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1. INTRODUCTION

The general objective of research unit 549, Transport Processes in the
North Aleutian Shelf, is to provide oceanographic data and interpretation of
such in Unimak Pass and a portion of the southeastern Bering Sea shelf along
the Alaska Peninsula (Figure 1). The results of this study provide input to
oil trajectory modeling and a characterization of the physical environment.
This, together with other studies, permits an estimation of fate and impact of
petroleum resource development in the proposed north Aleutian Shelflease
area.

In this report, we first describe the regional setting, including a
review of previous oceanographic studies. We then discuss methods of observa-
tion and analysis. Results are discussed in Section 4, where they are treated
separately for Unimak Pass and the north Aleutian Shelf. The major features

are summarized in Section 5, Summary and Conclusions.

2. SETTING

2.1 Geography

The Alaska Peninsula (Figure 1) extends about 700 km (~157°W to 165°W)
from the mainland to Unimak Pass and is oriented southwestward. The northern
coast contains several major embayments; Bechevin Bay and Isanotski Strait
which separate Unimak Island from the peninsula; Izembek/Moffet Lagoon located
north of Cold Bay; the Nelson Lagoon, Herendeen Bay, Port Moller complex and
Port Heiden. These indentations in an otherwise relatively strait coastline
are accompanied by passages across the peninsula which break the rugged oro-
graphic contours. Such features permit local winds to become down gradient

rather than geostrophic and hence can dramatically modify local winds over

length scales of up to 30 km offshore.
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Unimak Pass is the easternmost passage of significant cross-section
(~106m2) between the Bering Sea and the Gulf of Alaska. Complex orographic
and bathymetric contours are typical in the vicinity of Unimak Pass. At the
narrowest location (Scotch Cap to Ugamak Island) which we call the Pass
proper, it is 19 km wide and has an average depth of ~55 m with an along-pass
axis of 285°T. Complexity also exists due to the presence of the Krenitzin
Islands southwest of Unimak Island and the passes between these islands and
Unimak Pass proper. On the Krenitzen Islands, there are many peaks in excess
of 800 m and elevations up to 2500 mexits on the western end of Unimak
Island.

Bathymetry along the remainder of the study area is less complex, the
50-m isobath generally trends toward ~60°N from the northern coast of Unimak
Island to about 159°W, where it becomes nearly orthogonal to the coastline.
The shelf shoreward of the 50-m isobath is generally 20 to 30 km wide west of
Nelson Lagoon where it becomes ~40 km in width and then is constricted to
20 km just east of Port Moller. From Port Moellar to Port Heiden, the width of
the coastal region gradually broadens to 40 km. Seaward of the 50-111 isobath,
depths increase monotonically to greater than 100 m off Unimak Island,
however, the 92-m isobath becomes nearly orthogonal to the peninsulas east of
Cold Bay. Isobaths up to 80-m parallel the 50-m isobath and form a trench-
like feature which extends into Kvichak Bay. This feature, which is most
pronounced east of Port Moller, results in depths greater than 25 m to just

east of Cape Constantine.
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2.2 Physical Properties

Kinder and Schumacher (1981a) characterized this region of the shelf in
terms of hydrographic properties and structure; along most of the peninsula
the germane domains are the coastal and the middle shelf. The coastal domain
{away from the direct influence of freshwater addition) is typically well
mixed and lies shoreward of the 50-m isobath. The middle shelf domain generally
is two-layered and lies seaward of the 50 misobath. Separating these domains
is a structural front (Schumacher et al., 1979) where a transition between
well-mixed and two-layered vertical structure occurs. A typical width of the
front is about 5 to 10 km. Geopotential contours across the front suggest
baroclinic flow into Bristol Bay with surface speeds-of 0.02-3.05 ms"l.

During winter, waters in the middle shelf are mixed to the bottom so that
structural differences between domains are slight; however, fresher water
remains in thecoastal domain and cross-shelf density gradients persist.

Sources of fresh or less saline water include ice melt, local addition
from rivers and, as will be shown later, flow of Kenal Current water through
Unimak Pass. Recent studies of sea ice climatology include Webster (1979),
Overland and Pease (1981 ), and Pease, Schoenberg and Overland (1982). The
average progression (50% probability) of ice extent during the growth season
(Figure 2: from Pease, Schoenberg and Overland 1982) indicates that ice growth
occurs in northern Bristol Bay by December and progresses to maximum extent by
March with ice covering much of Bristol Bay and extending along thepeninsula
ta about 160°W. However, during extreme IcCe years eg. Winter 1975-76, ice
covered most of the north Aleutian shelf westward to Unimak Island. Local

(rather than transported) ice production occurs along the northern shore of
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Bristol Bay, and perhaps to a limited extent withinthePortMoller system.
Although there are no major rivers along the peninsula, rainfall is substantial.
Brewer, et_al. (1977) show adecrease from ~3.2 m at ~158°W to 0.8 m at 162.5°%
{Cald Bay). Just north of the eastern end of the Peninsula, the Kvichack River
enters Bristol Bay. Seifert and Kane (1977) indicate that this river has a
basin area of 16,800 km® and an average annual flow of 1.84 x 10°m3 s&{
Hydrography indicate that mean daily discharge can vary by a factor

of three between wet and dry years and that the greatest monthly discharge
occurs in October (1,700 m® s-l) with the minimum in April (~283 m3s-1).
However, a clear freeze cycle is not detectable, so that during winter

discharge does not cease.

2.3 Circulation and tides

Since there are abundant fisheries (including Alaskan King Crab, Halibut,
and Salmon) in the north Aleutian shelf region, much of the early (pre1975)
oceanography was in support of these resources. Although anly a few, short-
term (~4 days) current observations were made in the past (Reed, 1971), there
exists the supposition that waters of the Gulf of Alaska enter the Bering Sea
through Unimak Pass; general inflow vectors appear on large scale circulation
schemes (e.g., Hughes, Coachman and Aagaard, 1974; Takenouti and Ohtani, 1974;
and Favorite, Dodimead and Nasu, 1976). This belief is based on mariner’s
reports as given in The Coast Pilot, drift bottle studies (Thompson and
vVan Cleve, 1936; Favorite and Fisk, 1971) and on hydrographic data. The
inflow of water through Unimak Pass has also been inferred in studies of

lateral water mass interactions on the southeastern Bering Sea shelf (Coachman

and Charnell, 1977: Coachman and Charnel?, 1979).
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Circulation along the peninsula is less well known. Kinder and Schumacher
(1981 b) present 1 imited current meter data which suggests flow along the 50-m
isobath inta Bristol Bay. Schumacher and Pearson (1981) present drift card
and radar tracked drogue data which support the inference of inflow in the
vicinity of the 53-m isobath.

Tides constitute more than 90% of the horizontal kenetic energy (Kinder
and Schumacher, 1981a) and are important to mixing and through interaction
with bathymetry and/or relative sea level changes versus mean depth, to the
generation of residual flow. Pearson, Mefjeld and Tripp (1981) described the
tides over the north Aleutian shelf. The tide enters the Bering Sea through
the central and western Aleutian Island passes and progresses as a free wave
to the shelf. Largest tidal amplitudes are found over the southeastern shelf
region, especially along the Alaska Peninsula and interior Bristol Bay. Each
semidiurnal tide propagates as a Kelvin wave along the Alaska Peninsula but
appears to be converted on reflection in interior Bristol Bay to a Sverdrup
wave. In general, tidal ellipses are oriented along iscbaths and are nearly

rectilinear.

2.4 Climatology

A major influence of the general atmospheric circulation on the area is
the region of low pressure normally located in the vicinity of the Aleutian
chain, referred to as the Aleutian Low. On monthly mean pressure charts (e.g.
Brewer, et al. 1977) this appears as a low-pressure cell normally oriented
with the major axis in an east-west direction. This is a statistical low,
indicating only that pressures are generally lower along the major axis as a
result of the passage of low-pressure centers or storms. Storms are most

frequent in this area and are more intense than in adjacent regions. The most
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frequent trajectory of these storms is along the Aleutian Islands and into the
Gulf of Alaska in winter, and along the same general path in the west but
curving northward into the Bering Sea in summer (Overland, 1981). The monthly
frequency of low-pressure centers in the southern Bering Sea is slightly
higher in winter (general™y four to five) than in summer (three to four), with
winter storms being more intense. Climatology of the southern Bering Sea can
be characterized by a progression of storms rather than fixed weather types
(Overland, 1981) and the presence of mountain passes will further complicate

local wind characteristics.

3. METHODS

3.1 Current and Bottom Pressure

Most of our measurements were made using RCM-4 Aanderaa recording current
meters on taut-wire moorings. Typical instrument placement was 20 m below the
surface and 10 m above the bottom. Where water depths were less than 3% m, a
singe RCM=4 was located at 10 m above the bottom. The subsurface flotation
was usually at 18 m depth, and exerted about 1000 Ib (1 Ib = 4.45N) buoyancy.
Sampling interval was 30 minutes. Aanderaa RCM=4 current meters record speed
by summing the number of rotor turns for (in our case) 15, or 30-min intervals.
Direction iS recorded at the time of sampling by measuring compass and vane
orientation. Therefore, speed recorded at time tn is integrated over At = tn
th-l, while direction is instantaneous at time tn. Speed at tn and tn-] were
averaged before converting to east and north components of velocity at time

tn. These components were then low-pass filtered (Ffilter half-amplitude

response was at a period of 2.9 hr) and a second-order polynomial was used to
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interpolate the observations to whole hours. We estimate that directions were
accurate to #5° and speeds to £1 cm/see, exclusive of rotor pumping mooring
motion, or fouling. A summary of meter location, depth and obstruction period
is given in Appendix A. Note that on most of the Transport Processes (TP)
moorings, one of the RCM-4's was fitted with a transmissometer.

It is well known that mechanical current meters such as the RCM=4 may
give erroneous speeds because of effects from either mooring motion or high
frequency water motion (e.g. Quadfasel and Schott, 1979, give several ref-
erences). Pearson, Schumacher, and Muench (1981) have examined the per-
formances of moorings like ours on the Alaskan shelves, and they found speed
differences at tidal frequencies of § 10% when windy and calm seasons were
compared, however, during storms erroneous speeds do occur. Extrapolating
their results to lower frequencies, we believe that the effects of mooring
motion and rotor pumping were minor and that errors were probably limited to a
few percent increase of the speeds of low frequency flows (which were usually
strongest during windy periods).

At some locations along the Alaska Peninsula, Neil Brown acoustical
(ACM) current meters were used because biological foul ing was a problem for
mechanical rotors (Schumacher and Pearson, 1980). The ACM’S emit continuous
high frequency acoustic signals which are phase advanced or delayed as they
travel with or against the current. The relative phase is converted to a
voltage which is directly proportional to the water velocity. Currents are
measured along two right angle horizontal paths. At a pre-determined interval,
in this case one minute, the component velocities are averaged and recorded.
Ten minute segments of the original one minute sample interval data were

averaged.
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In order to characterize the bottom pressure field and to estimate sea
level changes, Aanderaa TG-2 or TG-3 pressure gauges were deployed on all of
moorings. These instruments were located in a cage welded to the anchor,
thereby eliminating any possible noise due te mooring motion. Sampling intervals
varied between 15 and 30 minutes.

Data from the current meters and pressure gauges are processed in a
similar manner. The original series are converted to engineering units, and
time base is checked by comparing field logs tothe number of records.

Excessive values are removed by determining the standard deviation (o) of
consecutive one-thousand record segments and eliminating values greater than
six o from the segment mean. A tidal analysis is then performed on the edited
data set to check consistency of tidal amplitudes and phases.

Two sets of time-series are produced from edited current and pressure

observations using a Lanczos filter [cf. _Charnel and Krancus, 1976]. The

first set is filtered so that over 99% of the amplitude was passed at periods
greater than 5 hr, 50% at 2.9 hr, and less than 0.5% at 2.0 hr. These sets
are used to determine tidal constituents and spectral estimates. The second
sets are Filtered to remove most of the tidal energy; the filter passed 99% of
the amplitude at periods greater than 55 hr, 50% at 35 hr, and less than 0.5%
atperiods less than 25 hr. These sets are resampled at6 hr intervals for

use in examining subtidal current and pressure.

3.2 Hydrographic Data

Conductivity and temperature versus depth (CTD) data were obtained during

three cruises conducted by NOAA's Pacific Marine Environmental Laboratory and
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one “ship of opportunity” cruise (Appendix A). The CTD systems sampled five
times per second during the down-cast (lowering rate of 30 m/min). Nansen
bottle samples were taken at most stations to provide temperature and salinity
calibration. Data from monotonically increasing depth were "despiked" to
eliminate excessive values and were averaged over I-m intervals to produce

temperature and salinity values from which density and geopotential anomaly

were computed.

3.3 Wind Observations

Because orography can effect large-scale geostrophic winds (Livingston
and Royer, 1980), a meteorological station was established near Lagoon Point
and was maintained throughout the current meter observation period. The wind
sensor was located about 7 m above ground level. The ensuing parameters are
recorded like the Aanderaa RCM4 and are processed similarly. We also have
surface wind time series over the mooring period which were computed by
Fleet Numerical Weather Central from 6 hr synoptic surface pressure maps,
usinga3° grid mesh and interpolated at 57°N, 163.5°W. The surface winds
were estimated by rotating computed geostrophic wind by 15%°to the left and

reducing it in magnitude by 30% (Bakun, 1973). Climatological data from

Brewer, et al. (1977) was also used.

4. RESULTS

4.1. The Unimak Pass Experiment
Three current meter/pressure gauge moorings (Figure 3) were deployed in

and on either end of Unimak Pass to describe currents and evaluate forcing
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mechanisms. Each mooring consisted of two Aanderaa RCM=4 current meters
separated by ~1 m and located 20 m above the bottom and an Aanderaa TG-3
pressure gauge. Such redundancy of current meters increases the probability
of recovering at least one data set per mooring (one meter did fail).

From 11 March 1980 to 15 August 1980, the atmospheric pressure gradient
across Unimak Pass was determined using the National Meteorological Center's
twicedaily sea level pressure analyses for the Northern Hemisphere. Each map
was quality checked for station accuracy and pressure analysis, and then a
pressure gradient vector was determined for 54*N, 165°W and recorded in terms
of direction from true north and magnitude in rob/lo latitude. Wind time series
over the mooring period were computed by Fleet Numerical Weather Central from

6 h synoptic surface pressure maps, using a 3° grid mesh and interpolated

at 54*N, 163°W.

