of
sustained northerly wi nds, which would be required to reverse the
flow in the nearshore areas. During late June and early July
1986, however, there were sustained periods of northerly w nds,
and NOAA RU 660 observed southerly flow in the nearshore surface
waters to the west of the Delta. This ability of the nearshore
waters to reverse direction in response to the wnd suggests
that, during fall, when the prevailing winds are from the north,
there maybe a net southward transport of Yukon water on the west
side of the Delta. During the period from OCctober through
Decenber (the end of the open-water season) the Yukon discharge
is less than one-quarter of its peak summer discharge, such that
a much smaller plume of fresh water will be advected around the
Delta shoreline, and it will be nore susceptible to mxing with
saline Bering Sea water.

In the absence of direct current neasurenents from the
northern side of the Delta, a defensible nodel of the flow within
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regions M and N (Figure 4-3) cannot be constructed. The Yukon
discharge from Mddle Muth (3,000 ni/see) and the northward
transport through line B-B (7,320 ni/see) do indicate, however,
that region M receives nore fresh water than region S, despite
the 3:1 ratio in South Mouth to Mddle Muth discharges. At this
influx rate (-10,320 ni/see), region Mwould be flushed in
roughly 5 days (the sane tinme as for region S).

The along-isobath flow at the nooring site west of Mddle
Mout h suggests there is no appreciable flow through the offshore
boundary between points B and C (Figure 4-3). W suspect that
nost of the alongshore flow continues northward through the
boundary C-D; wvorticity constraints would cause the flow to seek
paths of constant depth rather than flowing northward across
isobaths, but on the shallow, flat Delta platform this restoring
force would not be sufficient to cause the flow to turn abruptly
to the right and pass through line DD. To a first-order
approxi mation, we my assune there is little net flow through
line DD, and all of the Yukon water nust |eave region M through
its northern boundary (line CD). If SO the vertically averaged
northward current through this boundary (6 m deep by 25 nm in
| ength) would be roughly 4 cm/sec.

Al though region M can be totally flushed in about 5 days,
the velocity of the northward flow exiting the region is weak on
account of the broad and relatively deep northern boundary at the
edge of the Delta platform Since the northward currents have an
opportunity to decelerate as the water depth increases (thus
conserving mass transport), there is nore time for suspended
particulate to settle to the bottom and deposition my be
enhanced in this area. This hypothesis is discussed further in
subsection 4.3 as it relates to sedinentation and the northward
advancenent of the Delta.

In the absence of any current neasurenents within box N we
cannot infer the circulation, but it is interesting to note that
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with the relatively small flow from North Muth (900 m3/sec
conpared to 7,500 m3/sec from South Mout h), it would take 57 days
to fill box N with Yukon water. If we assune the flow in this
region is oscillatory tidal flow with zero net transport through
lines DD and E-E, then all of the Yukon discharge from North
Mouth woul d have to pass through the seaward boundary, line D E
This boundary is 27 nmlong, and wth a depth of 6 m the north-
ward current would be only 0.3 cm/sec. Since this northward flow
is extremely weak, we expect that Yukon waters remain in this
area for a relatively long period of tine.

Direct current measurenents are needed to determ ne whether
t he assunption of near-zero alongshore drift in the region to the
north of the Delta is correct, but this sinple box nodel does
illustrate that the Yukon R ver is not an effective nmechanism for
flushing this region, even during the sumrer when river flow is
at a maximum During winter and spring, the Yukon probably has
little, if any, affect upon the water properties and circul ation
to the north of the Delta.

4.3 SEDI MENT TRANSPORT PROCESSES

The limted nunber of sanples collected as part of the
present study is insufficient to support firm conclusions regard-
ing sedinent transport and depositional processes throughout the

study area. However, drawing on the growing scientific litera-
ture for the area and by analogy wth other well-known river
deltas, it is possible to develop generalized concepts of the

seasonal processes at work. Although these concepts are specul a-
tive, they appear to be consistent with 1) the observed data,
2) discussions with other researchers and |ocal residents, and
3) our general inpressions gained through extensive field
experience on the Delta.

Seasonal field observations and navigational experience,
mainly in the vicinity of the South Muth distributary channel,
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suggest that ice gouging and current scour are sufficient to cut
relatively deep channels through the shallow Delta platform
during the early stages of the open-water season. During sunmer,
river discharge through these channels is sufficient to prevent
any near-bottom salinity intrusion, despite channel depths of
10 m Extrenely high suspended sedinent concentrations are found
in the river during summer which, when conbined with the peak
di scharge rates, produces a large flux of sedinment through the
distributary nouths. Currents approaching 100 cmsec are
believed to be typical of the offshore reaches of the distribu-
tary channels, inplying a correspondingly high bed-load transport
as well. Based on observations at the distributary nmouths in the
M ssissippi Delta (Wight, 1971), the bed-load transport may be
as high as 20 to 40% of the suspended | oad.

The fate of a large proportionof this material is alnost
surely deposition on the prograding face of the Delta platform
and the broader area of the prodelta further offshore. Thi s
process is well-supported in the literature for the bed-Ioad
conponent and the coarser fractions of the suspended |oad. The
fate of suspended fines, mainly silts and clays, is nore uncer-
tain. W have found substantial fractions of fines in the surfi-
cial sedinents along the Delta front and relatively high
suspended concentrations in the overlying benthic (nepheloid)
boundary [ ayer. Obital tidal currents are strong enough in this
region to maintain a wide range of particulate in suspension
and, intermttently, resuspend fractions up to the size of fine
sand.

The water-sedi nent boundary is undoubtedly a dynam c inter-
face during the open-water season; however, we have no direct
evidence that there is a long-term net depositional flux of fine
sedinent to the Delta platform or front. Qur observations may
reflect a highly nobile, surficial layer of material which is
rapidly transported to deeper water, either offshore to the
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Bering Sea via downslope turbidity currents or alongshore toward
Norton Sound in accordance wth the transport nodel of the
previ ous subsecti on. Either process inplies rapid resupply from
riverine sources inshore, subduction or flocculation at the
frontal boundary of the river plune, and settling into the
benthic boundary | ayer.

Alternately, the fine sedinment may represent material which
is mainly held in suspension within the boundary |ayer, thus
experiencing little net deposition or horizontal transport. This
requires that advection within the boundary l|ayer is decoupled
from the overlying water colum. Under this scenario, the rate
of resupply frominshore is relatively low, the preferred fate of
river-borne fines being perhaps entrainment and deposition wthin
the coastal Delta environnment consisting of the nyriad of sloughs
and mnor distributary channels.

Under the assunption of a high offshore flux rate, a
mechani sm exists which could presumably scavenge and renove
pollutants from the Delta region and provide effective dispersal
into deeper water. Under the alternate assunption of a |ow
offshore flux rate, there is a greatly increased |ikelihood for
pollutants to be incorporated into nearshore sedinents or main-
tained in suspension for relatively long periods. The act ual
situation may reflect such great seasonal variability that both
of these scenarios are realized, with high fluxes occurring early
in the season during peak runoff, followed by a nore vul nerable
ow-flux period later in the summmer and early fall.