4.1.1. Introduction

Straits or passes which connect large bodies of water are a common
geographical feature throughout the world and water transported through the
straits can have a profound impact on oceanographic characteristics in the
surrounding bodies of water. In his review of currents in a strait, Defant
(1961) discusses the oceanography of several well-known examples and notes
that the dynamic cause of currents in these straits lies in the density
difference between the adjacent bodies of water. While mean flow generally
may be driven by such differences, shorter period (two to ten days)
fluctuations are driven by barotropic sea level differences along the strait.

These, in turn, can be produced by large-scale meteorological forcing which
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results in sea level changes at the coast. Examples of passages where such
forcing was observed include the English Channel (Bowden, 1956), the Bering
Strait (Coachman and Aagaard, 1981) and the Strait of Belle Isle( Garrett and
Toulany, 1981: Garrett and Petrie, 1981).

We present results from current, bottom pressure and hydrographic data
which support the supposition of inflow to the Bering Sea, however, the waters
are from the shelf of the Gulf of Alaska and not the Alaska Stream. Further, both
driving mechanisms noted above are operative; the mean flow was related to a
baroclinic coastal current along the southern side of the Alaska Penisula and
fluctuations were related to an along pass bottom pressure difference

generated by sea level changes mainly over the Gulf of Alaska shelf.

4.1.2 Low Frequency and Mean Current

The' 35 hr filtered current meter data are shown as scatter diagrams
(Figure 4A) and progressive vector diagrams (PVD's, Figure 4B). The scatter
diagrams depict thedistribution of the 6-hourly current vectors and thus
provide a visualization of variance about axes, while PVD's emphasize the
time-dependent nature of thelow frequency flow. In the Bering Sea (UP1)
about 50% of the vectors were in the northwest quadrant with a mean speed of
about 15 cm/s. There were, however pulses toward the south with magnitudes of
15 to 20 Cm/s. Currents at UP2 tended to parallel the isobaths in the pass
and about 75% of the observations indicated flow from the Gulf of Alaska shelf
into the Bering Sea. Maximum pulses (60 to 75 cm/s) prevailed over tidal
current reversals. On the Gulf shelf (UP3), flow was highly variable in

direction with a slight westward tendency. The strongest flows were ‘15 to
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30 ¢m/s toward the southeast. The PVD's (Figure 4B) show similar flow features,
however, the 5-day time ticks suggest that twe distinct levels of current
magnitude occurred during the observation period: the strongest flow existed
during approximately the first seventy days while flow was markedly less
during the last half of the current records.

In Figure 5, we present plots of the 35 hr filtered currents and bottom
pressure for each of the mornings, the UP3-UP1 bottom pressure difference
(4P), the atmospheric pressure gradient, and the geostrophic (Bakun) wi rids.
The currents are resolved along the axis of greatest variance (defined by the
principal eigenvector of the orthogonal velocity component covariance matrix
computed for the entire record) which also corresponds to flow through the
pass. The atmospheric pressure gradient is resolved along an axis of 165°T
approximately normal to the Gulf of Alaska coastline. The winds are resolved
along 255°, parallel to the Alaska Peninsula.

A characteristic common among all the time-series was a transition from a
period of large fluctuations to one of lesser variance which occurred about
halfway through the records. Analysis of the atmospheric pressure gradient
series showed that while the direction of the principal axis remained constant
toward 336°T (i.e. higher pressure over the Gulf of Alaska), magnitude
increased during the second half by a factor of two and variance decreased. A
dramatic change also occurred in winds with alongshore magnitude increasing
from -1.7 m/s in the first period to -3.5 m/s in the later period. This
suggests a four-fold increase in wind stress and enhanced coastal divergence
along the Gulf side of the Alaska Peninsula. These results are consistent

with the establishment of high pressure over the north Pacific Ocean which is

a summer climatological feature (Brewer, set. al., 1977). Thus, that component
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of current which is alocal response to meteorological forcing will also
undergo a seasonal change.

A seasonal signal exhibiting less energy during SUmmer was evident in
current and wind time-series from both the northwest (Schumacher and Reed,
1980) and northeast Gulf of Alaska (Lagerloef, Muench, and Schumacher, 1981)
and from the southeastern Bering Sea (Kinder and Schumacher, 1981a). As will
be discussed later, an important aspect of flow through Unimak Pass is a
non-locally generated coastal current which has a seasonal signal linked to
fresh water discharge (Royer, 1981). Although our records are too short to
unequivocally define the amplitude and phase of a seasonal signal in flow
through the pass, we clearly have observed a marked change between first and
second halves of the records. The impact of this difference on mean current
is given in TABLE1l. The first half of therecords (26 March to 3 June 1980)
is called spring and the second half summer because the derived winds during
this time were very similar to climatological mean winds and hence reflect a
seasonal signal.

Within Unimak Pass vector mean speed decreased by a factor of three
between first and second halves, while direction remained nearly constant.
The error estimate is a measure of statistical significance for the vector
mean; the values in TABLE 3 are twice the RMS error estimate and thus are
analogous to a 95% confidence interval. Using this measure, mean flow in the
pass was always significant while on the shelves adjacent to the pass there

was significant mean flow only during spring.
4.1.3 Time-Series Relations:

We consider the correlations given in TABLE 2 in the context of a simple

conceptual model of low frequency currents as follows: 1) currents in Unimak
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Table 1. - Current and wind during first (spring) and second (summer)
halves of the observations.

Record Observation Vector Mean Speed Error Variance

Period (cm/s:  °T) Estimatel (cm2/s2)
(cm/s)

url spring 9.8 : 306 t 6.6 14.1
summer 2.2: 334 * 2.2 8.9

up2 spring 19.3 : 285 *9.2 37.4
summer 6.0 : 282 + 4.6 13.1

UP3 spring 3.2: 240 t 2.4 41.0
summer 1.0 - 198 1.2 1.2.4

Geostrophic  spring 2.3x 102 - 030 t 2.6 18.1 x 104

Wind summer 3.8 x 102 : 048 t 1.6 11.6 X 10°

! Estimate of Error = 20/(2/t)%, where u is the standard deviation along the
vector mean speed axis, £ is the record length and t
is the integral time scale or area under the aute=
correlation function (Allen and Kundu, 1978).

Pass are driven by the pressure difference on either side of the pass, 2) the
pressure difference is produced by sea level changes which can occur along the
coast on both sides of the pass, and 3) currents observed on the adjacent
shelves represent a barotropic reponse to pressure gradients rather than an
Ekman layer response. All of the observed currents were collected at least 47

m below the surface. As noted by Winant (1980), conventional estimates of the

thickness of the Ekman layer are about 40 m and Royer, Hansen and Pashinski

(1979) suggested that the stratified Ekman layer depth in the northern Gulf of
Alaska is probably less than 35 m.
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Table 2. - Correlation matrix.
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The linear relation between pressure difference and current at UP2
accounted for 76% of the current variance (85% in spring and 50% in summer).
When alongshore winds increased, bottom pressure at UP3 decreased, however
reponse at UP1 was not significantly correlated with alongshore wind.

Further, the variance in the bottom pressure record from UP1 was only
one-third of that estimated in the record at UP3. Thus, changes in the bottom
pressure difference were primarily a result of forcing on the Gulf shelf with
a large fraction, 42% (50% in spring and 25% in summer) accounted for by the
relation with alongshore wind. To address the question why there was more
energy In current and bottom pressure records from the Gulf shelf than from
the Bering Sea at meteorological frequencies we use climatological data
(Brewer, et al, 1977) and principal storm track data from March through August
1980 (Mariner’s Weather Log, 1981). We divided data from a 10° by 10° region
(50° to 60°: 150° to 170°) into a Bering Sea area north of 55° and a Gulf of
Alaska area south of that latitude. There were seven principal storm tracks
located in the Gulf and three in the Bering Sea. During our observations in
1980, there were eleven principal and eight secondary storm tracks south of
the Peninsula while over the Bering Sea there were only six principal and
three secondary storm tracks. In general, we expect to find greater
meteorologically induced activity over the Gulf shelf.

It appeared that cross-shelf wind also contributed to the pressure difference,
with significant correlation to bottom pressure on both shelves. The strength
of theserelations only accounts for ~6% (12% in spring, not significant in
summer) and 14% (28% in spring, not significant in summer) Of thevariance at UP1
and UP3 respectively. Hayes (1979) noted the importance of cross-shelf wind
to pressure gradient and estimated correlation coefficients of similar

magnitude over the northeast Gulf of Alaska shelf. Chas and Pietrafesa (1980)
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noted that a larger contribution from cross-shelf wind forcing usually results
in a phase lag of sea level fluctuation response, and the results in TABLE 2
are consistent with their results. In general, our conceptual model of
interaction between wind, bottom pressure and current in Unimak Pass accounts
for much of the observed current fluctuations.

In order to examine relations between pressure difference and both Unimak
Pass current and geostrophi¢c wind as a function of frequency, we present
coherence squared estimates in Figures 6 and 7. Current in the pass was
coherent at all frequencies with the pressure difference series during both
spring and summer with the largest coherence squared (~0.70 to 0.96) at
periods of about 3 to 10 days. Ouring both record segments coherence decreased
at the longest period resolved (23 days). In order to present ccherence
results as a single, phase independent measure, we use the following technique.
At each frequency where coherence squared was significant at the 95% level,
the product of the dependent variable (i.e. current) variance times the
coherence squared was determined. Summing this product over all frequencies
and dividing by the total record variance, we determined that 8% and 66% of
the current fluctuations were accounted for by fluctuations in the pressure
difference series during spring and summer, respectively.

Coherence squared estimates between the pressure difference and
geostrophic wind components (Figure 7) were greatest during spring: 70% and
26% of the fluctuations in bottom pressure difference were accounted for by
relations with alongshore and cross-shelf winds, respectively. During summer,
the percent of variance explained was only 9% and 7% respectively. If the
variance at periods longer than 10 days was neglected (the series were not
coherent at these periods), then the values were 43% and 33%. It appears that

at periods longer than ~10 days, the bottom pressure field was respending to
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Figure 6. - Coherence between current in Unimak Pass (UP2) and bottom
pressure difference along the pass for spring (solid line) and summer
(dashed 1 1 ne) record segments.
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forcing other than wind induced pressure gradients. It is most likely that
changes of density were the cause; Reed and Schumacher (1981) noted that
insolation is important to monthly mean sea level anomalies as early as June
at Dutch Harbor.

The current time-series indicated that flow was generally from the Gulf
of Alaska to the Bering Sea shelf and both mean and fluctuating currents were
significantly greater during spring. Relations between the various series
suggest that large scale atmospheric pressure fields, hence geostrophic winds,
were responsible for the 3 to 10 day fluctuations. The mode of interaction
was mainly perturbation in sea level along the Gulf of Alaska coast. The
longer period wind stress was alongshore (northeastward) which would generate
a barotropic component of current alengshore (towards the northeast), rather
than the observed negative alongshore or westward mean flow through thePass.
So, we now examine hydrographic data to describe property distributions and to

elucidate the role of mass distribution in generating long-term mean flow

through Unimak Pass.

4.1.4 Property Distributions

Vertical sections of temperature, salinity and sigma-t for4 to 5
September 1980 are shown in Figures 8A, B and C, respectively. Across the
bottom of each panel the magnitude of the surface minus the bottom value of
each parameter is also shown. Over the Gulf of Alaska shelf (stations 17 to
20) thermal stratification exceeded 4.0°C and the upper 50 mwere considerably
warmer than over the Bering Sea shelf {stations 14 to 10). Although tides and
thus tidal mixing are more energetic within Unimak Pass proper (station 15),
thermal stratification in the pass (~2.5C) was greater than thermal stratification

(~0.9 to 1.5°C) observed in Bering shelf waters. A similar distribution
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existed in salt content; AS values were greatest over the Gulf shelf, persisted
within the pass and were least west of the pass proper. We note a region of

low salinity ($31.75 gin/kg) existed within *25 km of Unimak Island. The

impact of temperature and salinity upon density is shown in the bottom panel

of Figure 8. As expected, the distribution of density bears a marked resemblance
to salinity. When water temperatures are less than 10*C, the equation of

state for seawater dictates that variations of salinity contribute more than
those of temperature to changes in density (Gebhart and Mollendorf, 1977).

A second hydrographic section through Unimak Pass was occupied on 17
February 1981 and we present the vertical section of salinity with the AT and
g, values across the bottom (Figure 9) for comparison tconditions observed
in September 1980. Surface temperatures (notshown) were ~3.5 to 4.0°C and
increased less than 1.0°C with depth so there was little structure in thermal
field. Isohal ines again indicated regions of low salinity (S31. 75 gin/kg),
however, the only substantial stratification (Aatzo.S) existed over the Bering
Sea shelf. As was observed in September 1980, the strongest vertical and
horizontal salinity gradients were found over the Bering Sea shelf. A
five-station hydrographic section normal to Unimak Island was occupied on 13
May and again 2 June 1981. Both sections showed low salinity (£31. 75 gin/kg)
water within ~20 km of Unimak Island (cf., Figure 10) and little thermal
structure.

The most extensive spatial coverage was attained on a cruise conducted
between 2 and 3 September 1981. Hydrographic data are presented as the areal
extent of waters with salinity less than 31.75 gin/kg in the upper 50 m (or to
the bottom, Figure 11A) and as dynamic topography (0/50 db} in Figure 11B.
West of the pass proper, the bulkof less saline water was in a band within

10 km of the coast, while south of Unimak Island the band extended ~20 km
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offshore and less saline waters existed in a thin layer at least 60 km
offshore. The dynamic topography (0/50 db) reflects the narrowing trend of
the low salinity band, with relief increasing from 0.008” dyn.m. between
stations 32 and 29 south of Unimak Island to 0.025 dyn.m. between stations 48
and 51 northwest of the island. The steep relief between stations 51 and 52
resulted from the presence of saline (>32.50 gin/kg) water over the Bering Sea
shelf. These waters also resulted in lower relief west of station 40. The
suggested curvature of geopotential contours indicates that relative vorticity
generated either by changes in depth or a horizontal velocity gradient in the

pass proper may be important to flow dynamics west of the pass.

4.1.5 Baroclinic Geostrophic Currents
A persistent feature of the mass distribution in the five data sets was

the presence of low salinity water along the coast of Unimak Island. Other
hydrographic surveys (Kinder et al:« 1978: Wright, 1980) have also shown less
saline waters exist off Unimak Island and south of the Alaska Peninsula. We
estimate the impact of the observed mass distribution on the velocity field by
assuming a geostrophic balance. While this method neglects such factors as
wind stress, bottom friction and barotropic pressure gradients, over the
Bering Sea shelf (Kinder and Schumacher, 1981a) and along the Gulf of Alaska
coast (Royer, Hansen and Pashinski, 1979: Schumacher and Reed, 1980} good
agreement was shown between baroclinic geostrophic flow and both Eulerian and
Lagrangian current observations.

Inthe TABLE 3, we present baroclinic currents of the surface relative to

50 db for each set of station pairs where the dynamic relief was 20.01 dyn.m.:
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Table 3. - Dynamic relief and baroclinic speed

Observation Station 0/50 db Dynamic Speed Direction
Date Pai r Relief (dyn. m. ) (cm/s) °n

4 to 5 Sept. 1980 12/13 0.014 9 NE
13/14 0.015 10 NNE
14/15 0.011 7 NE
18/19 0.012 5 w

17 Feb. 1981 11/12 0.011 13 NE

13 May 1981 32/29 0.011 12 W

2 June 1981 32/29 0.010 7 W

2 to 3 Sept. 1981  36/37 0.010 17 W
38/39 0.012 20 N
39/40 0.013 22 N
49/50 0.012 19 NE
50/51 0.014 33 NE
51/52 0.020 30 NE
27/26 0.010 7 w

The inferred flow from the first three station pairs in September 1980 and the
first four pairs in September 1981 together with set 11/12 suggests moderate
flow (7 to 22 cm/s) through Unimak Pass. This is consistent with eur current
observations and compares favorably with dynamic topographies presented by
Coachman and Charnell (1977) from March 1976 CTD data collected north and west
of the pass. Relief across the remaining station pairs suggests a weaker
westward flowing current (5 to 12 cm/s) along the Gulf side of the Alaska

Peninsula and a stronger current (19 to 33 cm/s) northwest of the pass.
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Since 1975, sixty-one CTD stations were occupied within about 50 km of
Unimak Pass proper. Separating these data into two sets, Gulf side (N=29) and
Bering Sea side (N*32) of the pass we can strengthen our ’hypothesis that water
east of the pass is generally less dense (due to lower salinity) than water
west of the pass. We note thatonly data sets with casts on both sides during
a given cruise were used to avoid aliasing the results. East of the pass, the
mean dynamic height (0/50 db) and standard deviation was 0.162%0.016dyn.m.
and 0.13620.016 dyn. m west of the pass. Thus, including CTD data from all
seasons, we find that water along the Gulf side of Unimak Island was generally

about 3 dyn.cm greater in height (over 50 db) than waters west of Unimak Pass.

4.1.6 Discussion

The results presented thus far have defined the behavior of current in
Unimak Pass and the forcing for such flow: water is generally transported
from the Gulf of Alaska onto the Bering Sea shelf. While subtidal flow with
periods of 3 to 10 days was shown to be mainly driven by a wind-induced
pressure difference along the pass, longer period (on the order of months)
flow appeared to be driven by a coastal current existing along the Alaska
Peninsula, Two important questions evolve from our results: what is the
source of the coastal current and what is the impact of transport through
Unimak Pass?

A recent study (Schumacher and Reed, 1980) has described and defined the
Kenai Current, a strong coastal current which flows westward along the Gulf of
Alaska coast from about 145°W to the southwest end of Shelikof Strait (~156°N).
Royer (1981) has indicated that this feature is a component of the more
extensive Alaska Coastal Current which is the consequence of the accumulation

of runoff beginning along the British Columbia coast. He estimates transport
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in the northeast Gulf of Alaska to be 0.12%0.05 x 10°m*/s and Reed,
Schumacher and Wright (1981) show that the dynamic relief (0/90 db) is
typically ~4 dyn. cm. in this portion of the Alaskan Coastal Current.. To the
west, along the Kenai Peninsula, there is an increase in dynamic relief (4 to
20 dyn. cm) and transport (0.10 to 1.2x 106m3/s) both varying with season.
The behavior of the Kenai Current west of Shelikef Strait is not well known,
however, Wright (1980) indicates relatively low salinity water exists along
the Alaska Peninsula as far west as Unimak Pass. Further, it is unlikely that
the freshwater signal near Unimak Pass was of local origin since rainfall
(Brewer, et al. 1977} undergoes a four-fold reduction (323 to 84 cm) from
~158°W (Chignik) westward to 162.5°W (Cold Bay) and there arenogaged rivers.
Current records from ~156°% and 158°W (Muench and Schumacher, 1980) indicate a
substantial mean flow (~15 cm/s) westward along the coast. These results,
together with the hydrographic data presented above indicate that some fraction
of the Kenai Current continues along the peninsula and flows through Unimak
Pass.

Using CTD data collected south of Unimak Island between stations 33 and
29 in May, June and September 1981, we estimate that baroclinic transport
(computed to the greatest common depth) was ~6, 5 and 7 x 10°m‘’/s respective y
with maximum surface speeds of 12, 8 and 5 cm/s and dynamic relief (0/60 db)
of ~2 dyn.cm. For al 1 estimates, the largest fraction of the transport (>40%)
occurred between the two most seaward stations. Thus total alongshore transport
may be substantially greater; during September 1981 transport between stations
33 and 26 (see Figure 9A) was “24 X 104"'3/5- Transport too far offshore to
flow through the pass was also indicated in August 1980 data (see set 18/19 in
TABLE 4). CTD data col lected on @ 1 ine normal to the Peninsula about 150 km

east of Unimak Pass {at ~159°W) indicated alongshore transport of about
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~24,10%m3/s in conjunction With aband of low salinity water of similar
cross shelf extent to that observed south of Unimak Island. Transport
estimates between stations 38/42 and 48/52 (see figure 9A) were about 12 and
16 x 10%*m3/s respectively. The hydrographic data suggest a baroclinic current
south of the Peninsula with a large fraction flowing westward through Unimak
Pass and continuing along the northwest coast of Unimak Island. Caution is
necessary in estimating transport through Unimak Pass from a signle current
record. Assuming that the measured mean flow was representative over most of
the cross-section (there were no reversals in baroclinic speed and vertical
shear was moderate), we estimate “6 to 20 x 10‘m’/s were transported through
Unimak Pass which is consistent with the baroclinic estimates.

The dearth of CTD data precludes establishment of a seasonal signal near
Unimak Pass, however, off the Kenai Peninsula baroclinic transport varied by
an order of magnitude with a maximum observed in October (Schumacher and Reed,
1980). Using an annual curve fitting technique on six years of data, Royer,
(1981) suggested a maximum occurred in December. If continuity exists along
the current, then maximum baroclinic transport through Unimak Pass should
occur during sometime during the first three months of the year. This is
consistent with the observed current in Unimak Pass and the increase in sea
level anomaly observed during December and January at Dutch Harbor (Reed and
Schumacher, ?981). While baroclinic spin-up may account for increased speeds
for one to two months, wind induced coastal convergence was of equal magnitude
along the Kenai Peninsula; during January through March 1978, vector mean
speed was ~25 cm/s at a depth of 75 m in Shelikof Strait. Although there is
uncertainty regarding phase and amplitude due to limited data, the nature of
forcing suggests that changes in mean flow through Unimak Pass appear related

to seasonal behavior of the Kenai Current, and not to local forcing.
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We now consider the impact that transport through Unimak Pass has on
water mass properties and on the water budget of the Bering Sea shelf. The
CTD data presented above indicate a region of enhanced horizontal salinity
gradient about 50 to 75 km west of Unimak Pass proper (figure 6, vicinity of
station 13; figure 9, vicinity of stations 40/41 and 51/52). This feature can
be compared to the “middle front” which exists over the southeastern Bering
Sea shelf (Coachman and Charnell, 1979: Coachman, et al, 1980: Kinder and
Schumacher, 1981b) and has a profound influence on that region’s productivity
and nutrient fluxes (Iverson, et al., 1980: Coachman and Walsh, 1981). In
these papers, the middle front, as determined from CTD data collected about
100 km northwest of Unimak Island, was characterized in terms of a vertical
salinity gradient, AS/Az, and the horizontal gradient of the mean salinity,
AS/8x. Hydrographic data coll ected during 1980 and 1981 west of Unimak Pass

5 1

indicated the following gradients existed: AS/AZ ~9 x 10 gkg-]cm- , and

3 1

AS/AX ~45 X 10 km-] with a slight enhancement in the bottom 50 m. Thus,

gkg~
the vertical gradient was ~ fifty times stronger while the horizontal gradient
of mean salinity was about five hundred times greater than that observed over
the shelf to the northwest. The data indicate that the two fronts may be
different dynamically and it is not known if they are contiguous, however,
transport of less saline water from south of the Alaska Peninsula results in

a strong salinity front west of Unimak Pass proper. Hattori and Goering (1981)
note the role played by water flowing through Unimak Pass on the fertility of
the region. Although these authors identify the water as being “Alaskan Stream,”
their temperature and salinity data suggest it was water of the coastal current.
Upwelling along the Gulf side of Unimak Island, induced during summer by the

mean alongshore (northeastward) wind-stress, may have provided the relatively

high concentrations of nitrate and ammonium? which they observed. Further, the
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less saline waters may contribute substantially to the baroclinic coastal f1 ow
observed a‘long the Bering Sea side of the Alaska Peninula (Kinder and
Schumacher,1981 b).

Recently, annual mean water transport through Bering Strait (from the
Bering Sea into the Arctic Ocean) was reevaluated to be 0.810.2x]06m3/5
(Coachman and Aagaard, 1981). The apparent source of most of this transport
was flow along theSiberian coast (Coachman, Aagaard and Tripp, 1975; Kinder
and Coachman, 1978). We note that our estimates of transport through Unimak
Pass are five to ten times greater than gauged freshwater addition along the
Alaska coast of the Bering seaand may account for up to one-fourth the mean

annual transport northward through Bering Strait.

4.2 The North Aleutian Shelf Transport Processes Experiment

In order to characterize currents and hydrography over the North Aleutian
shelf, ten moorings (figure 12) were deployed between August 1980 and May 1981
and a seventy-two station CTD grid was designed (figure 13). The ensuing
observations permit a description of currents and inferences to be made

regarding the 50=m front.

4.2.1. Long-period Time-Dependence of Hydrographic Features
In this section, we present CTD data by cruise, where we selected the most
synoptic period (about six days) set of casts. These data are presented as

area distributions and both spatial and between-cruise changes are discussed.
Temperature: I n August 1880, surface temperatures (figure 14A) varied along

the peninsula from ~11.5°C in inner Bristol Bay to <8.0°C north of Unimak

Island. Across the shelf, the strongest difference (~2.0°C) was in the vicinity
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of the 50-m isobath. This difference decreased and became perpendicular to the
peninsula off Port Heiden as it followed the 50-111 isobath toward the northwest.
West of Port Moller, the cross-shelf temperature difference decreased to <1.0°C
north of Unimak Island.

By February 1981, surface temperatures (figure 148) were close to the
freezing point in inner Bristol Bay and the 0°C contour extended westward to Port
Heiden. Temperatures <0.5°C were also observed in Port Meller. Isotherms and
the cross-shelf temperature difference (~2.5°C) followed a pattern similar to
that observed in August, paralleling the trend of the 50-m isobath and decreasing
west of Port Moller. OFf Unimak Island, maximum surface temperatures {(>3.5°C)
were observed over the corner of the outer shelf domain and the cross-shelf
temperature difference was minimal (<1.0°C) again.

In May, surface temperatures (Ffigure 14C) increased from ~5.5°C off Port
Heiden to ~8°C near Port Moller. West of Port Moller, surface temperatures
were rather constant (with an average value of 7.0°C) and displayed a tendency
to be aligned with the 50-m isobath, although the cross-shelf gradient was
weak and had a banded structure. This distribution suggested the establishment
of nominal middle shelf characteristics, i.e., two-layered as a result of
solar insulation.

Surface temperatures (figure 140) were generally warmer by October.

However, since waters over the middle shelf domain were 1 to 2°C cooler than
those inshore, the peak in thermal stratification had apparently passed and
cooling was operative. Surface temperatures in the coastal domain were greatest

inregions where stratification from freshwater addition was observed. Although
surface cooling had affected contours, there was a tendency for isotherms to

parallel the 50-m isobath as noted before.
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Bottom (nominally 5m above the bottom) temperatures during August 1980
(figure 15A) varied from >11.5°C in inner Bristol Bay to <6.0°C off Port
Moller with a minimum (~3.7°C at NA59) in the corner of the outer shelf domain
north of Unimak Island. Shoreward of the 50-m isobath and between Port Moller
and Port Heiden, bottom temperatures were ~10°C and they decreased to <8°C
west of Port Moller. A strong (>3°C) difference existed from Port Heiden
westward along the peninsula with a divergence of this trend off Port Moller.
In general, the region of highest bottom temperature difference paralleled the
50-m isobath. Comparison with surface temperaturesindicated that the coastal
domain was well mixed thermally and both the middle shelf and outer shelf
domains were stratified.

Near freezing temperatures (<1.5°C) were observed on the bottom in inner
Bristol Bay in February 1981 (figure 158), and temperatures <0°C were present
westward to Port Heiden and in Port Moller. An ~2.5°C difference was located
normal to the peninsula off Port Heiden. A similar difference paralleled the
50-m isobath to the vicinity of Port Moller. West of this area bottom
temperatures increased to >4.0°C off Unimak Island. In general, there was
negliable thermal stratification except over the outer shelf domain where
bottom temperatures Were ~0.5°C greater than surface values.

In May, bottom temperatures (figure 15C) varied from <4°C seaward of the
50-m isobath to >7°C in Port Moller and isotherms paralleled the entire
peninsula. Between Port Heiden and Izembeck Lagoon, and within ~20km of the
coast, thermal stratification was generally slight (<1°C), but seaward of the
50-m isobath thermal stratification was generally >3°C along the entire
peninsula.

Bottom temperatures during October (figure 15B) had warmed from May by at

least 1°C over the middle shelf and values >9.5%°C were present in inner Bristol
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Bay. Isotherms again paralleled bathymetry and indicated a cross-shelf gradient
of ~3.5°C. Comparison with surface temperatures indicated isothermal water in
Bristol Bay extending westward to near Port Heiden. Coastal waters west of

Port Heiden indicated cooling, with surface temperatures as much as 2°C cooler
than bottom waters. Middle shelf waters were stratified with surface to

bottom temperature differences >2°C.