Anot her nechani sm which nmay be of inportance is near-bottom
seawater intrusion into the distributary channels due to
estuarine or gravitational circulation; i.e., a salt wedge. Such
an intrusion would presumably provide a nechanism for |andward
bottom flow and a resulting turbidity zone at the toe of the
wedge (Matthews, 1973). Gven that the length of intrusion could
be on the order of 10 km there are obvious inpacts which could
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result from offshore contamnation sources within the otherw se

isolated reaches of the wmjor distributary channels. The
dynam cs of such a circulation regine and the actual |ength of
the resulting intrusion are quite speculative and little data

exists to confirm the assunptions nmade in the analysis presented
in subsection 3.5. Regardl ess of the details of the hydrody-
namcs, it is clear that this formof salinity intrusion nust be
highly transient, being limted to a relatively brief period |late
in the open-water season when the river discharge is drastically
reduced fromits summer peak.

4.4 FISH HABI TATS

The fish habitat of inportance appears to be |ocated on the
Delta front during the period of high river runoff when sal non
snmelt are found in high concentrations. Fi sheries observations
by NOAA RU 660 during summer 1986 indicate a high degree of fish
utilization over the Delta front. Smelts domnate the catch
statistics at the frontal region of the river plune. Resul ts
further indicate that nost of the snelts are caught at shallow
depths within the brackish water on the inshore side of the plune
boundary. Presumably the snmelts are in the gradual process of
acclimating to oceanic water property conditions.

Anot her inportant aspect of this area as a fish habitat is
that it supplies food to the snelt during the period of saltwater
acclimation. Stomach contents of snelts reveal that the fish
were actively feeding on interstitial species of harpactacoid
copepods and freshwater insects, further suggesting a high degree
of useage of the Delta front by fish. The presence of the
har pactacoids wthin the stomachs supports the concept of an
energetic boundary layer with a high concentration of resuspended
bottom sedinents, making the notile benthic fauna available to
the snelt.
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Resi dence tinmes for the fish caught between the South and
M ddle Muth entrances during the fisheries study are estinmated
to be on the order of a week. As illustrated in the box nodel
presented in subsection 4.2, residence tinmes for water advected
to the north along the Delta front are also on the order of a
week. These results indicate that the fish may be passively
advected along the front by the nmean coastal circulation.
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5.  RECOMMENDATI ONS

Throughout Sections 2 and 3, coments and recommendations
have been nade concerning the need for additional neasurenents or
scientific analyses in order to further our wunderstanding of

Delta processes. This section attenpts to sunmarize these
earlier comments and to present a coherent set of objectives for
future neasurenent prograns. Suggestions concerning appropriate
data collection nethodologies and instrunentation are also
present ed. These suggestions are quite prelimnary and are
intended only to illustrate the many possible avenues open to

future investigators.
As a general comment pertinent to each of the data

categories, the present study has denonstrated conclusively that
transport from of fshore into the upper reaches of the Yukon River
is quite unlikely, especially during the sumer and early fall

nmont hs. The hydrodynam cs observed upstream of Head of Passes,

for exanple, are conpletely domnated by river discharge. The
sane conclusion holds in general over the length of the distribu-
tary channels downstream from this point to their respective
mouths during nost of the open-water season. Future studies
should focus on the area of the Delta platform both the |oca

areas surrounding the mgjor distributary nouths and the extensive

shoal areas fronting the mnor coastal sloughs. This work will
be quite challenging, especially from the |ogistical standpoint;
however, it is clear that this is the nost vulnerable portion of

the Delta and the nost critical in terns of developing a detailed
scientific understanding of the physical, geological, and bio-
| ogi cal processes at work.
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Bathymetry/Sedi nent Processes

Detailed bathynetric surveys should be conducted at the
nmouths of the three mmjor Yukon distributaries to identify the
depth, aerial extent, and seasonal changes of the subaqueous
channels which extend across the Delta platform This survey
should be made in conjunction with a detailed sedinent sanpling
program designed to estinmate bedload transport across the Delta
platform and suspended |oad transport of fines along the Delta
front. The use of side-scan sonar and subbottom profiling may be
desirable to provide a nore detailed characterization of the
spatial variability of bottom sedi nments. The shallow tidal flats
surrounding the Delta should also be surveyed as they represent a
maj or dissipator of tidal energy and a potential geochemical
si nk.

Currents

Moored current neters should not be used within the river to
nmeasure flow due to the steady nature of the velocity and the
susceptibility to fouling by debris. Discharge neasurenents
obtained wth a profiling current neter provide nore useful
results, especially when conbined with time series of water-|eve
vari ations.

Near —surface and bottom current neasurenents should be
obtained from noorings deployed in the distributary nouths and
maj or sloughs during fall and wnter to nonitor flow during
expected periods of salt-wedge intrusion. Moorings should also
be instrunented wth tenperature and conductivity sensors for
identification of water types and eventual nodeling of salinity
di f fusi on.

Additional noored current, tenperature, and conductivity
measurenments from sites around the entire Delta are necessary to
determ ne the general circulation, extent of river discharge, and
spatial variations in the major oceanographic transport
processes.
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Water Level

Wat er —| evel gauges should be deployed in the mjor
di stributaries and sloughs around the Delta shoreline during fall
and winter to nonitor storm surge which acconpanies intense

extra-tropical stornms.

Time series of water |evel should be obtained from various
sites along the river to determ ne the downstream river slope and
establish a relationship between river transport and water |evel.
Measurenents nust be made with reference to reestablished USGS
benchmar ks.

A network of <closely spaced (5- to 10-mle separation)
wat er —| evel gauges should be deployed in the major distributary
nmout hs, sloughs, and nearshore subaqueous channels to determ ne
the tidal dissipation on the Delta flats and the extent of tidal
penetration into the distributaries and sl oughs.

Ri ver Discharge

Ri ver discharge neasurenents should be made using a profil-
ing current neter during periods of peak flow (after breakup) and
during fall or winter (under the ice) to accurately neasure river
flow during these inportant periods which were not sanpled during
the present investigation. An interconparison test should be
performed at Pilot Station to determne the source of the |arge
(-30% difference between the USGS discharge estimates and those
obt ai ned by EG&G during the present program

Water Properties

A detailed CTD survey should be conducted in the nmajor
di stributaries and nearshore regions of the Delta during fall for
the purpose of nonitoring the occurrence of salinity intrusion.
In particular, salinity intrusion into the sloughs and mnor
distributary channels late in the open-water season needs to be
nonitored, as this appears to be the nost |ikely mechanism for
upstream transport. A conpl ete understanding of the local tidal

580



characteristics is asorequired for a nmeaningful analysis of
this process.

A large-scale CTD survey around the Delta front should be
made at various tines during the sunmer and fall to determne the
aerial extent of the Yukon River plune and its tenporal vari-
ability. There is also a possibility that AVHRR satellite
i magery may prove useful in exam ning the plunme configuration.

Meteorology

Three to five renote neteorological stations should be
depl oyed around the Delta in June and July to determne the
spatial variability of the sea breeze process. A neteorol ogi cal
buoy could be nmoored within 50 km of the Delta to provide narine
observations during the Delta wi nd neasurenent program

Sedimentology

A nore extensive bottom sedinent survey wthin the
distributaries, on the Delta front, and on the nearshore tidal
flats should be conducted for identification of spatial
variations in sedinment characteristics. Likew se, nore suspended
sedi nent surveys and anal yses nust be conducted in the Yukon and
of fshore regions to determne the characteristics of suspended
material and tenporal variations in river transport of sedinents.

The of fshore noorings could be furnished with sedinent traps
and/or recording transm ssoneters to examne the behavior of
suspended particulate over the Delta front. These neasurenents
woul d also be hel pful for analysis of the extent and persistence
of the near-bottom nepheloid | ayer that was observed on the Delta
front. It remains to be proven whether bottom sedi ment resus-
pension oytidal currents and/or wave activity is the nechanism
responsible for maintenance of the high turbidity levels. The
ability to tag Yukon-derived clays by the high proportion of
chlorite may be useful in deriving a quantitative assessnent of
the fate of river-borne fines.
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Yukon Velocity Profiles
Second Field Trip

Section #: PA-5 Locati on: Sout h Mbut h
(near mooring G 2)
Posi ti on: SE Bank - 62935.2'N Date: 08/18/85
164°48.4'W
NWWall - 62°935.8'N
164°43.8'W
Bottom Sensor
Station/ Dept h Dept h Dir. Tenp.
Hours (ft) Speed (ft) (°T) (°C) Posi tion
EN 1 55 2.5 04 248 62°35.4'N
1620 2.2 20 248 164°48.5'W
2.0 40 248
1.4 53 250
EN 2 18 1.6 05 253 62935.3'N
1652 1.6 15 253 164°48.6'W
EN 3 26 2.2 05 243 62°35.5'N
1705 2.2 15 243 164°48.7'W
1.7 23 223
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Section #: NA Locat i on: Across Andreafsky Mouth

Date: 08/22/85

Bott om Sensor

St ati on/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 4 14 0.0 03 10.0 62°902.03'N
1405 12 163915.13'W
EN 5 25 0.0 03 10.0 62°02.01'N
1414 0.3 09 278 10.0 163°15.15'W

0.6 15 278 10.0

0.3 18 218 10.0

0.6 21 283 10,0
ENG 15 0.2 03 198 10.2 62°01.43'N
1419 0.3 12 218 10,4 163°15.23'W
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Section #: PA-1 (page 1 of 2) Locati on: Near Mooring C 1

Posi ti on: Nor t hern Channel Dat e: 08/ 22/ 85
Bott om Sensor
Station/ Dept h Dept h Dir. T. enp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 7 50 2.9 05 298 13.0 62°04.62'N
1530 2.6 15 308 12.9 163928.52'W
2.3 28 301 12.9
2.0 47 323 12.9
EN 8 40 1.8 05 248 13.2 62°04.53'N
1600 1.7 18 300 13.2 163°28.54'W
1.4 33 303 13.2
EN 9 38 2.2 05 303 13.0 62°04.63' N
1613 2.0 16 308 13.0 163928.48'W
1.5 32 303 13.1
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Section #: PA-1 (page 2 of 2) Locati on: Near Moring C 2

Posi ti on: Sout her n Channel Date: 08/22/85
Bott om Sensor

Station/ Dept h Dept h Dir. Tenp.

Hour s (ft) Speed (ft) (°T) (°c) Posi ti on

EN 10 26 1.9 05 288 13.2 62°903.88'N

1636 1.4 22 288 13.2 163930.12'W

EN 11 18 1.4 05 288 13.0 62°903.82'N

1644 1.2 14 303 13.0 163°30.17'W

EN 12 18 1.8-2.0 05 298 13.4 62°04.05'N

1652 163929.89'W
1.4 17 291 13.3
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Section #: PA-4 {page 1" or 2) Locati on: Kwikluak Pass
(upstream of Lanent)

Posi ti on: Sout her n Channel Dat e: 08/ 23/ 85
Bottom Sensor

Station/ Dept h Dept h Dir. Tenp.

Hour s (ft) Speed (ft) (°T) (°C) Posi ti on

EN 13 32 1.8 05 278 13.0 62°42.37'N

1315 1.5 15 278 13.1 164°18.71'W
1.3 27 270 13.1

EN 14 13 1.6 05 258 13.1 62°42. 43 N

1325 1.6 10 263 13.1 164°18.73'W

EN 15 07 1.7 05 298 13.1 62°42. 75 N

1340 164°18.66'W
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Section #: PA-4 (page 2 of 2) Location: Kwikluak Pass
(upstream of Lanent)

Posi ti on: Nor t hern Channel Dat e: 08/ 23/ 85
Bottom Sensor
Station/ Dept h Dept h Dir, Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 16 25 1.7 05 248 13.0 62942.92'N
1400 1.3 18 280 13.0 164°18.81'W
EN 17 55 2.4 05 263 13.2 62°43.02'N
1420 2.3 18 268 13.1 164°18.81'W
2.4 27 268 13.1
2.0 42 268 13.0
1.9 52 263 13.0
EN 18 44 2.4 05 265 13.1 62°43.04°N
1440 2.3 17 266 13.2 164°18.84'W
1.9 37 273 13.2
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Section #: PA- 3 Locati on: Apr oka Pass
(near Kravaksar ak)

Dat e: 08/ 23/ 85

Bott om Sensor

Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (CC) Posi tion
EN 19 31 0.6 05 343 14.2 62°947.69'N
1540 0.6 16 343 14. 2 164°07.41'W

0.7 26 340 14. 5
EN 20 21 0.6 05 320 14.0 62°47.63'N
1550 0.6 17 350 14. 2 164°07.43'W
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Section #: PA- 2 Location:  Aproka Pass
(near Kravaksar ak)

Date: 08/23/85

Bott om Sensor

Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 21 28 1.3 05 328 13.5 62°48.50'N
1640 1.4 13 323 13.5 164°07.16'W

1.3 26 320 13.6
EN 22 17 1.7 05 318 13.5 62°48.54'N
1655 1.4 13 318 13.6 164°06.69'W
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Section #: N A Location: Mddle Mouth
(of fshore)
Dat e: 08/ 25/ 85
Bott om Sensor

Station/ Dept h Dept h Dir. Tenp.

Hour s (ft) Speed (ft) (°T) {°C) Posi ti on

EN 23 59 0.6 10 006 63°04.89'N

2030 0.6 28 006 164°40.34'W

0.6 51 358
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Yukon Velocity Profiles
Third Field Trip

Section #: PB- 1 Location: Kwikpak Pass
(downstream of Seagull Pt.)
Posi tion: 63°903.03'N Date: 09/ 26/ 85
164°23.27'W
63°02.96'N
164°23.71'W
Bot t om Sensor
Station/ Dept h Dept h Dir. Temp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 40 10 1.7-1.8 03 343 13.4 63°02.99'N
1.7-1.8 07 343 11.0 164°23. 50" W
EN 41 05 1.5 02 353 13.0 63°03.00'N
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Section #: PB- 2 Locati on: Kawanak Pass
(at Seagull Pt.)
Posi ti on: 63°01.68'N Dat e: 09/ 26/ 85
164°922.03'W
63°901.31'N
164922 .46'W
Bottom Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 42 55 1.2 03 303 13.0 63°01.61'N
1.1 48 248 13.0 164922.07'W
0.8 42 278 13.5
EN 43 22 1.7-1.9 02 293 13.5 63°901.45'N
1.2-1.3 15 293 13.5 164°922.28'W
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Section #: PB- 3 Location: Apoon Pass
(at Hamlton)