Salinity: In August, surface salinities (figure 16A) ranged from <24.5 g kg !

in inner Bristol Bay to >32 g kg ! over the outer shelf domain north of Unimak
Island. A strong (25 g kg-l) difference existed normal to the peninsula (between
the 50 and 25-m isobaths) in inner Bristol Bay. In the coastal domain between
Port Heiden and Unimak Island, salinities increased by about 1 g kg-l. Salinities
over the middle sheif were >31.5 g kg"1 and relatively constant.

By February 1981, the impact of Kvichak River runoff had diminished in
inner Bristol Bay and surface salinities (figure 16B) were ~31 g kg-l. There
was a remanant of the difference normal to the peninsula, but its magnitude was
only ~0.5 g kg . Salinities over the middle shelf were >32 g kg"1 while
values in Port Moller were <30.5 g kg L. This cross-shelf difference diminished
to less than 0.5 g kg-1 off Unimak Island. The region of coastal water west
of Port Moller with salinity <31.5 g kg.1 was substantially greater than in
August.

In May, surface salinities (figure 16C) were more uniform throughout the
study area; values were <31 g kg“1 in Port Heiden and Port Moller with values
>31.75 ¢ kg,'1 over the middle shelf domain between these ports. The cross-
-shelf difference varied from ~1 g kg.1 off Port Moller to <0.5 g kg'l north
of Unimak Island where an intrusion of more saline water (>31.8 g kg‘l) was

observed over the outer shelf domain.
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By October, surface salinities (figure 16D0) showed that the cress-shelf
difference between Ports Heiden and Moller had increased to >2 g kg ! and
1.25 g kg“1 respectively off the two ports. These data suggest ‘substantial
addition of freshwater along the peninsula as far west as Port Moller; however,
farther west, surface salinities were greater than in May.

In August, bottom salinities (figure 17A) along the peninsula varied front
<29 g kg.1 in inner Bristol Bay to >32.5 g kg.1 over the outer shelf north of
Unimak Island. An alongshore gradient was concentrated between inner Bristol
Bay and Port Heiden where it was normal to the peninsula. The cross-shelf
difference was generally weak (<0.5 g kg-l). Comparison with surface values
showed the greatest stratification in inner Bristol Bay with values of ~5 g kg-l.
Over most of the coastal and middle shelf domains stratification was weak
(<0.2gkg t)butover the outer shelf region moderate (0. 5 to 1.0 g kg 1)
stratification was observed.

By February, bottom salinities (figure 176) indicated that the along~
shelf gradient had diminshed with values ranging from <30.75 g kg ! in inner
Bristol Bay to >32. g kg"1 off Unimak Island. However, the cross-shelf dif
ference was stronger (~1.5 g kg-l) and more closely alined with the bathymetric
trend. Although waters over the outer shelf were less saline than observed on
any other cruise, they were more saline in the middle shelf off Port Moller. As
was observed in surface salinity, the area of encompassed by the 31.5 g kg.1
jsohaline was extensive (particularly west of Port Moller). Throughout most of
the coastal and middle shelf domains, stratification was weak (-0.25 g kg'l),
whereas moderate values obtained over the outer shelf domain.

In May, bottom salinities (figure 17C) showed that coastal and outer

shelf domain waters were generally more saline than in February, while middle

shelf waters were less saline. Given the station coverage, the alongshore
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gradient did not exist and cross-shelf differences were weaker than in
February, but still followed the bathymetric trend. Shoreward of the 50-m
isobath, stratification was generally <0.259kg-1, with slightly greater
values over the middle shelf. As was noted for the previous data sets,
stratification was moderate over the outer shelf domain.

Bottom salinities in October (Figure 17D0) indicated a slightly stronger
alongshore gradient, ranging from <31 g l<g‘1 in Bristol Bay to »32 ¢ kg.1 off
Izembeck Lagoon, however, the cross-shelf difference was weaker than in May.
The strong cross-shelf difference of surface salinity along the coast between
Ports Heiden and Moller was riot as strong across the bottom. This resulted in
a band of stratification (0.5 g kg-!) along the coast east of Port Heiden
which graded off to <0.1 g kg ! over the middle shelf east of Port Mcller.
West of here, stratification was 0.25 to 0.7 g kg-1 except for the stations
less than 50 m deep off Izembeck Lagoon.

We present surface to bottom mean salinity, §, (Figure 18A to D) to
further elucidate the impact of the various sources of fresh or less saline
water. The lowest § (<27.75 ¢ kgcl) was observed in August and reflected the
direct influence of the Kvichak River. Comparison with s from the three other
cruises suggested that Kvichak River water had a controlling influence on
salinity as far west as station line NA5 to 10, or ~100 km east of Port Heiden.
By February, the mean salinity had increased by ~3 g kg-1 in this region while
the values from October were similar to those in August.

Values of s from the middle shelf domain showed much less variability,
minimum values were observed in August (>31.5 g kg !) with maximums in February
(up to 32.1 g kg-l) whi le values in May and October were intermediate
(~31.75 g kg !). Mean salinity over the outer shelf domain north of Unimak
Island showed similar magnitude of variability, but phasing was different;

maximums occurred in August and minimums in February.
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In the coastal domain between Port Moller and Unimak Island, the range of
; was again moderate (~0.5¢g kg-l); however there was a substantial change in
the area encompassed by the 315 g kg-l mean isohaline. This area was most
saline in August and only slightly less so in October, with the lowest values
observed in February and these increased slightly by May. The Kenai Current
has a baroclinic maxima in October followed by a barotropic maxima between
January and April (Schumacher and Reed, 1980) and some manifestation of these
maxima were observed in Unimak Pass and persisted into May (Schumacher, Pearson
and Overland, 1982). We suggest that less saline water from the Kenai Current
was the cause for the observed reduction of mean salinity west of Port Moller
(Particularly in February). Within Port Moller, the lowest mean salinity also
occurred in February, and ice was observed to be a local feature (but offshore
surface temperatures were >2.0°C). We suggest that ice is formed within the
Port Moller complex and it melts when advected seaward; however, such local
formation would notaffect mean salinity over thevast region west of Port
Moller. Ice formation along the shore of Kuskokwin Bay and the north coast of
Bristol Bay may be advected (by wind) to this region of the coastal domain and
provide a freshwater flux, but this process would generally occur between late
February through March (see, figure 2).

Finally, we note that in the vicinity of Port Heiden, and to a lesser
extent west of Port Moller, the mean salinity in a band along the coast was
lowest in October. This region is more than 200 km from the Kvichak River,
west of the region where river runoff is clearly identifiable in the data.
Although there are no gaged rivers on the peninsula, there is substantial
rainfall. An estimate of drainage area between Ports Moller and Heiden is
about the same as that for the Kvichak River. Thus, the maximum freshwater
flux should eccur in October and be of similar magnitude to the Kvichak River.

We suggest that it was this source that resulted in lower salinities in the
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coastal domain west of the Kvichak River influence and extending westward to

the vicinity of Port Moller.

Stratification: Bottom-surface sigma-t values (Aot) are a measure of
stratification which combines the effects of both salinity and temperature.
In general, coastal domain waters are well mixed, except in the presence of
freshwater addition; middle shelf waters are two-layered during periods of
positive bouyancy (insolation and ice melt) input and well mixed otherwise,
and outer shelf domain waters are usually layered (Kinder and Schumacher,
19813).

Area plots UfAUt are shown in Figure 19 A to 0. The strongest A,
(> 3.5) was observed in August in inner Bristol Bay and was primarily caused
by salinity stratification resulting from Kvichak River discharge. Just south
of this area, coastal domain waters westward to Port Heiden were mixed
(Aat < 0.1). In the vicinity of Port Moller, a complex distribution of Ao,
existed, with values ranging from O nearshore, to >0.25 over the adjacent
portion of the middle shelf. As will be shown later (Section 4.2.6), this
distribution was a result of storm mixing and cross-shelf advection. Between
Port Molier and Izembeck Lagoon, 4o, was generally <0.25, while near the 50-m
isobath values were >0.5 and over the outer shelf domain they exceeded 0.75.

By February, mest of the water column from inner Bristol Bay to west of
Port Moller was mixed. Exceptions occurred near Ports Heiden and Moller,
where Au,~ 0.25 and again was related mainly to salinity stratification. A
likely source of less saline surface water was melting of lecal or regional
ice. West of Port Moller, the coastal and middle shelf domains were mixed,

while over the outer shelf moderate (up to 0.4) stratification existed.
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The effect of increasing insolation was evident in May; waters over the
middle shelf were moderately stratified (Au,> 0.25), although temperatures
had increased from February by ~ 7°C, temperature differences and Aut were weak
in the coastal domain. (an exception was near Port Moller where a lens of
fresher water had not yet been mixed Withmore saline bottom water). Over the
outer shelf, strong stratification existed as a result of low salinity surface
water well offshore. The presence of a low salinity band in the vicinity of
themiddle front is a common feature and has been attributed to the southwest
extent of the regional ice field [Kinder and Schumacher, 1981b).

Surface heat loss was evident by October, and coupled with weak haline
stratification resulted in a mixed water column over most of the middle shelf
domain. Along the coast east of Port Heiden and just west of Port Moller,
Aut‘s exceeded 0.5 due to the presence of less saline surface waters. As noted
above, this was likely due to freshwater addition not associated with the

Kvichak River, but with local freshwater addition.

Dynamic_Topography: The combined effect of temperature and salinity on the
horizontal pressure field and hence the computed geostrophic flow is shown in
Figure 20A to D and 21A to 0. While caution is necessary in inferring
currents in this manner, particularly to shallow reference levels, good
agreement historically between Eulerian and Lagragian measurement and
geostrophic flow exists exists over this shelf (Schumacher and Kinder, 1983:
see Appendix B). Both the 0/25 and 0/50 dbar dynamic topography showed that
relief of >1.0 dyn cm was a persistant feature of the baroclinic pressure

field across theshelf. Contours typically aligned with the bathymetry and
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Figure 20. - Dynamic topography, 0/25 db.
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Figure 21. - Dynamic topography, 0/50 db.



the 0/25 dbar contours paralleled the offshore trend of the 50-m isobath north
of Port Heiden. The impact of freshwater addition from the Kvichak River
(figure 20A) and along the penisula westward to Port Heiden (figure 200) was
evident in the increased relief. Maximum surface speeds relative to 25 dbar
were ~7 cm s ! off Port Moller in August and ~11 cm s ! in inner Bristol Bay
during October. Maximum values (0/50 dbar) also occurred off Port Moller in
August. In general, regardless of time of year, the cross-shelf density
distribution was such that baroclinic geostrophic surface currents of

2 to 7 cm s ! existed with inferred flow into Bristol Bay parallel

to isobaths.

4.2.2 Short-Period Time-Dependence of Hydrographic Features

In the previous Section we showed that some processes (e.g. runoff, ice,
change in insolation, etc.) result in changes of hydrographic characteristics
on time scales from “~ a month to seasonal. We present hydrographic, suspended
particulate matter (SPM) wind and current data collected along the Alaska
Peninsula (Ffigure 22) during a 14-day period in August 1980. These data show
that a storm significantly altered mean hydrographic conditions, vertically
mixing middle shelf domain waters. Further, Ekman fluxes (coastal divergence
and convergence) with time-scales of 2 to 5 days appeared tg play an important
role in reestablishment of stratification and together with enhanced tidal
mixing (using the mean of the speed cubed as a measure of mixing energy)
resulted in a return to nominal coastal and middle shelf domain conditions

within 14 days.
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Hydrography and Light Attenuation The line of CTD stations normal to the

peninsula {figure 22) was occupied on 19, 24and 31 August 1980.

The time to complete a line was about six hours. About one day prior to
running the first section, the remnants of typhoon Marge passed eastward
through the study area. This storm resulted in winds up to 30 ins-1 and 6 to

8 m waves. The turbulence associated with this storm mixed the water column
at least 50 km seaward of thecoasti.e, into the middle shelf domain (figure
23). Suspended particulate matter was also well mixed within 10 km of the
shore and seaward of station 45 isopleths exhibited weak monotonically
increasing vertical gradients.

During the second occupation of this section (figure 24), the entire
shelf region was themally stratified, with surface minus bottom temperature
difference (AT) from 0.6 to 2.7*C. Colder bottom waters intruded onshore,
with a displacement of the 8.5°C-isotherm of about 10 km. A similar change
from mixed to stratified structure was observed in isohalines with the strongest
difference (AS=0.13 g kg-l) over the normally mixed coastal domain. Again
the data suggested an onshore Flux, e.g. at station 42 bottom salinity
increased by 0.05 g kg-l,while upper layer salinities decreased. Light
attenuation values indicated a 50% reduction in nearshare concentration of
SPM, whileover the middle shelf domain a subsurface minimum layer was
established.

Hydrographic conditions observed on 31 August (figure 25) showed a return
to more typical stratification; midd e shelf waters were stratified with
Act 2 0.43 and coastal domain waters were vertically well mixed. We note that
stratification was now stronger than that observed on May 31 (inset, figure
22) by about a factor of three. SPM profiles also indicated mixed conditions
in the coastal domain and a minimum layer was clearly established near or

below the pycnocline.
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Winds and Currents Alongshore (v positive 60°T, see figure 22) winds measured

from the NOAA ship Surveyor are shown in Figure 26. The [)assageeofthe storm
resulted in maximum alongshore wind speeds of about 25 in°-1. About 3.5 days
after the storm’s peak speeds, a period of relatively steady alongshore winds
existed for about 3 days with a mean speed of 5.5 in"i. We note that with the
exception of the stormwinds and those on 24 August, onshore wind speeds (not
shown) were only about 1 ms L.

Currents at 5 and 39 m below the surface atTP3A are shown in the next
two panels of figure 26, where the algngshore axis is the same as for the wind
and the onshore axis is u positive 150°T. Near-surface currents reversed from
onshore to offshore concomitant with the wind reversal and this initial
offshore pulse lasted for about 3 days. While near surface currents were
offshore those at 39 m were onshore for the same time period. The visual
correlation between wind and near-surface current did not extend to currents
at 39 m depth. The alongshore current appeared tobe similar at the two
depths.

In the bottom panel of Figure 26, we present 25-average S”values. The
flux of turbulent energy generated at the seafloor, Etﬁ was estimated by
assuming that the mean rate of work of tidal currents against bottom stress
(t=p°C°u u) is 1-u where u is the mean flow velocity near the bottom
(Fearnhead, 1975). Here we have used hourly values of current speed from the
39 m depth current record, and have not included either a drag coefficient or
density (including these parameters yields dimensions of tidal power, but S~
gives a relative measure of this quantity). By the third occupation of the

CTD section, tidal mixing power had increased by about a factor of three.
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Discussion The destruction and subsequent reestabiisment of typical summer
middle shelf and coastal domain hydrographic characteristics was related to
winds and tides. The initial vertical mixing of the water column resulted
from a combination of wind-wave and current shear turbulence which destroyed
vertical structure to at least 50 km, or twice the usual distance, from the
shore.  Longshore winds then reversed and generated an offshore Ekman flux in
thenear surface waters and a continuity preserving onshore flux at depth.
The offshore flux transported warmer less saline surface water offsore, while
the onshore flux at depth provided colder more saline waters; the net result
was stratification across the entire study area. As tidal mixing power
increased, coastal domain waters became vertically mixed and middle shelf
domain waters returned to a two-layered configuration.

Near=-surface current spectra (not shown) indicated that of the total
fluctuating horizontal kinetic energy (KE = %[u"2+v"2]) per unit mass, subtital
energy was 31.6 ¢cm® S?or about 6%. This is consistent with previous studies
(Kinder and Schumacher, 1981 b). We note that 50% of the subtidal KE was
contained in the 2 to 5 day period bands. The wind spectrum contained little
energy (1.3 m's 2 or about 10% of the total KE_) at tidal or higher frequenci es,
however, 25% of the KB was contained in 2 to 5 day periods with the remainder
at periods 27 days.

The visual correlation between longshore winds and onshore currents,
suggesting Ekman dynamics, was substantiated by a linear correlation coefficient
between the two low-pass filtered time-series of r=0.83 at 0 lag. In frequency,
the maximum coherence between hourly wind and current components was at a
period of 2.9 days with a coherence squared of 0.995 or about 99% of the
variance. A second maximum occurred at 4.8 days with a coherence squared of

0.91 (for both estimates the 95% level of significance was 0.78). Onshore
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currents and alongshelf winds were correlated wwa lesser extent at lower
depths, with correlations decreasing (0.57, 0.53, and 0.42) and lags increasing
(0, 6 and 60 hours) at 10, 15 and 29 m respectively. The current record from
39m depth had a negative correlation (r = -0.68 at 48 hours) with alongshore
winds. These results suggest that longshore winds generated off/onshore Ekman
fluxes in an upper layer with, at times (e.g. 21 to 24 August), a compensating
flow lower in the water column. During this particular event, coastal di-
vergence would result in a barotropic pressure gradient toward shore. 1f this
were geostrophically balanced, then an alongshore current (in this reference
frame a negative value) would be generated. The observations indicated such
flow during both 21 to 24 August and 30 August to 1 September wind events. An

empirical estimate of 5m onshore current response to alongshore wind was

1072 to 1, or a 1Qins-Lwind generated 3 10 cms ! current.

4.2.3. Current and Wind Observations

In this Section we describe current characteristics from records
collected at nine locations along the Alaska Peninsula and wind
characteristics from observations near Port Moller (figure 12). Mooring
information and editing procedures are given in Appendix A. In the following

analysis, we have used the 35-h filtered data unless otherwise noted.

Mean and Low-Frequency Flow:

We present the current data as roses (where the direction was partitioned

into twelve 30° sectors) and vector means with one standard deviation (along
and orthogonal to the principal axis, or axis with the greatest variance) in

Figures 27 and 28 for the first deployment period (August 1980-January 1981)
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and in Figures 29 and 30 for the second observation period (January-May 1981).
A feature common to all records was that the majority of observations and the
principal axes tended to be along the local bathymetry. Vector mean flow,
however, was not consistently along bathmetry except seaward of the 50-m
isobath. Shoreward of the 50-m isobath and in the vicinity of Port Moller
(i. e. TP2A/B, TP7 and TPS), mean flow had a cross-isobath component.

To establish the statistical significance of the vector mean speeds, we
employed a method similar to Allen and Kundu (1978). An independent time
scale, r, was clef’ined as the area under the autocorrelationfunction for a
particular record,. This time scale was then used to provide a root mean

square error estimate, E, given by
E = $20/(t/1)"

where t is the record length and o the standard deviation along a given axis.
The results of this technique, together with other record characteristics are
given in TABLE 4. Note that all vectors are resolved into alongshore
(positive toward 60°T) and cross-shelf (positive toward 150°T) axes, and that
this definition of a’longshere is consistent with the orientation of the
peninsula, bathmetry, and generally within about 10° of the individual records
principal axis.

The strongest alongshore mean current was observed either seaward of the
80-m isobath (TP4, 6, and 9) or west of Port Moller (TP8), with mean speeds
along this component of ~1 to 6 cm s 1 where the larger values occurred in the
near-surface (12 to 19m below the surface) records. Statistically significant,
but weaker (<1 to 3 cm s 1) mean negative alongshore flow existed near-shore

in the vicinity of Port Moller (TP2A, E, and 7).
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Table 4. - Current characteristics from TP moorings.

Mooring Instur, Vector Mean Principal Component Means RMS KE of Components
(depth ,m) Depth Speed Dir AXis of Alongshore  cross-shelf  Alongshore Cross-shelf
(m) (cm s 1) (°T) Variance (ems 1) (cm? s 2)
A 8 ANS
TP2A 19N 3.7 200 70,89 -2.8%1.4 2.410.6 12.6 1.9
32) 20 3.0 211 68,69 -2.6*1.4 1.410.8 13.5 5.7
TP5 19N 2.6 194 57,93 -1.8*1.8 1.9*0.5 30.6 2.3
(31) 20 3.7 180 52,83 -1.841.9 3.2%0.7 26.0 6.6
TP6 19N 2.1 038 50,78 2.011.0 -0.8*%0.4 12.0 3.8
(69) 20 1.6 058 45,68 1.611.0 =-0.110.4 10.8 5.7
55 1.2 108 50,76 0.810.7 0.910.2 4.5 1.6
TP4 62N 4.4 013 48,84 3.041.5 -3.2+0.7 18.0 4.3
TP2B 13N 1.0 021 80,87 0.811.4 -0.6*0.8 8.9 2.4
(35) 25 2.8 176 63,68 ~1.210.9 2.5*0.5 4.4 1.7
TP7 12N 1.4 203 71,96 -1.111.4 0.840.5 12.2 1.8
(25) 15 2.1 210 53,81 -1.811.5 1.010.6 9.8 2.6
TP8 12N 3.3 055 55,95 3.222.4 -0.3*0.4 22.3 1.4
(31D 21 1.8 145 46,90 0.211.9 1.810.7 13.8 2.5
TP9 14N 6.1 040 32,77 5.7*1.5 -2.1*1.9 13.4 8.4
(89) 79 1.0 357 34,83 0. 5*1.3 -0.940.8 8.5 3.5

Where: Al statistics are from35h data, N represents accoustic current meter and alopgshore and cross-
shelf are positive 60° and 150° respectively.



Cross-shelf mean speeds were generally weaker and exhibited the tendency
to be offshore in the upper water columt and onshore closer to the bottom.
This pattern was evident in the records from TP2B, where the cross-shelf
component reversed sign over a 12 m vertical separation.

The characteristics of stronger alongshore mean flow was mirrored in the
low frequency kinetic energy; thealongshore component was always greater than
the cross-shelf componenent, generally by a factor of four. The relation
between TP current record characteristics and those collected over the

remainder of the southeastern Bering Sea shelf is discussed in Appendix B.

Vertical Structure:

In order to provide information illustrating vertical structure of
currents over the middle shelf domain, moorings with surface flotation were
depl eyed in August 1980 (TP3A) and in May 1981 (TP3B). The results are
presented in Figures 31 and 32 as 35-hr stick plots and in Eigure 33 as 2.9 hr
mean speed, component speed and net current over the observation periods.
During TP3A, stratification varied greatly, with the difference in sigma-t
between lower and upper current meters ranging from O to 0.65, with an average
of ~0.5); during TP3B, this index of stratification only varied from 0.25 to
0.44 with an average of-41.3. The geostrophic wind during the two observation
periods was significantly different: during TP3A winds were towards the south
for the first four days and then were weakly northward, while during TP3B,
winds were strongly northward throughout most of the current record. Despite
these differences in stratification and wind forcing, the shear in mean speed
was similar, being 2.8 and 1.9x10°s ¢ during TP3A and B respectively.

Further, the shear in alongshore speed was nearly identical below 20m, with
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the marked difference above this depth likely attributable to stronger and
more consistent wind stress during TP3B. The cross-shelf speed profiles were
also similar over mst of the water column; however, during TP3A the profile

indicated onshore flow inthe bottom layer.

It is apparent that most of the shear resulted from wind stress (particularly
during TP3B) and estimates of bareclinic shear would account for a 1 to 3 cm
s ! decrease of alongshore speed between the surface and 25db. There is also
a contribution to the shear from tidal currents, although the majority of this
contribution would occur in the bottom boundary layer (about 3 to 15 m thick).
Hourly alongshore speeds at four levels are shown in Figure 34. During this
period winds were light (3 to 4m 5-1), so that using a current response of 3%
of the wind speed, the wind-induced shear in the upper mixed layer (about 25 m
in depth) would be approximately 10cm S-1. Combining this estimate with
reasonable values for baroclinic shear would account for most of the shear
indicated between 10 and 29 m depth records, but not the shear of 20 to 25cm
s lshown to exist during floods and ebbs between the 29 and 50 m records.
Although some fraction, perhaps up to 50%, may be accounted for by tides, and
the observation that the lower water column leads (by”about 15°) the surface
is consistent with the tidal wave propagation, some of the observed shear is

not accounted for by any of these mechanisms.

Wind: A comparison between alongshore and cross-shelf components of surface
winds (herein called BC2 winds) and those measured on Lagoon Point (near Port
Moller) is shown in Figure 35. The alongshore components are markedly similar,
with BC2 winds indicating somewhat greater speeds (record mean, 2.5 ms ! vs -
0.3 ms ! for TPIA). The cross-shelf winds are also similar, but TPIA winds
were generally greater than those computed for BC2 (record mean 1.1 ins-1 vs ~0

at BC2). Although there were differences in component speeds, the alongshore
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series were highly coherent (K2>0.6) at all frequencies (figure 36A). There
was, however, significantly 1ess coherence squared at periods between 2.5 and
3.3 days in the cross-shelf series (figure 368). While some of these differences
may be attributed to the method of computing geostrophic winds from surface
atmospheric pressure (see Section 3.3), the wind roses generated by the two
time series (figure 37) indicated that there was about at 20% difference in
the percentage ofwind observations in the secotrs between 270° to 330°, and
90° to 150°. Considering the local orography, some portion of the difference
was likely due to pressure gradient winds along the orographic axis. In
general, this affect may be present wherever there are gaps in the mountain
range along the Alaska Peninsula, particularly in the vicinity of Cold Bay

where the gap 1s both wide (about 20 km) and nearly flat.

4.2.4 Salinity Time-Series

Moored current meter records provided some further insight regarding
temporal changes in salinity (as computed from temperature, conductivity and
pressure). In figure 38, 15-day averages of salinity are shown, where the
individual points were determind by finding the differences between successive
15-day averages and replacing this value at the mid-point of a given averaging
interval. The relative change in mean salinity was greatest {~2g kg-1) a t
TP2, but the other series showed a similar trend of decreasing salinity over a
period of about one month and this change was in October. Because the advective.
transport is both sluggish and alongshore toward the east, Kvichak River
discharge was not a likely source of the less saline water. Instead, the less
saline water likely was a result of addition from numerous ungaged streams and
ground-water injection. This addition could result in the bands of relatively

stratified water shown in Figure 160.
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5. SUMMARY AND CONCLUSIONS

The behavior of currents and bottom pressure observed between March an
August 1980 has been described for Unimak Pass, Alaska. These data have been
interpreted together with atmospheric pressure gradient, geostrophic wind, and
CTD data. The following conclusions were reached:

(1) mean flow was from theGulf of Alaska shelf westward through Unimak Pass,
and reversals occurred in 18% of spring and 31% of summer 35~hr filtered
current observations, with mean flow during spring three times greater than in
summer .

(2) currents at periods between 3 and 10 days in Unimak Pass were highly
coherent with the bottom pressure difference along the strait, which provided
the dominant forcing for fluctuations. At these periods most of the bottom
pressure difference was related to alongshore winds which induced sea level
changes along the Gulf of Alaska coast.

(3) Longer period (on the order of months) flow and variabl ity was accounted
for by the presence of a southwestward flowing coastal current. This Tfeature
appeared to be a westward extension of the Kenai Current.

(4) F1 ow of fresher coastal water through Unimak Pass resulted in formation of
a front in the vicinity of Unimak Pass.. This flow also may influence baroclinic
flow along the northern side of Alaskan Peninsula and provide some fraction of
the northward transport through Bering Strait.

A characterization of hydrographic feastures and current behavior between
August 1980 and June 1981 has also been described for the north Aleutian shelf
study area. These data were interpreted together with wind and river discharge
data. The following conclusion were drawn:

1) In-general, waters over the continental shelf adjacent to the Alaska Peninsula

adhere to the previously defined hydrographic domains (Kinder and Schumacher,
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1981a): outer shelf domain (the small portion of the study area north of

Unimak Island with dePthsl 80m) waters were always stratified with upper and
lower mixed layers separated by a column of weak stratification. Both temperature
and salinity showed small seasonal ranges; middle shelf (depths greater than

50m and less than ag0m) were typically two-layered during Summer and well

mixed from about October through March. Anexception occurs when ice, primarily
formed to the northeast, is transported over this domain and melts. Temperature
and salinity ranged between ~10°C and »~1.0g kg-1 respectively. The coastal
domain (less than 50m) was generally mixed, however, the addition of freshwater
as a "line source” (particularly between Ports Maller and Heiden) and from the
Kvichak River, resulted in stratification (up to 3 sigma-t units) even though

the water is shallow and tidal mixing energy strong. There was also a suggestion
that melting ice could impact the local bouyancy/tidal mixing balance. Both
temperature and salinity varied greatly, with ~14°C and 8g kg ! changes respectively
(where most of the salinity range was a result of Kvichak River addition).