Posi ti on: 62°53.80'N Dat e: 09/ 26/ 85
163°54.92'W

62°53.85'N
163°55.15'W

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed {ft) (°T) (°c) Posi ti on
EN 44 27 0.8-1.1 07 48 12.0 62953.83'N
0.9-1.0 16 48 11.0 163°54.93'W
0.3-0.6 24 33 11.0
EN 45 55 1.2 07 18 12.0 62°53.86'N
1.0-1.4 20 33 12.0 163°954.99'W
1.1-1.3 48 33 12.0
EN 46 20 0.0-0.8 07 23 10.5 62953.84'N
0.3 18 163955.15'W
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Section #: PB- 4 Location: Kwikpak
(downstream of Little Apoon Pass)

Posi ti on: 62°52.62' N Dat e: 09/ 26/ 85
164°07.74'W

62°52,73'N
164°08.74'W

Bott om Sensor
St ation/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 47 55 2.0-2.8 07 08 10.5 62°52.66'N
2.1-2.5 22 13 10.0 164°07.87'W
1.5-1.9 45 18 10.0
EN 48 32 1.3 06 53 10.0 62952.65'N
1.0 16 23 10.5 164°08.08'W
1.0 27 08 10. 4
EN 49 12 1.2 07 03 11.0 62°52.75'N

164°08.55'W
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Section #: PB-5 Location: Aproka Pass
(near Naringolapak S| ough)

Dat e: 09/ 27/ 85

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 50 47 0.6 07 353 12.5 62°947.63'N
0.5 23 323 12.5 164°07.28'W
0.6 40 313 12.5
EN 51 20 0.6-0.8 07 323 12.5 62°47.65'N
0.6 14 318 12.0 164°07.25'W
EN 52 36 0.5-0.7 07 318 13.0 62°47.64'N
0.4-0.5 14 333 12.5 164°07.34'W
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Section #: PB-6 Location: Kwikpak S| ough
(West Branch)

Posi ti on: No St akes Dat e: 09/ 27/ 85
(l'ine run is approximately 50 m

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (£t) Speed (ft) (°T) (°C) Posi tion
EN 53 14 0.2-0.3 09 158 11.0 63°00.19'N

164°928.15'W
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Section #: PB-7 Locat i on: Kuwanak Pass
(downstream of Seagull Pt.)

Posi ti on: 63°901.94'N Dat e: 09/ 27/ 85
164°925.29'W

63°01.48'N
164°925.64'W

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 54 21 0.7 07 268 11.0 63°01.62'N
0.5 15 278 10.5 164925.61'W
EN 55 27 0.7 07 284 11.5 63°01.69'N
0.6 15 284 11.2 164°25.59'W
EN 56 0.7 07 284 11.5 63°901.81'N
0.6 15 284 11.0 164°25.45'W
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Section #: PB- 8 Location: Lament Kwikluak Pass

Posi ti on: 62°43.06'N Dat e: 09/ 28/ 85
164°20.13'W

62942.37'N
164°19.44'W

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on

EN 57 58 3.7 07 278 11.0 62°43.01'N
3.3-3.4 21 278 11.0 164°20.16'W

2.6 50 278 11. 3
EN 58 25 3.0-3.2 07 275 12.0 62943.05'N
1.5-2.1 23 280 12.0 164°20.21'W
EN 59 22 0.6-0.8 07 288 12.2 62°942.78'N
0.7-0.8 16 278 10.0 164°20.08'W
EN 60 08 0.7 03 303 13,0 62°42,.65'N
164°20.17'W
EN 61 27 3.0 07 288 13.5 62°942.48'N
2.6-2.8 15 283 164°20.17'W
EN 62 12 1.4-1.7 07 268 13.0 62°42. 42’ N

164°20.13'W
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Secti on #: PB- 9 Locati on: Kwikluak Pass
(G2 Moring Site)
Tincan Poi nt
Posi ti on: 62935.70'N Dat e: 09/ 28/ 85
164°950.22'W
62935.25'N
164949.75'W
Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (“T) (°C) Posi ti on
EN 63 27 1.8-2.0 07 213 14.0 62°35.54" N
2.3 15 223 14.0 164°50.03'W
EN 64 70 1.7 07 258 13.0 62°35. 32" N
1.7-1.9 28 248 13.0 164°49.84'W
1.1-1.3 60 248 13.0
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Secti on #: N A Locati on: West of Tincan Poi nt

Posi ti on: 62°936.77'N Dat e: 10/ 01/ 85
164949.74'W

62°36.92°N
164°49.36'W

Bottom Sensor
Station/ Dept h Dept h Dir. Tenp,
Hour s (ft) Speed (ft) (“7) (°C) Posi ti on
EN 65B 06 1.0-1.2 03 343 62°36.81'N
164949.41'W
EN 66B 15 1.6-1.8 07 333 62936.92'N
1.5-1-7 12 333 164°49.46'W

619



Section #: PB- 10 Location: Kw guk Pass
(at Emmonak)

Posi ti on: 62°46. 45 N Dat e: 10/ 01/ 85
164°932.41'W

62°946.45'N
164°932.,40'W

Bottom Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 65 30 1.4 07 278 62°46.56'N
1.4 16 283 164°32.43'W
1.4 25 293
EN 66 15 1.4 07 273 62°46.49'N

164°932.42'W

620



Section #: PB-11 Locati on: Kobolunuk
(at CG1 Mooring Site)

Posi ti on: 62°04.66'N Dat e: 10/ 01/ 85
163°928.17'W

62°04. 41’ N
163°28.66'W

Bottom Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (“T) (°C) Posi ti on
EN 67 26 0.8-0.9 07 328 62°04. 47" N
1.0 25 318 163°928.59'W
EN 68 60 2.5 07 323 62°04. 53" N
2.6 30 348 163928.32'W
1.8-1.9 56 323
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Section #: N A Locati on: Downstream of Kobolunuk

Posi ti on: 62°03.59'N Dat e: 10/ 01/ 85
163°28.89'W

62°04.03'N
163°28.21'W

Bott om Sensor
St ati on/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 70 07 2.0 06 283 62°03.09'N
(md-river shelf) 163928.57'W
EN 71 25 2.1-2.3 07 288 62°03.91'N
1.8-1.9 15 288 163928.57'W
1.4-1.5 23 288
EN 72 38 2.7-2.9 07 293 62°03.82'N
2.3-2.5 20 293 163°28.69'W
EN73 2.7-2.8 07 293 62°903.66'N
2.6-2.7 15 293 163928.92'W
1.7-1.8 24 288
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Yukon Vel ocity Profiles
Fourth Field Trip

secti'on #: PC-1 Locati on: Lanment

Posi ti on: North - 62°943.06'N Dat e: 06/ 21/ 86
164°20.19'W

South - 62942.37'N
164°20.20'W

Bott om
Station/ Dept h Sensor Dir. Tenp.
Hour s (ft) Speed  Depth (°T) (°C) Posi ti on
EN 101 28 1.7 27 273 15 62942.97'N
1600 2.6-2.4 15 280 15 164°20.19'W
2.9-3.1 03 283 15
EN 102 16 1.6 03 278 15 62942.40'N
1615 1.5-1.6 10 273 15 164°20.08'W
EN 103 12 2.2-2. 4 03 280 15 62°42.52' N
1625 1.8-1.9 10 283 15 164°20.10'W
EN 104 5 0.4 02 288 15 62942.67'N
1640 164920.12'W
EN 105 25 2.4 03 263 15 62942.88'N
1650 2.4-2.5 12 263 15 164°20.16'W
2.1-2.2 22 268 15
EN 106 17 0.9 06 283 15 62°42.81'N
1705 1.1-1.2 14 268 15 164°20.12'W
EN 107 38 2.7-2.9 05 273 15 62°43.04'N
1715 2.8 15 268 16 164°20.18'W
2.4-2.6 30 263 16
EN 108 50 3.1-3.2 05 268 15
1740 3.1-3.2 18 268 15 No
3.2-3.3 30 263 15 Posi ti on
3.2-3. 4 50 268 15
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Section #: PC- 2 Locat i on: Kwikpak Pass

Posi ti on: Nort heast Bank - 62948.78'N Dat e: 06/ 21/ 86
164°906.13'W

Sout hwest Bank - 62948.47'N
164907.20'W

Bott om

Station/ Dept h Sensor Dir. Tenp.