2) Hydrographic data from February 1981 showed the impact of less saline

Kenai current water upon coastal water along the Peninsula. This was most
apparent in a reduction of mean salinity between Port Moller and Unimak Island
between August 1980 and February 1981. This lends support to a previous
hypothesis that theKenai Current was linked with flow around the perimeter

of the southeastern Bering Sea shelf and continued northward toward Bering

Strait (Schumacher, et.al., 1982).

3) Storms radically alter mean hydrographic domain characteristics. The
enhanced turbulence can mix middle shelf water and increase S$PM concentrations.
These two factors could dominate vertical transport of oil, resulting in

greater concentrations on the bottom in a shorter time than detrital rain.
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4) Current records supported previous results (Kinder and Schumacher, 1981b:
Schumacher and Kinder, 1983: see Appendix B) which infer a moderate (2 to

6 cm s 1) Eulerian mean flow from the vicinity of Unimak Island, counter-
clockwise around Bristol Bay, and thence northwest past Nunivak Island. A
mechanism for long-term (order TONt hs) Flow is the persistent cross-shelf
density distribution, which resulted in barociinic speeds of 1 to 5 cm s 1,
typically concentrated in a 10 to 20 km wide band in the vicinity of the 50-m
isobath. Scaling of Eulerian tidal residual flow suggested a weak con-
tribution, <1.0 cm 5-1, except were the tidal current was orthogonal to the
50-m isobath off Port Heiden (Schumacher and Kinder, 1983, see Appendix B).
5) Although wind energy was evident in alongshore current pulses, mean winds
during the current observations were weak and toward the west, in opposition
to the observed mean flow. Cross-shelf current pulses were also evident, and
the observed tendency was for offshore flow in the upper water column.

6) Comparison between surface and measured winds indicated these series were
highly coherent, particularly in the alongshore component. At short periods
(>2. 5 to 3.3 days), coherence was weak in the cross-shelf component and the
observations showed that measured winds tended to be along the local orographic
trend. Such down pressure gradient winds have been noted before (Schumacher
and Pearson, 1981), and are 1likely to be more significant at Cold Bay and in
Unimak Pass.

7) Substantial vertical shear in currents was observed during two mooring
periods. The combination of wind induced shear and geestrophic baroclinic
shear accounted for about one-half the observed values. The magnitude

attributable to tides requires theoretical examination.
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Transport Processes in the North Aleutian Shelf
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Appendix A: Final Data Inventory

Data acquisition for RU 549 (North Aleutian Shelf Transport Processes,
NAST) began in March 1980 with the deployment of three moorings in the
vicinity of Unimak Pass. This work was conducted under the direction of
R. B. Tripp, University of Washington, from the RV Thompson. The remaining
field work for the NAST experiment was accomplished during three cruises in
1980-81. These cruises are listed on the Bou]der computer system (RzDz) by
the following cruise identifiers: RP4SU80AL4, Aug.-Sept. 1980, ship
Surveyor, Chief Scientist: Curl; RP4SU81, Jan.-Feb. 1981, ship Surveyor,
Chief Scientist: Schumacher; and RP4DI81A2, May-June 1981, ship Discoverer,
Chief Scientist: Pearson. Operations during these cruises included 514 CTD
casts, and deployment and recovery of 15 moorings and one shore-based
meteorological station maintained throughout the current observation
period.

Since the completion of field operations for RU 549, two supplemental
cruises were conducted in North Aleutian Shelf waters: RP4D181AL6, Aug.-
Sept. 1981, ship Discoverer, Chief Scientist: Reed; RP40C81AL3, Sept.-Ott.
1981, ship Oceanographer, Chief Scientist: Schumacher. A total of 61 CTD
casts were conducted during these cruises. The data have been processed

and loaded on RpD,.

945



I. HydrographicData: Temperature and salinity data were collected

during the NAST cruises using Plessey Model 9040 CTD Systems:

NAST 1, Aug 15-Sept 5 1980, 199 casts
NAST 2, Jan 30=Feb 17 1981, 153 casts

NAST 3, May 13-May 30 1981, 189 casts

The sampling interval was five times per second for simultaneous measurements
of conductivity, temperature and depth. Datawere recorded duringthe

down cast using a lowering rate of 30 meters per minute. Nansen bottle
samples were taken at approximately half of the stations to provide

temperature and salinity calibration. The calibration corrections used

for each cruise are:

NAST 1, temp:=-0.01°C NAsST 2, temp:=0.01°C NAST 3, temp:+0.03°C
Salin:=0.04°/60 salin:=0.05%/ g0 salin:+0.09% o0

Data from monotonically increasing depth were despiked to eliminate
excessive values and were averaged over one-meter intervals to produce
temperature and salinity values from which density and geopotential

anomaly were computed.

All of theCTD data have been processed and are available for use

on RD,.
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II. Time Series Observations: Time series observations were made using

the following equipment:

B - Neil Brown acoustic current meters

RCM - Aanderaa RCM-4 current meters

RCM/T - Aanderaa current meters with transmissometer
G - Aanderaa TG2 and TG3A bottom pressure gauges

ST = Sediment Traps

- Applied Microsystems temperature-conductivity sensors
oL Digital data loggers

MET -~ Meteorological sensors (wind speed, direction, gust, and
atmospheric temperature)
Taut wire moorings were used with an anchor and acoustic release at the
bottom and a 450 kg buoyancy subsurface float about 2 meters above the
upper current meter. Pressure gauges were located in a cage which was
welded to the anchor. Wind sensors were located on a tower about 7 m
above the ground. A compilation of observation period, position and

instruments on a particular platform is given in Table A-1.

Current and pressure data were evaluated for quality, including
time base accuracy and the presence of zero speeds. Tidal constituents
were determined from edited sample interval time series. This is the
final stage of our quality control procedures, i.e., the amplitude and
phase of the dominant constituents are checked for relative and absolute
consistency. The one-hour-interval time series available for use on
RZDZ are produced from the edited data using a Lonczos filter. These
series, called 2.9-hr data, are filtered such that over 90% of the
amplitude is passed at periods greater than 5 hr, 50% at 2.86 hr, and
less than 0.5% at 2 hr.

Table A-2 is a list by master reference numbers of time series

observations that are available on R,D,.
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Table A-1.

- Time-series observations.

Mooring Deployed Recovered Lat Long Depth Instruments
UP-1 22 Mar 1980 17 Aug 1980 54°33.7'N 165923.9'W  84m 2 RCM,TG
UP-2 22 Mar 1980 16Aug 1980 54°18.1'N 164945.9'W 80m 2 RCM,TG
UP-3 21 Mar 1980 16 Aug 1980 54°09.6'N 164°00.4'W 69. 5m 2 RCM,TG

TP-1A 19 Aug 1980 6 Feb 1981 56°00.7'N 161°06.8'W -7m MET, OL

TP-2A 1.9 Aug1980 30 Jan 1981 56°07.1'N 161°17.6'W 32m  RCM/T,N,TG

TP=-3A 18 Aug 1980 2 sep 1980 56°24.1'N 161°39.6'W 65. 4n MET, 7N

TP-4A 1.9 Aug 1980 31 Jan 1981 56931.2'N 160°09.3'W 68. 5m  RCM/T,N,TG

TP-5A 22 Aug 1980 29 Jan 1981 56°31.2'N 160°18.1'W  3im RCM/T,N, TG

TP-6A 22 Aug 1980 30 Jan 1981 56°46.5'N 160°18.1'W  59m RCM,%%}:M/T,

N,TG

TP-18 7 Feb 1981 29 May 1981 56°00.7'N 161°06.8'W -7 MET,DL
BBL 14 May 1981 30 May 1981 56°18.8'N 161°33.2'W  64m 3 RCM
TC 14 May 1981 31 May 1981 56°25.8'N 161°42.8'W  74m 121C , DL

TP-28 30 Jan 1981 29 May 1981 56°04.6'N 161°18.2'W 35m  N,RCM/T,

TG,ST

T8-3B 14 May 1981 30 May 1981 56°19.1'W 161°32.5'W  65n N, RCM/T

TG ,ST
TP-7 31 Jan 1981 29 May 1981 56°02.0'N 161°13.1'W  25m N,RCM/T,
6, ST
TP-8 2 Feb 1981 30 May 1981 55°51.8N  162°02.4'W 3lm  N,RCM/T,
6, ST
TP-9 1 Feb 1981 30 May 1981 56929.7'N 161°42.3'W  89m NfRCM/T,
G, ST
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Table A-2. - Timeseries available on R2D2.

MRef Mooring Meter Depth Start End Comments

42 upP-1 1811 64 800821400 802292100

43 up-2 1.827 59 800821000 802291700

44 UP-3 1815 47 800820400 802291300

46 TPﬁA N99 5 802320500 802461200

47 N98 10 802320500 802461.200

48 H N9O 15 802320500 802461.200

49 N89 19 802320500 802461200

50 I N100 29 802320500 802461200

51 " N87 39 802320500 802461.200

52 " N88 50 802320500 802463.200

75 UP-3 TG121 67 800820400 802291300

76 UP-2 TG87 79 800821000 802291700

78 TP-6 3293 20 802340800 810291800

79 TP-5 2505 20 802341100 810291600 Transmissometer Tailed

80 TP=-2A 2502 20 802323.200 810291400 Pressure channel =
light attenuation

81 TP-6 2500 55 802340800 810291900 Pressure channel =
light attenuation

82 TP-2A N95 19 802321100 810301400

83 TP-4 N96 62 802320700 810311800

84 TP-5 N94 19 802341100 810291700

85 TP-6 N97 19 802340800 810291900

88 TP-4 2501 63 802320800 803150500 Pressure channel =
light attenuation

89 TP-4 TG209 66 802320700 810211000

90 TP-6 TG120 57 802340800 810292000
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Table A-2 (continued).

MRef Mooring Meter Depth Start End

97 TP-1A DG322 -7 802330200 810372200

98 upP-1 TG85 83 800821400 802292100
99 TP-2B N88 13 810310500 811491400
100 TP=7A N89 12 810310800 83.1493.200
101 TP-9A N99 14 810320800 811501300
102 TP-8A N100 12 810340500 811471000
106 TP-38 N98 4 83.3.350000 811501700
107 TP-38 N97 14 83.3.350000 811501600
108 TP-38 N87 19 811350000 811501700
109 TP-3B N95 2a 811350000 811501700
110 TP-38 N96 49 811350000 83.1501700
111 TP-28 2505 25 810310400 813.291500
112 TP-7 2500 15 810310700 811240900
114 TP-2A TG205 30 802321100 810190600
115 TP-2B 2505 25 810310400 81.3.2910500
116 TP-9 2502 79 810320800 811410400
117 TP-8 2501 21 810340500 811491900
118 TP-7 TG121 24 81.0310700 811491400
119 TP-8 TG87 30 810340500 811481200
120 TP-28B TG85 34 810310400 811491500
121 TP-9 TG106 88 810320700 811501400

All hydrographic and Time series data will be submitted to NODC by
September 1982.

Note: In order to insure data acquisition, two current meters were
lTocated yithinl m of each other on UP-1, UP2, and UP3. When data
from the two meters agreed (UP-1 and UP-3), only one data set was sent
to Boulder. Redundant current meters proved to be useful in the case of
UP-2 since one meter failed.
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DYNAMICAL CHARACTERISTICS OF THREE LOW-FREQUENCY CURRENT REGIMES
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Transport Processes in the North Aleutian Shelf

Appendix B: Dynamical Characteristics of Three Low Frequency
Current Regimes over the Bering Sea Shelf

James 0. Schumacher
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Thomas H. Kinder

ABSTRACT

Using extensivedirect current measurements made during the period 1975-
1981, we describe the general circulation over the southeastern Bering Sea and
its differentiation by regimes related to depth and forcing mechanisms. Three
regimes are present, delineated by water depth (z): thecoastal (z$50 m), the
middle sheif (505z5£100), and the outer shelf (z2100 m), and these are nearly
coincident with previously described hydrographic domains. Statistically
significant mean fiow(~1 to 10 cm 5-1) exists over the outer shelf, generally
flowing towards the northwest but with a cross-isobath component. Flow of
similar magnitude (1 to 6 cm s 1) occurs in the coastal regime, paralleling
the 50-m isobath in a counterclockwise sense around the shelf. Mean flow in
the middle shelf is insignificant. Kinetic energy at frequencies >0.5cpdis
greater over the outer shelf than in the other two regimes, suggesting that
oceanic forcing is important there but does not affect the remainder of the
shelf. Kinetic energy in the band from 0.5 to 0.1 cpd follows a Similar
pattern, reflecting the greater number of storms over the outer shelf.

Mean flow paralleling the 100- and 50-m isobaths appears to be related to
a combination of bareclinic pressure gradients (associated with frontal
systems which separate the regimes) and interactions of tidal currents with
bottom slopes located beneath the fronts. Although winds dr@ energetic, their
highy variable behavior suggests they are not a primary driving force for
mean flow.
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1. Introduction

Beginning in 7975, closely spaced hydrographic stations and Tong-term,
direct-current measurements were obtained over the southeastern Bering Sea
continental shelf for the first time. We use these measurements, which were
gathered by us and by others (see Acknowledgements), to delineate three low=
frequency current regimes. These current regimes are nearly coincident with
three hydrographic domains that are separated by relatively narrow transition
zones or fronts. While some aspects of similar current regimes have been
reported on other shelves, the great width (~500 km) of the Bering Sea shelf
apparently permits a clearer separation of processes that are more compressed
on narrower shelves.

Shelf dynamics typically are taken to extend from within about 10 km of
the shore (the coastal boundary layer) to the vicinity of the shelf break
(Csanady, 1976; Fischer, 1980). The seaward edge of the shelf regime is often
taken coincident with a shelfbreak front, which, in turn, may be a manifestation
of upwelling (e.g., Mooers, Collins and Smith, 1976), or beclosely associated
wfth a strong offshelf boundary current (e.g., Mooers, Garvine, and Martin,
1979), orbe independent of both upwelling and strong currents (e.g., Beardsley
and Flagg, 1976; Flagg and Beardsley, 1978). Between the coastal boundary
layer and the shelfbreak front, the hydrographic and current structures are
often taken as uniform except for salinity in the presence of river runoff.
Even when nonuniformities have been stressed, these differences have been
smooth and usually do not allow a definition of separate zonﬁs or regimes.