Hour s (£t) Speed  Depth (°T) (9c) Posi ti on
EN 109 15 1.2-1.3 03 323 15 62°948.47'N
2110 1.1 12 318 14.5 164°07.20'W
EN 110 33 1.5 03 343 15 62°48.49°'N
2117 1.6 12 328 15 164°_7.13'W

1.2-1.5 26 323 15

EN 111 17 2.0-2.2 03 318 15 62°48. 2'N
2127 1.8-2.0 12 313 15 164°07.04'W
EN 112 21 2.1-2.3 03 318 15 62°48. 64" N
2140 1.9-2.1 16 318 15 164°06.54'W
EN 113 15 1.7-1.9 03 333 15 62°48.72'N
2147 1.4-1.6 12 328 15 164°06.34'W
EN 114 03 0.5-0.6 01 303 15 62°48.73'N
2152 164°06.18'W
EN 115 13 0.9-1.0 03 343 15 62°40.78'N
2159 1.0 10 328 15 164°06.15'W
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Secti on #: PC- 3 Locati on: Ham | t on
Position: East - 62©953.87'N Dat e: 06/ 21/ 87
163°54.86'W
West - 62°53. 92" N
163°55.07'W
Bott om
Station/ Dept h Sensor Dir. Temp.
Hour s (ft) Speed Dept h (°T) (°c) Posi ti on
EN 116 18 1.7-2.0 03 33 15 62953.87'N
2302 1.9-2.0 12 33 15 163°54.89'W
EN 117 30 1.4-1.6 03 28 15 62°53.90'N
2340 1.5 14 28 15 163°54.98'W
1.5 24 28 15
EN 118 48 1.4-1.9 03 33 15 62953.88'N
2345 1.6 20 33 15 163°59.89'W
1.3-1.5 36 43 15
1.4-1.5 42 28 15
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Section #: PC- 4 Locat i on: Apr oka Pass
Posi tion: East - 62°47.66'N Dat e: 06/ 22/ 86
164°07.32'W
West -  62947.62'N
164°07.41'W
Bott om
Station/ Dept h Sensor Dir. Tenmp.
Hour s (£t) Speed  Depth (“7) {°C) Posi ti on
EN 119 32 0.4-0.6 03 343 16 62°47.61'N
0058 0.5-0.7 12 323 16 164°07.38'W
0.6-0.7 28 313 16
EN 120 25 0.7 03 328 16 62°47.63'N
0110 0.5-0.7 12 323 16 164°07.33'W
0.6-0.7 30 323 16
EN 121 47 0.6-0.7 03 328 16 62°947.62'N
0118 0.6-0.7 12 333 16 164°07.36'W
0.6-0.7 30 313 16
0,7 42 313 16
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Section #: PC-5 Locat i on: Mountain Vill age

Posi ti on: North — 62°905.18'N Dat e: 06/ 22/ 86
163°44.00'W

Sout h - 62°04. 35" N
163°43.86'W

Bott om
Station/ Dept h Sensor Dir. Tenp.
Hour s (ft) Speed Dept h T) (°C) Posi ti on
EN 122 18 1.6-1.7 03 278 16 62°904.37'N
1910 1.4-1.5 12 278 16 163°43.87'W
EN 123 28 2.9-3.2 03 283 17 62°04.46'N
1925 2.7-2.9 12 283 16.5 163°943.88'W
1.7-1.9 24 283 16.5
EN 124 15 1.7-1.9 03 288 16.5 62°04.67'N
1940 1.4-1.5 12 283 16.5 163943.91'W
EN 125 08 1.0 05 278 16.5 62°04.81'N
1950 163°43.91'W
EN 126 30 0.9-1.1 03 278 16.5 62°04.84'N
1955 1.0-1.1 12 273 16.5 163°943.92'W
0.9-1.0 26 263 16.5
EN 127 27 1.3-1.4 03 273 16.5 62°05.11'N
1610 1.4-1.6 12 268 16.5 163°44.09'W
1.2-1.4 26 258 16.5
EN 128 56 2.2-2.3 03 268 16.5 62°04.96'N
1623 2.3-2.4 12 268 16.5 163%44.23'W
1.3-1.5 38 263 16.5
1.3-1.5 44 258 17
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Section #: PC- 6 Locati on: Kobolunuk

Posi ti on: South - 62°04.11'N Dat e: 06/ 22/ 86
163°32.29'W

Bott om
Station/ Dept h Sensor Dir. Tenp.
Hour s (ft) Speed Dept h (°T) (°C) Posi ti on
EN 129 28 1.8-1.9 03 283 16.5 62°04.14'N
2140 1.5-1.6 12 283 16.5 163932.72'W
1.5-1.6 24 278 16.5
EN 130 43 2.9-3.1 03 283 16.5 62°04.23'N
2151 2.9-3.1 12 278 16.5 163°32.60'W
2.6-2.7 24 278 16
2.0-2.2 34 283 16
EN 131 15 1.8-2.0 03 288 16 62°904.34'N
2210 .7-1.9 14 288 16 163°32.59'W
EN 132 05 1.0-1.2 03 298 16 62°04. 39’ N
2220 163°32.56'W
EN 133 34 1.5-1.6 03 268 16 62C04.65'N
2228 1.7-1.9 12 258 16 163°932.43'W
EN 134 30 2.4-2.6 03 278 16.5 62°05.11'N
2138 2.4-2.6 12 278 163932.49'W
1.9-2.1 27 278
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Secti on #: PC-7 Locati on: Kotlik

Posi ti on: North - 63°02.36'N Dat e: 06/ 25/ 86
163939.97'W

South - 63902.26'N
163940.02'W

Bott om
Station/ Dept h Sensor Dir Tenp.
Hour s (ft) Speed  Depth (“T) (°c) Posi ti on
EN 135 05 1.1-1.3 02 103 14.5 63°02.36'N
2040 163940.00'W
EN 136 08 0.8-0.9 02 93 13.5 63°902.28'N
2053 163°940.02'W
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Section #: PC- 8 Locati on: kwega Pass

Posi ti on: East - 63°02.63'N Date : 06/ 25/ 86
163°40.56'W

West -  63°02.75'N
163°40.79'W

Bott om

St ation/ Dept h Sensor Dir. Tenp.

Hour s (ft) Speed  Depth (°T) (°c) Posi ti on
EN 137 11 1,8-2.8 03 48 13.5 63°02.67'N
2115 163°40.49'W
EN 138 08 1.7 03 48 14.5 63°02.73'N
2150 163°40.62'W
EN 139 13 2.0-2.1 03 48 14.5 63°902.70'N
2158 163°40.50'W
EN 140 13 2.0-2.1 04 48 14.5 63°02.70'N
2205 163°40.47'W
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Section #: PC-9 Locati on: Apoon Pass

Posi ti on: East - 63901.91'N Dat e: 06/ 25/ 86
163°44.62'W

West - 63902.99'N
163940.93'W

Bott om
St ati on/ Dept h Sensor Dir. Tenp.
Hour s (ft) Speed  Depth (°T) (°C) Posi ti on
EN 141 21 1.5-1.7 06 63 14.5 63°02.04'N
2305 1.4-1.7 13 63 14.5 163°44.81'W
1.3-1.6 18 58 14.5
EN 142 15 1.4-1.5 04 58 14.5 63°01.97'N
2315 1.2-1.3 12 58 14.5 163°44.64'W
EN 143 23 1.9-2.1 03 68 14 63°02.02'N
2400 1.4-1.6 12 63 13 163%44.83'W
0.9-1.1 20 73 13.5
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Section #: PC-5 Locat i on: Mountain Village

Posi ti on: North - 62°05.09'N Dat e: 06/ 27/ 86
163931.41'W

Sout h - 62°04. 04" N
163981.35'W

Bott om
St ati on/ Dept h Sensor Dir. Tenp.
Hour s (ft) Speed Dept h (°T) (°c) Posi tion
EN 144 22 1.6-1.7 03 263 17 62°905.07'N
1815 1.5 12 268 17 163931 .43'W
1.3 18 260 17
EN 145 42 2.6-2.7 03 273 17 62°05.03'N
1900 2.5 12 273 17 163°931.46'W
1.9-2.0 18 263 17
2.0-2.5 30 268 17
1.8-1.9 38 273 17
EN 146 31 1,3-1.4 03 276 17 62°04.79'N
1918 1.3 12 283 17 163931.62'W
1,0-1.1 18 263 16.5
1.3 28 258 16.5
EN 147 18 0.7-0.8 03 293 17 62°04.60'N
1927 0.7 12 283 17 163°31.68'W
EN 148 04 0.6 02 283 17 62°04.50'N
1934 163°31.69'W
EN 149 16 2.1-2.3 03 273 17 62°04.29'N
1940 1.9-2.1 12 278 17 163°931.82'W
EN 150 21 2.4-2.5 03 273 16.5 62°04.06'N
1947 2.2-2.3 12 268 16.5 163931.90'W
1.8 18 268 16.5
EN 151 36 1.6 03 280 16.5 62°04.16'N
2005 1.4-1.5 12 283 16.5 163932.32'W
1.2-1.3 18 278 16.5
0.8 30 278 16.5
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Section #: PC-3 Locati on: Ham | t on

Dat e: 06/ 28/ 86

Bottom Sensor
Station/ Dept h Dept h Dir. Tenp. _
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 152 16 0.7-0.8 03 343 17 62°53.88'N
1511 0.3-0.5 12 25 17 163°55.06'W
EN 153 46 0.7-0.8 03 53 16 62°953.89'N
1518 0.7-0.9 12 40 16.5 163°54.92'W
0.7 24 38 16.5
0.9 32 28 16.5
EN 154 50 0.8-0.9 03 33 16.5 62°53.88'N
1530 1.0-1.1 18 33 17.0 163°54.87'W
0.8-1.0 30 18 16.5
0.8-0.9 43 18 16.5
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Section #: PC- 2 Locat i on: Kwikpak
Dat e: 06/ 28/ 86

Bott om sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 155 07 0.7 03 88 15.5 62°48. 82’ N
1705 164°06.25'W
EN 156 12 0.7-0.8 03 318 17 62948.81'N
1707 0.6 9 348 17 164°06.22'W
EN 157 15 0.9-1.0 03 328 16.5 62C48.81'N
1714 0.6-0.7 10 323 16.5 164°06.19'W
EN 158 24 1.7-1.9 03 318 16.5 62°48.75'N
1727 1.5-1.6 12 318 16.5 164°06.46'W
1.3-1.5 20 313 16. 5
EN 159 19 2.0 03 313 16.5 62°48. 64’ N
1735 1.5-1.7 12 313 16.5 164°06.80'W
1.4-1.6 16 308 15.5
EN 160 15 1.2-1.3 03 318 16.5 62°48.53' N
1745 1.1-1.2 12 328 15.5 164°07.15'W
EN 161 25 1.4-1.5 03 308 17 62°48. 48 N
1751 12 313 17 164°907.20'W
1.1-1.3 27 313 17
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Section #: PC-4 Locati on: Apr oka

Date: 06/ 28/ 86

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 162 32 0.7 03 303 16.5 62°47.64'N
1818 0.6-0.7 12 303 17 164°07.34'W
1.6-1.7 20 313 17
0.7 28 308 17
EN 163 35 0.7-0.8 03 333 16.5 62°47.63'N
1830 0.6-0.7 12 323 16.5 164°07.38'W
0.6-0.7 18 328 16.5
0.6-0.7 30 308 16.5
EN 164 47 0.5-0.6 03 348 17 62°47. 64 N
1838 0.6-0.7 14 343 17 164°07.39'W
0.5 24 318 16.5
0.4-0.5 35 303 16.5
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Secti on #: PC- | Locati on: Lanment

Date: 06/28/86

Bottom Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 165 39 2.5-2.6 03 263 16.5 62943.04'N
1915 2.2-2.4 12 240 16.5 164°20.18'W
2.2-2.3 18 258 16.5
2.2-2.3 30 243 16.5
1.7-1.9 36 258 16,5
EN 166 60 3.4-3.5 03 268 16.5 62942.99'N
1926 3.1-3.2 12 258 16.5 164°20.20'W
3.1-3.2 18 258 16.5
3.0-3.1 30 258 16.5
2.7-2.8 42 268 16.5
EN 167 33 3.0-3.1 03 258 16.5 62C42.90'N
1951 2.5-2.6 18 258 16.5 164°20.14'W
2.4-2.5 30 258 16.5
EN 168 27 3.0-3.1 03 278 16.5 62942.48'N
2010 1.6-1.7 12 273 16.5 164°20.08'W
1.9-2.0 18 273 16.5
1.6-1.7 24 268 16.5
EN 169 30 2.5-2.6 03 268 17.0 62°42.41'N
2118 2.4-2.5 12 263 17.0 164920.06'W
1.6-1.0 28 273 16.5