The concept of distinct dynamical regimes, which is clearly illustrated on the
Bering shelf, may be useful in refining models and designing experiments on
shelves where important dynamical differences are more subtle than in the

Bering, but still present.
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Following the preliminary results of Kinder and Schumacher (1981a), we a
priori associate regimes with water depth (z): outer shelf (z2100m), middle
shelf (100>2>50 m) and inner shelf (z$50m). Flow in the regimes is delineated
by characteristics of the vector mean- and low-frequency (80.5 cpd) currents.
The horizontal kinetic energy is examined using rotary spectral estimates in
frequency (f) bands corresponding to tidal energy (KET),enagyaIfmquendes
related to meteorological forcing (KEM:O.S $f§ 0.1 cpd), kinetic energy of
low-frequency events (KEL: 0.5 cpd), and the total fluctuating kinetic energy
(KE'). Although the tides (KET) account for an average (using data from all
three regimes) of 90% of the fluctuating kinetic energy and low-frequency
fluctuations for only 6%, the low-frequency motions are not 6nly of dynamical
interest, but also have an influence on plankton and sediment distributions
distinct from tidal currents. The observed flow characteristics are discussed
in the context of “first order’ dynamics, which appear responsible for the
observed sub-tidal flow features, and include baroclinic pressure gradients,

tidal residual flow, response to wind, and effects due to oceanic (off-shelf)

circulation.

2. Oceanographic Setting

The southeastern Bering shelif is bordered by the Alaska Peninsula, the
Alaska mainland, and by a line running southwest from Nunivak Island to the
Pribilof Islands, and thence following the shelfbreak southeastward to Unimak
Pass (Fig. B-1). Theshelf break OCCcurs near the 200-m isobath, and this
extremely broad (~500-km) shelf is unusually flat and featureless. Shelf
waters receive an annual excess of precipitation over evaporation, and
considerable freshwater runoff (notably fromteKuskokwimandKvichak rivers)

so that surface salinities decrease from 33 g/kg at the shelfbreaktoless
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Figure B-1. - Geographic setting of the southeast Bering Sea with locations of

current meter moorings.

Most moorings had two current meters, one 10 m above the

bottom and one 20 m below the surface.

Unless otherwise noted, e.g., the three FX

i
moorings southwest of Nunivak Island, all moorings have a BC prefix.
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than 31 g/kg nearshore. Ice cover is seasonal, varying from none in summer to
greater than 80% coverage of 0.5- to 1.0=m thick i¢e during late winter in some
years (Neibauer, 1980; Pease, 1980). Weather also varies with the season and

is dominated by the progression of storms through the Bering (Overland, 1981;
Overland and Pease, 1981). Winds during winter are generally stronger than
during summer, winter storms (generally four to five per month) are more

severe, and the mean winter wind is from the north. During summer, starms are
weaker and less frequent, and the mean wind direction is from the south (Overland,
1980).

The shelf and oceanic domains are separated by a shelfbreak front (Kinder
and Coachman, 1978), which is about 50 kmwide (Fig. B-2). There is a weak
westward-flowing boundary current parallel to the siope (the Bering siope
Current; Kinder, Coachman, and Gait, 1978), and eddies probably occur frequently
seaward of the shelfbreak (Kinder, Schumacher, and Hansen, 1980). Farther
inshore is a front, approximately parallel to the 80/100-m isobaths, which
separates the three-layered stratification of the outer shelf domain from the
two-layered stratification of the middle shelf domain (Coachman and Charnell,
1979). Inshore of this front, a third front parallels the 50-m isobath and
separates the middle shelf from the unstratified waters of the coastal domain
(Schumacher et al. , 1979). Kinder and Schumacher (198la) summarized the
hydrographic structure across the shelf and Coachman et_al. (1980) discussed
the system of fronts. The frontal system is mostclearly defined during summer,

but it can be distinguished throughout the year using appropriate parameters.
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Figure B-2. - A schematic Of the cross-shelf density structure illustrating the

system of hydrographic domains separated by fronts. Vertical

profiles are shown

beneath each domain.

positive buoyancy input at the surface,

This picture is representative of periods whenthereis

i.e., during summer or near melting ice.
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3. Methods

Most of the measurements were made using RCM-4 Aanderaa recording current
meters on taut-wire moorings. Typical instrument placement was 20 m belew the
surface and 10 m above the bottom. The subsurface flotation was usually at
18-m depth, and exerted about 1000 1b (1 1b = 4.45N) buoyancy. Sampling
intervals varied between 10 and 60 minutes. We estimate that directions were
accurate to #5° and speeds o1 cmisee, exclusive of FOLOI pumping OF mooring
motion.

Itisknown that mechanical current meters such asthe RCM-4 may give
€rroneous speeds because of effects from either mooring motion or Nigh=
frequency water motion (see Quadfasel and Schott, 1979, for several references-)
Pearson, Schumacher, and Muench (1981} examined the performance of moorings
like ours on the Alaskan shelves, and they found that speed differences at
tidal frequencies were § 10% when data from windy seasons were compared with
data from calm seasons. Extrapolating their results to lower frequencies, we
believe that t he effects of mooring motion and rotor pumping were minor and
that errors were probably limited to a few percent increase of the speeds of
the low-frequency current (which these flows were often strongest during windy
periods).

At some locations along the Alaska Peninsula, Neil Brown acoustical
current (ACM) meters were used to avoid biological fouling problems that had
been encountered with RCM4 current meters. We used ten-minute averages of
the original one-minute Sample  intervals. Accuracy is similar to that of the
Aanderaa meters, but rotor pumping does not occur.

Fifty-seven current meter time series records acquired during1975-1981
were used in this study (TableB - 1) . Usable record lengths varied from 36 to
246 days, the average record length was about 100 days, and the total current-

record years was about 20. A 35-hour low-pass filter was usedto separate
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Table B-1. - Summary of current data. The letters indicate consecutive
observation periods.
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sub-tidal frequencies; the data processing is described in detail in Charnell

and Krancus (1976).

4. Mean Flow

The vector mean velocity for each of the 35-hr filtered current records
is given in Table B-2. We employed a method similar to Allen and Kundu (1978)
to define an independent time scale {t), estimated as the area under the
autocorreiation function for a particular record. The time scale t was then
used to provide a root-mean-square error estimate E, given by

E = £ o/(T/0)*

where T is the record length and ¢ the standard deviation along the vector
mean axis. AS a level of confidence in the vector mean f]OW, we used twice
the root-mean-square error estimate which is analogous to a 95% level of

significance.

The current regimes were apparent in the distribution of mean velocity
(Table B-2, Fig. B-3). Vector mean speeds were highest in the outer shelf
regime at 3 cm 5-1 (>4 cm 5-1 if BC3C at 20 m is included), and all but one
(10/11) record mean was significant. IntheMiddle shelf regime the vector
mean speed was ¢ 1 cm §1. Away from the inner front (BC2, BC5, BC6, BCS8,
BC10, and PR2B) fewer than half (5/12) of the record means were significant.
Close to the front (BC4, TP4, TP6, and TP9), most (13/16) of the record means

-1

were significant. In the coastal regime the vector mean speed was ~2 ems |,
and most (15/18) of the record means were significant.

The outer shelf regime had the strongest mean, followed by the coastal
and the middle shelf regimes. Mean flow was significant in the outer shelf
and coastal regimes, but in the middle shelf regime it was significant only

near the front. The distinctions between regimes would probably be heightened

if attempts to obtain current meter records near the shelf break had not been
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Table B-2. - Characteristics of observed currents.

Mooring: Depth Mean Velacity Kinetic Energy (cm*s™) Distribution
Series t Z.ETS Error RE KE” KET KE, KEM
(meter depth) cm s = T
COASTAL
BCI: 41 m
B(23) 4.6£1.8 : 305 n 424 349 :2 41
B(33) 3.0%1.4 : 311 5 189 154 19
€(23) 1.0£1.1 - 313 341 335 6 4
€(33) 1. 0£0.7 : 278 * 234 223 6 5
BC15: 49m
A(20) 2.440.6 : 270 3 482 477 5 3
C(20) 2.3*0.6 : 271 3 489 479 6 4
L-(34) 1.0£0.6 : 302 307 300 4 3
BC16:48m
(20) 0.9¢1. 0 : 307 x 410 397 5 5
37 0.3*0.4 : 009 * 255 237 3 2
BC18:31m
(20) 1.110.4 : 010 * 341 337 15 8
FX1: 48m
(38) 1.840.8 : 292 2 240 228 6 4
FX2: 43m
(20) 2.1*1.2 : 307 2 526 510 9 6
FX3: 46m
(14) 2.3+1.4 : 316 3 547 526 12 9
(36) 1.8£1.2 - 293 2 246 237 8 5
TP5:31m
(20)N 2.5¢1.2 : 194 3 756 684 35 25
TP2: 32m
A(20)N 3.0£1.3 - 211 4 627 576 19 14
B(20)N 1.0£0.7 : 021 * 647 628 10 5
TP8:31m
(12)N 3.3£1.8 : 055 5 739 706 22 10
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Table B-2 (continued).

Mooring: Depth Mean Velocity Kinetic Energy (cmzs-z) Distribution
Series t2 R!? Error ' KE* KET - KEM
(meter depth) (cm s °T)
MIDDLE SHELF
BC2: 66m
A(20) 0.3x1.6 : 272 * 188 158 17 13
B(55) 1.2¢0.8 - 089 * 199 184 10 7
€(20) 0.8%0.6 : 320 * 174 161 4 3
0(21) 0.8£1.0 : 077 * 284 253 19 13
E{20) 0.6£0.6 : 217 * 219 183 3 2
E(55) 0.210.4 : 261 * 162 148 2 1
BC4: Sém
A(30) 2.522.2 - 272 3 432 390 34 27
A(47) 0.6£2.0 : 298 * 267 228 24 20
B(30) 1.940.7 : 286 2 337 298 20 15
C(25) 2.5%1.2 : 314 3 426 413 4 3
C(52) 1.1*0.9 : 295 221 215 3 3
0(20) 3.621.6 : 304 7 521 391 33 25
D(48) 2.921.4 : 305 4 187 148 24 18
E(20) 1.3*1.4: 301 . 428 417 7 4
E(48) 0.8£1.0 : 284 194 190 3 2
G(18) 3.8%1.2 : 295 7 452 431 11 4
G(46) 2.1x1.2 : 302 2 158 150 6 1
BCS: 70m
(50) 0.110.6 : 023 * 199 193 3 1
BC6: 76m .
(50) 1.0*0.4 : 041 224 221 3 2
TP4: 69m
(63) 4,5£1.4 : 013 10 362 330 22 12
TP6: 5%m
(20) 1.6+0.8 : 058 1 643 606 16 12
(54) 1.2£0.4 : 108 * 324 31 6 4
BC8: 73m .
(54) 0.320.7 : 325 275 272 2 1
BC10:66m
(49) 1.0£1.3 : 1N 2 232 227 3 1
TP9:89m
N(14) 6.1£2.4 : 040 17 455 423 21 12
UP1:84m
(64) 5.844.4 : 311 17 786 710 50 12
PR2B:89m .
(30) 1.3+0.9 : 096 214 199 7 4
(60) 0.740.9 : 128 * 185 168 6 4
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Table B-2 (continued).

R TSR0

Mooring: Depth Mean Velocity Kinetic Energy (cm*s?) Distribution
Series i:ZRfjg Error XE KE” KET KEL KEM

(meter depth) cm s : “T)

OUTER SHELF

BC3:115m

A(20) 41*38 : 015 8 544 384 112 46
B(105) 1.1£#1.0 : 335 = 217 192 8
C(20) 16.7%6.2 : 011 140 512 352 1:: 62
C(100) 6.3£1.8 - 358 20 257 212 28 19
BC13: 120m

A(100) 1.8%1.4 343 2 109 97 8 4
B(100) 1.9*%1.6: 329 2 187 m 4 2
€(96) 4,4+2.0 317 14 151 120 15 8
c(22) 5.3+2.8 333 10 304 205 75 37
BC17:104m

(96) 3.2¢1.6 : 292 5 196 171 17 9
PR1B: 1249m

(33) 1.6*2.5 : 300 1 179 131 34 12

(93) 2. 4*1.4 - 320 3 172 151 11 5

Where: the RMS error is defined in the text;the letter assigned to a given

mooring was a sequential identification; an * indicates that the kinetic energy
] -2 -2

of the vector mean (RE=2 u?) was <1.0 cm?s ; the remaining KE estimates are

derived from % (sum of the rotary variance) in the respective frequency bands.

An N after the meter depth represents an acoustic current meter.
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hampered by the intensive bottom trawl fishery in that area. This absence of
current meter data can be partly remedied by considering atLagrangian measurements.
Data from shallow drogued (“’]7!") drifters, deployed over the outer shelf and
middle domains and tracked by satellite, confirm current regime characteristics
inferred from moored data. Six drifters, deployed in summer 1977 over the
outer shelf and slope, indicated vector mean sSpeeds 0OVer the outer shelf of 4
to 10 cm s'1 directed towards the northwest (Coachman and Charnell, 1979;
Kinder, Schumacher, and Hansen, 1980). Two of these instruments drifted into
middle shelf waters near the Pribilof Islands, and during thistime their
vector mean speedswere ¥1.0 Cm s-l.Three drifters launched in June 1976 (in
the middle shelf domain between BC2 and BC6) indicated vector mean speeds <1
cm's  towards the northeast over a 100-day period (Kinder and Schumacher,
1981b).