636



Yukon Vel ocity Profiles
Fifth Field Trip

Section #: PD- 1 Locati on: Kobolunuk

Date: 08/12/86

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (“T) (°C) Position
EN 170 20 1.0-1.4 02 283 No Loran
1650 0.9-1.3 12 278 75 ft. off
0.9-1.1 18 278 Sout h Bank
EN 171 35 1.8-1.9 05 286 300 ft. off
1705 1.7-1.9 12 286 Sout h Bank
1.6-1.8 18 286 i n Channel
1.1-1. 4 24 286
0.9-1.2 32 278
EN 172 18 1.5-1.7 05 283 200 yds. off
1720 1.4-1.6 12 283 Sout h Bank
1.3-1.5 18 283
EN 173 15 0.3-0.4 05 263 M ddl e of
1740 0.2-0.3 12 348 Ri ver
EN 174 34 1.2-1.4 05 278 No Loran
1755 1.3-1.5 12 273 250 yds. off
1.2-1.4 i8 273 Nort h Bank
1.1-1.3 24 273
1.0-1.2 32 268
EN 175 45 2.0 05 278 75 yds. off
1810 1.9-2.0 18 273 Nort h Bank
1.8 24 268
1.6-1.8 36 273
1.0-1.2 45 258
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Section #: PD- 2 Locati on: Mountain Village
Dat e: 08/ 12/ 87
Bottom Sensor
Station/ Dept h Dept h Dir.
Hour s (ft) (ft) (°T) Posi ti on
EN 176 22 1.5-1.6 05 263 Nort h Bank
1925 1.5-1.6 12 273
1.4-1.5 18 263
EN 177 60 2.0-2.2 05 273 Nort h Channel
2005 2.0-2.2 18 268
1.9-2.1 30 268
1.7-1.8 42 268
1.7-1.9 48 273
EN 178 30 0.5-0.6 05 273 300 yds. off
2020 0.5-0.6 12 263 Nort h Bank
0.8-1.0 24 268
EN 179 20 1.4-1.6 05 288 No Loran
2028 1.3-1.5 15 298
1.2-1.4 20 293
EN 180 30 1.9-2.1 10 283 Sout h Bank
2035 1.7-1.9 22 278
1.2-1.4 30 278
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Section #: PD- 3 Locati on: Kwikpak Pass

Posi ti on: West Bank — 62948.50'N Dat e: 08/ 13/ 86
164°907.16'W

East Bank - 62°948.77'N
164°06.44'W

Bott om Sensor
Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°C) Posi ti on
EN 181 32 1.0-1,2 04 328 62948.50'N
1515 1.0-1.1 12 328 164°07.16'W
0.9-1.0 18 328
0.8-1.0 24 323
0.7-0.9 30 308
EN 182 18 0.9-1.1 06 323 62°48. 54’ N
1530 0.8-1.1 12 323 164°06.93'W
.6-1.0 18 323
EN 183 20 1.0-1.2 06 323 62°48. 64’ N
1550 0.9-1.1 12 323 164°06.65'W
0.9-1.1 18 318
EN 184 10 0.8-1.1 05 323 62°48. 83’ N
1620 0.8-1.0 10 348 164°06.17'W
EN 185 18 1.2-1.4 06 328 62°48.77'N
1635 1.1-1.3 12 318 164°06.44'W
0.9-1.1 18 333
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Section #: PD- 4 Locati on: Apr oka Pass

Posi ti on: West Side - 62°47.62' N Dat e: 08/13/86
164°07.41'W

East Side - 62947.66'N
164°07.32'W

Bott om Sensor
St ation/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 186 18 0.4-0.6 06 333 62947.66'N
1725 0.5-0.6 12 328 164°07.32'W
0.4-0.6 18 328
EN 187 40 0.4-0.5 05 328 62°947.69'N
1735 0.3-0.5 18 328 164°07.34'W
0.3-0.5 24 333
0.7-0.8 30 303
0.4-0.5 40 308
EN 188 25 0.3-0.5 05 318 62°47. 62’ N
1800 0.4-0.6 12 333 164°07.38'W
0.3-0.5 18 318
0.3-0.5 24 328

640



Section #: PbL-5 Locati on: Lanment

Posi ti on: North Bank — 62°43.04’ N Dat e: 08/ 13/ 86
164°20.18'W

South Bank - 62°942.40'N
164¥20.18'W

Bott om Sensor

St ation/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (“T) (°C) Posi tion
EN 189 40 1.7-1.9 05 273 62°43.04'N
1920 1.8-2.0 12 273 164°20.18'W

1.6-1.8 18 268

1.4-1.7 24 273

1.2-1.5 30 268

1.0-1.2 36 278
EN 190 60 2.0-2.2 06 273 m d- channe
2005 2.1-2.2 24 273

1.9-2.1 36 273

1.8-2.0 42 273

1.3-1.5 50 263
EN 191 35 1.5-1.6 05 273 62942 .90'N
2020 1.5-1.6 12 268 164°20.09'W

1.3-1.5 18 268

1.2-1.4 24 268

1.0-1.2 30 268
EN 192 15 0.3-0.4 05 298 62°42.81'N
2040 0.3-0.4 12 258 164°20.10'W
EN 193 20 1.4-1.6 05 283 62942.50'N
2050 1.1-1.3 12 273 164°20.20'W

1.0-1.1 18 278
EN 194 30 1.7-1.9 05 278 62°42.45'N
2100 1.7-1.8 12 273 164°20.23'W

30 1.4-1.6 18 273

1.3-1.4 24 278

0.9-1.1 30 283
EN 195 21 0.8-1.0 06 273 62°42.40' N
2110 0.9-1.1 12 278 164°920.18'W

0.8-0.9 18 273
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Section #: PD- 6 Locati on: Ham | t on

Posi ti on: West Bank - 62°953.92'N Dat e: 08/ 14/ 86
163°54.99'W

East Bank - 62953.87'N
163°54.86'W

Bottom Sensor

Station/ Dept h Dept h Dir. Tenp.
Hour s (ft) Speed (ft) (°T) (°c) Posi ti on
EN 197 15 0.9-1.1 05 023 62°53.92'N
1415 0.8-0.9 13 023 163°54.99'W
EN 198 38 0.9 05 038 62°53.89'N
1430 0.7-0.9 18 038 163°54.93'W

0.7-0.9 24 033

0.7-0.9 30 028

0.8 36 023

EN 199 50 0.9-1.1 05 038 62°53.88 N
1500 0.9-1.1 12 033 163°54.90'W

0.9-1.0 18 038

0.8-1.0 24 023

0.7-0.9 30 023

0.7-0.9 36 028

0.8-0.9 42 038

0.7-0.9 48 033
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Summary Of CTDdata, i ncluding profiling depths and positions collected

second field trip to the Yukon Delta, sumrer 1985.

CTD

Station

A-1
A-2
A3
A-4
A-5
A-6
A7
A-8
A9

Sumary of CTD data
third field trip to the Yukon Delta,

CTD

Station

B-1
B-2
B-3
B-4
B-5
B-6
B- 7
B- 8
B-9
B- 10
B-11
B- 12
B-13

Date

08/ 24/ 85
08/ 25/ 85
08/ 25/ 85
08/ 25/ 85
08/ 26/ 85
08/ 26/ 85
08/ 28/ 85
08/ 28/ 85
08/ 28/ 85

Date

09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 24/ 85
09/ 25/ 85
09/ 25/ 85
09/ 25/ 85
09/ 25/ 85

W\t er Profile Tenperature Salinity
Dept h Dept h Top/ Bot t om Top/ Bot t om
(m) (m (°C) (ppt) Latitude
15.2 13.7 12. 48/ 12. 45 No Sal t
7.6 5.5 10. 59/ 10. 59 14.28/14.74 63°04'40"N
7.3 6.6 11.90/11. 98 No Salt 63°08'14"N
18.0 17.0 12.07/12. 09 No Salt 63°04'85"N
4.3 4.3 10. 77/ 10. 77 26.83/26.85 62°32'06"N
9.8 8.0 10.81/10.80  27.24/27.26 62°36'14"N
18.3 16.5 11.67/11. 67 No Salt 62°35'70"N
6.1 4.4 11. 64/ 11. 66 No Salt 62°36'35"N
6.1 5.2 11.59/11. 63 No Salt 62°36" 12"

during the

Longi t ude

165°09'86"wW
164946 '35"W
164%401'34"W
165°31'19"w
165°34'41"W
164951'82"W
164°58'80"W
165°02'80"W

including profiling depths and positions collected during the

summer 1985.

Wt er Profile  Tenperature Salinity
Dept h Dept h Top/ Bott om Top/ Bot t om
(m (m) (°c) (ppt) Latitude Longi t ude
18.3 16.5 6.67/6.65 No Salt 62°35'28"N 164°49'99"W
8.2 6.7 6.51/6.52 No Salt 62934'63"N  165°02'74"W
20.4 18.8 6.51/6.52 No Salt 62°34'63"N 165°04'69"wW
7.9 6.6 6.49/6. 36 No Salt 62°31'17"N 165°12'93"W
10.1 8.7 6.37/6. 23 No Salt 62928'70"N 165°17'87"W
6.7 6.1 5.91/5.85 No Salt 62°27'01"N 165°24'07"W
2.4 1.7 6.04/6. 16 0.94/ 5.42 62925'36"N 165°28'99"W
4.0 3.4 6.57/6.81 8.29/17.04 62°26'88"N 165°34'55"W
7.1 6.2 7.04/7.37 20.02/24.82 62°926'30"N 165°39'24"W
14.3 13.3 6.26/6.21 No Salt 63°01'67"N 164°22'27%"W
9.1 7.3 6. 26/ 6. 27 No Salt 63°01 '85"N 164°28'00"W
15.2 11.6 6. 26/ 6. 26 No Salt 63°02'17"N  164°41'04"W
12.8 10.9 6.29/6. 29 No salt 63°02"14"N 164°41 '04"W
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CTID station plots of depth vs. tenperature and salini ty.
At stati ons where salt was absent, depth and
tenperature are plotted.
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CTD STATION B-2
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Latitude and | ongitude positions of sedinent sanple stations
occupi ed during sumrer and fall 1985 and analyzed by the pipette
technique (Dr. G.A. Jones, Wods Hole Cceanographic Institution,
Wods Hol e, Massachusetts) (see Table 3-12 of report).

Posi tion
Station Dat e Latitude Longi t ude

RSN, Kobolunuk, north

si de 7/ 85 62°04'84"N 1639311'25"W
R5S, Kobolunuk, south

side 71 85 62904 '24"N 163°31'96"W
Kobolunuk 9/ 85 62004'53"N 163928'32"W
R13S, Kazhutak 7/ 85 62C07'75"N 164957 '60"W
R25W Ten Mile |Isl and 7/ 85 62028'68"N 163955'98"W
R33W Kwikluak Pass

near Lanont 71 85 62C42'01"N 164©911'86"W
R45S, Tin Can Point 7/ 85 620935'72"N 164947'97"W
C-2, South Mouth 9/ 85 62035'20"N 164947'48"W
#4, 7 nm offshore of

South Mouth 71 85 62C24'00"N 165932'20"W
#6, 14 nm offshore of

South Mouth 71 85 62936'87"N 165932'01"W
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Latitude and |ongitude positions of sedinent sanple stations

occupi ed during sumrer and fall 1985 and summer 1986 and anal yzed
by the nested-sieve technique (Dr. A.S. Naidu, University of
Al aska, Fairbanks) (see Table 3-13 of report).
Posi ti on
Station Dat e Lati tude Longi t ude

Kobolunuk 9/ 85 62C04'24"N 163931'96"W
R5N Kobolunuk 7/ 85 62°04'84"N 163931 1'25"W
R17W Head of Passes 7/ 85 62°14'40"N 163°56'55"W
R29E near Pektotolik

S 1 ough 7/85 62035"'45"N 164901'41"W
c-2, South Mouth 9/85 62935'20"N 164948'15"W
#1, 4 nm of fshore of

Sout h Mout h 7/ 85 62°32’ 50" N 165°09'50"W
Kwikpak 8/ 86 62950'34"N 164°06'60"W
Apr oka 9/ 85 62047'63"N 164°07'28"W
Kawanak 9/ 85 62°52'66"N 164°07'87"W
Hami | t on 8/ 86 62953'92"N 163954 '99"W
Kotlik #1 8/ 86 63°02'27"N 163°939'20"W
Kotlik #2 8/ 86 63°02'91"N 163919 '53"W
Sedi nent sanpl e designati on: R13S
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Latitude and |ongitude positions for bottom and suspended
sedi nent sanples collected during the first and third field trips
(July and Septenber 1985) (see Table 3-14 of report).

Position

Station Type Dat e Latit ude Longi t ude

R25W Bottom 7/85 62028'68"N 163955'98"W
R45S Bott om 7/85 62035'72"N 164°47'97"W
R45S Suspended 7/85 62035'72"N 164947'97"W
#4 Bottom 7/85 62924 '00"N 165032'20"W
#6 Bottom 7/85 62036'87"N 165932'01"W
Apr oka Bottom 9/85 62°47'63"N 164°07'28"W
Apr oka Suspended 9/85 62047'63"N 164°07'28"W
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Lati tude

and

St ati on

R1N
RIS
RSN
R5S
RON
RO S
R13N
R13S
R17W
R17E
R21E
R25W
R25E
R29W
R29E
R33W
R33E
R37E
RA1N
R41S
RA5N
R45S
#1
#2
#3
#4
#5
#6

| ongi t ude

Posi ti on

posi tions

of suspended
sanples collected during the first field trip (July 1985)

Lati tude

62°01'73"N
62C01'16"W
62°04'83"N
62°04'18"N
62°04'92"N
62°04'69"N
62°08'73"N
62°07'69"N
62014'55"N
62°914'83"N
62020'83"N
62928'68"N
62029'85"N
62°35r 37" N
62935'45"N
62°942'01"N
62042142"N
62044'36"N
62941'27"N
620941"74"N
62°36r46r' N
62935772"N
62932'20"N
62°28'30"N
62C25'10"N
62°24'00"N
62926'90"N
62936'75"N
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Longi t ude

163917'44"W
163°17'69"W
163°931'15"W
163932'25"W
163946'94"W
163946'64"W
163958'78"W
163°58'63"W
163°56" 44r° W
163957'68"W
1639511'29"W
163955'98"W
163°51'89"W
164902'90"W
164°01'41"W
164911'86"W
164°09'26"W
164026'12"W
164036'42"W
164©°35'19"W
164948'08"W
164947'97"W
165°06'10"W
165°16'00"W
165928 '50"W
165°933'05"W
165©939'50"W
165°29'50"W

sedi nent
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Latitude and longitude positions for suspended sedinent
sanples used to determine nean values at Kobolunuk, Lanent,
Kwikpak, and Hamlton (see Table 3-16 of the report).

Posi ti on
Stati on Dat e Longi t ude Latitude
Kobolunuk 7/ 85 62C04'84"N 163031'25"W
9/ 85 aiail Sl
6/ 86 62004'34"N 163°932'59"W
8/ 86 62°03'50"N 163929'40"W
Lanent 7/ 85 62942'01"N 164911'86"W
9/ 85 62042'37"N 164919'94"W
6/ 86 62°05'03"N 163931'46"W
8/ 86 62942'40"N 164°23'50"W
Kwikpak 7/ 85 ——— —
9/ 85 —_—— —_———
6/ 86 62048'52"N 164C07'04"W
8/ 86 62°50'34"N 164°06'60"W
Ham | t on 7/ 85 _— ————
9/ 85 62053 72"N 163954 '56"W
6/ 86 62953'88"N 163954'89"W
8/ 86 62953192"N 163954 '99"W
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