Vector mean flow over the outer Shelf and coastal regimes general Iy had
larger along-isobath than cross-isobath components. For most of the outer
shelf regime, isobaths are aligned such that 315°T and 045°T can be taken as
along-shelf and cross-shelf axes. Resolving all outer shelf vector mean
curents along these axes yields mean along-shelf currents of 4.1 and 2.6cm
s.l at the upper and lower observation levels with cross-shelf components of
3.7 and 0.9 cm s'x‘at the same levels. For the coastal regime, we used the
orientation of the 50-m isobath to define the along- and across-isobath
currents. Along the Alaska Peninsula 060°T is the along-shelf direction,
270°T applies in the vicinity of BC15, and 315°T is used between Cape Newenham
and Nunivak Island. The cross-isobath component is directed toward the middle
shelf regime. Resolving significant vector mean currents from coastal and
nearby middle shelf moorings along these axes yielded along-isobath currents

-1
of 2.8 and 1.6 cm s at upper and Tower levels and cross-isobath components

-
of 0.5 and 0.1 cm s , respectively.
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5. Low-Frequency Currents

To illustrate the time-dependent nature of the low-frequency currents,
progressive vector diagrams (PVD's) characteristic of the behavior in each of
the regimes are shown in Fig. B-4. Each PVD was constructed from 100 days of
current observations collected during winter and summer in each of the three
current regimes. (Note that the length scales are different for each record).
The outer shelf records had excursions @f ~500 km in 100 days, maximum 5-day
velocities of 20 to 30 cm ;1, numerous low-frequency events of variable speed
and direction, and periods of very weak flow. The examples of middle shelf
regime flow show net 100-day excursions of 150km (for BC=2D during winter] but
only 4 km at BC-5, with maximum 5-day velocities of 4 to 8 cm ?? . We note
that about one-half of the net excursion at BC=20 occurred during one 10-day
period of eastward flow. No persistent mean-flow or low-frequency fluctuations
appear in e€ither record. The PVD's from the coastal regime indicate currents
with the most persistent directions, although 5-day excursions included some
reversals and periods of no net flow. Maximum excursions of 25 and 85km with
speeds of 6and 20 cm s.1 were observed for 8C 15 and 9, respectively. Thus,
subtidal currents in the outer shelf and coastal waters were a resultant of
low-frequency pulses superimposed on a significant mean flow component.
Pulses in the coastal regime tended to be along the mean flow axis and of
short duration (810 days), whereas in the outer shelf regime pulses had
components both along and orthogonal to the vector mean (i.e., the isobaths)
and were persistent over longer periods. In the middle shelf regime a
super-position of pulses of variable direction led to very weak (~1cn15-1),
statistically insignificant, vector mean flows.

A further dynamical characterization of the flow field within the three

regimes is made by determining the frequency distribution of horizontal
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kinetic energy per unit mass (KE; Table B-01). Rotary spectra were calculated
from the 2.9 and 35-hr, low-pass-filtered current records. Spectra of the

first series were used to determine kinetic energyin semidiurnaland diurnal
tidal frequency bands (KET) and, by summing over all bands, the tatal fluctuating
kinetic energy (KE'). Spectra of the second current series provided estimates

of low-frequency {f<0.5 cpd) kinetic energy (KELL.We assigned that subset of
low-frequency energy between 0.5 and 0.1 cpd to kinetic energy related to
meteorological forcing (KEM). This band encompasses important meteorological
forcing in the Bering Sea (see Section 6, below), although other mechanisms

also can function at these frequencies.

We present KE , KEy and [KE -KEy] versus water depth for each current
record (Fig. B-5). The highest energy levels were observed over the outer
shelf, with moderately high levels in the coastal regime. All records except
UP1 from the coastal or middle shelf regimes with KEL>20cm Zs"2 had a substantial
portion of their observation period during winter. A similar trend of energy
versus depth of water was found at meteorological frequencies; KEM levels were
generally higher in the outer shelf regime, low in the middle shelf regime,
and some records (from winter) in the coastal regime showed moderately high
levels. The difference between KE and KE, (Fig. B-5¢) indicates that records
with non-meterorological, low-frequency energy >100mzs-2 were either from the
outer shelf regime or from moorings located near the coast.

Mean kinetic energy over all records in each regime confirmed that the

outer shelf regime is more energetic at subtidal frequencies (Table B-3).
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Table B-3. - Mean values of kinetic energy.

Regime Number

of Records KET:St.D. KELtSt.D. KEM:St.D. KEL/KE' KEM/KEL

(% + St.D.) (% £ st.D.)

Outer 11 1 99%91 41+48 19+20 1318 509
Middle 28 289*145 12+10 8ts 4+3 6421 7
Coastal 18 410*170 14*13 10%1 o 4+4 69+1 3

. 2 .2 ] -
All units are cm s . The raties were calculated by determining each record’s

ratio and then forming a mean value; all values were rounded to the nearest
integer.

We tested the hypothesis that the difference between any pair of the mean
percent of KELwas not equal to zero at the 95% level of confidence using a
two-sample “t-test” (Freund, 1971). The results indicate that a statistically
significant difference existed between outer shelf and either middle shelf or
coastal regime values of percent of KEL, but that estimates from the latter
two regimes were not significantly different.

Examination of KEL values supports the concept of a distinction only
between outer shelf and both of the two shoreward regimes. The lack of a
significant difference between energy levels in the middle shelf and coastal
regimes suggests that the dominant forcing mechanism for low frequency flow in
these regimes is similar. In both regimes, KE,accounted for approximately
“We-thirds “f “EL’ compared to ™~ one-half in the outer shelf regime. (The
difference between the mean percent of KE,over the outer shelf and that

applicable to either middle shetf or coastal regime records is statistically

non-zero.)
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Bristol Bay weather is dominated by storms that migrate through the area;
thus winds tend to rotate around the compass (Overland, 1981; Overland and
Pease, 198l1). Such rotation is reflected in current response as loops with 2=
to 5-day time scales in the PVDs eras rotating vectors (Fig. B-6). The
exact nature of the current response varies with the translation velocity and
intensity of the storm and with pre-storm characteristics of the current and

mass field. As an example, we present in Fig. B-6 the current response to a

typical March cyclone during a period when there are records from all three
regimes. The track of the low-pressure center (Mariner’s Weather Log, 1977)
indicated that it was located at ~ 52°N, 170°W on 24 March 0000 GMT, and that
by 1200 it had crossed the Aleutian chain and was located north of Unimak
Island (55.5°N, 164°W). On the following day (0000 GMT, 25 March), thecenter
had crossed the Alaska Peninsula and was located at ~58°N, 155°W. This storm
passed close to BC-13 and BC=2 and continued approximately 100 km south of
BC-9. The strong winds associated with this storm blew first toward the
northwest and then veered to southeastward as the storm passed a given location.
North of the center, winds were initially more westward, then shifted to
eastward. The change in current direction reflected rotating wind vectors and
the storms influence was apparent for about 3 days. We thus interpret many of
the 2-to10-day loops in the PVDS (like those in Fig. B-4) to be storm

responses.

6. Seasonal Variations of Meteorological and Oceanographic Characteristics

Before examination of seasonal characteristics in the current records, we
establish general climatology*ical conditions and the associated wind conditions

in the study area. Overland and Pease (1981) have produced maps of storm

counts
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from October through March by 2°- latitude by 40-longitude squares for 23
years of observations (see their Figure 2). The postmarked feature of these
maps relevantto the study area is that there are significantly more storms
over the outer shelf and adjacent basin than over the middle shelT. For
example, during the 23 Novembers there were more than 60 storms over the
former outer shelf less than 30 over most of the middle shelf. There is also
atendency for more storms along the Alaska Peninsula (40) than over the
middle shelf (30). Using a climatic atlas (Brower et al., 1977), we can
extend the results of Overland and Pease to include April through September.
Scalar mean winds over the outer shelf regime are greater than those over the
middle shelf and coastal regimes for April, May, andSeptember (by 28, 25, and
12 percent), respectively. During June, July and August there is little difference
throughout the study area.

Geostrophic winds were computed by Fleet Numerical Weather Central (Bakun,
1973) from a 3°- latitude by 3°- longitude model grid and interpolated to a
surface position near mooring EC-2 for the 6-yr. period September 1975 to
September 1980. The resulting speeds are plotted in Fig. B-7 where the values
are the average of the six monthly means for both speed and variance of speed.
Using the six- year mean wind speed (7.4*1.7 ms.]) and mean variance (14.1*4.2
mzsgz) as guidelines, “summer’ is defined as June through August and “winter’
as October through March, with the remainder being transitional. With these

definitions of summer and winter, we present current characteristics from

representative current record segments from each of the regimes (Table B-4).
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Table B-4. - Seasonal characteristics of currents.

_ Segment Vector Mean KEL KEM Vector Mean KEL KEM
Mooring Length Mooring s -2
(instru. ) (days) (cms L, ‘T (cmzs 2) (cm s']';"T) (em®s <)

WINTER SUMMER
COASTAL
BC9B(23) 92 6.2:310 60 45 BCSC(23) 1.0:303 6 4
(33) 92 4,0:317 24 20 33) 1.0:275 6 4
TP5 (20) 38 4.0:178 37 21 TPS(20) 2.3: 1N 14 n
MIDDLE SHELF
BC2B(50) 92 1.8:081 72 9 BCZE(Sog 0.2:232 2 1
0(21) 92 1.1:085 19 12 BC2E(20 0.4:197 2 1
BC4D(20) 54 3.1:315 33 24 BG4G(18) 2.1:296 11 5
0548) 40 2.6:314 11 6 E(49) 0.9:284 3 2
B(30) 50 3.9:335 23 16 €(25) 2.5:346 4 3
PR2B(30) 45 2.1:107 14 7 PR2B(30) 0.7:025 4 2
(60) 45 1.1:148 12 5 (60)  0.4:034 3 2
OUTER SHELF
BC3A (20) 92 5.6:018 123 47 BC3C (20) 15.6:008 123 48
BC13C(96) 36 3.0:318 14 4 BC13B(100)  1.9:329 5 1
PR1B (33) 60 1.7:353 34 12 PR1B (33) 3.9:262 18 5
(93) 60 1.4:346 12 5 (93) 2.9:316 7 4

Within the coastal regime, winter currents were more energetic in Kinetic
energy of the vector mean flow, KEL and KEM; energies increased above the
summer values by about 2 to 38 times, 3 to 10, and 2 to 11 times in the
respective bands. The magnitude of vector mean speeds also showed substantial
increases, but direction varied by less than 45°. The middle shelf regime
also exhibited a substantial increase in kinetic energy from summer to winter
with changes in KEL and KEM ranging from about 3 to 10 times and 2 to 12
times, respectively; the seasonal change in vector mean speed at BC4 was
similar to that observed in coastal records. There were, however, substantial

changes in direction at both BC2 and PR2B. Over the outer shelf the seasonal
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change in Kinetic energy was less than observed in the other two regimes, and
furthermore, outer shelf vector mean speeds were greater in summer. (We note
that for these mcmdsihemmmmeKET in a given regime varied between
seasons by Tess than 18% with the largest seasonal changes occurring in the
coastal and middle shel ¥ regimes. Here, KET was generally less in winter than
in summer. Because this reduction was accompanied by changes in phase, it has
been suggested (Pearson, Mofjeld, and Tripp, 1981) that ice cover alters the
propagation characteristics of the tidal waves on the shelf.) These comparisons
are consistent with the proposition that meteorological forcing of low-frequency
currents is important in all three regimes, but dominant only in the coastal

and middle shelf regimes. In the outer shelf regime, the lack of seasonal
correlation between current and wind strengths, and the large values of KL'KM

strongly suggest a non-meterological cause.

7. Causes of the Mean Circulation

The mean circulation of the southeastern Bering Sea shelf is now well
defined (Fig. B-3). There is a low-speed current (1-5 cm S)in the coastal
regime, perhaps more concentrated in the vicinity of the 50-m isobath and
inner front, which flows northeast along the Alaska Peninsula, around Bristol
Bay, and then northwest past Nunivak Island. Water to maintain this circulation
is from the southeast corner of the basin and from the Alaskan shelf south of
the peninsula via Unimak Pass (Schumacher, Pearson, and Overland, 1982),
reinforced by freshwater that accumulates inshore of the inner front.

There is no significant mean circulation within the middle shelf regime.

In the outer shelf regime there is a low-speed northwesterly drift (1-10
cm 5-1) toward the Pribilef Islands, which is perhaps more concentrated near

the 100-m isobath and middTe front. Water to maintain this circulation flows
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also from the southeastern corner of the basin with a possible contribution
from Unimak Pass.

The tendency for mean flows in both outer and coastal regimes to parallel
isobaths suggests that they are at least in part driven by cross-shelf variations
in the mass field. Although inferring currents from dynamic calculations in
shelf seas is tenuous, on the southeastern Bering Sea shelf approximate agreement
with direct measurements is observed. Dynamic topographies for the outer
shelf regime (Kinder, 1977; Kinder et al., 1978; Coachman and Charnel 1, 1979)
indicate a northwestward bareclinic flow of ~5 cm 54, in agreement with the
measured mean flows. Baroclinic geostrophic currents and measured mean flow
along the 50-m isobath from Cape Newenham to Nunivak Island also agree
(Schumacher et_al. , 1979). Further, the freshwater flux into the coastal
domain has a long residence time so that during winter when the ~l0-km=wide
inner front often vanishes, horizontal pressure gradients still exist between
the coastal and middle shelf domains (Kinder and Schumacher, 1981b). We used
hydrographic data collected through the ice in February 1978 to compute
geostrophic speeds of 3 to 4 cm s.1 toward the northwest in the vicinity of
BC-4. Dynamic topographies previously computed over the middle regime
suggested either very weak flow towards the southeast (Kinder, 1977; Kinder et
al., 1978) or spatially complex and weak flow (Reed, 1978). In Fig. B-8 we
present a composite OF dynamic relief, based on data collected on six cruises
during summer in 1975, 1976, 1980, and 1981. Dynamic height contours are
shown only for synoptic data (over the outer shelf), and the differences in
dynamic heights across a particular section are presented for sections not
occupied on the same cruise. In general, calculated geostrophic flow in the
outer and coastal regimes approximates the observed vector mean currents, and
the weak and variable dynamic height differences of the middle shelf agree

with the negligible mean currents directly observed in this regime.
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Figure B-8. - A compilation of hydrographic data from six cruises during summer
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dynamic height (0740 dbar) difference along sections normal to the inner front. The
dots represent CTD station locations and the contour interval is 1 dyn cm. The
shaded portion of the middle shelf regime shows that AD = 1 dyn cm (0/40 dbar)
throughout this area for the six cruises.
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There are other mechanisms that might contribute to driving mean flow,
including various interactions of tidal currents with the topography. The
largest tidal amplitudes are found along the Alaska Peninsula where the nearly
rectilinear My tide has an amplitude of %35 cm s-l (Pearson, Mofjeld, and
Tripp, 1981). The My constituent contributes 53, 67 and 75 percent of KET in
the inner, middle, and outer shelf regimes, respectively, and thus is a possible
source for generating residual flow.

Residual current can be generated by the interaction of oscillating
velocity with either sea surface height or mean depth. Longuet-Higgins (1969)
described in theoretically terms the former mechanism. This mode of interaction
generates a Stokes drift whose velocity is scaled by ﬁi/h,where n is the
perturbation about mean sea level (h) and u is the tidal velocity. Throughout
most of the study area n$0.5m, h255m and w~20 cm s~ so that the depth-averaged
Stokes velocity i1s less than 1.0 cm 51, but along the Alaska Peninsula and
in inner Bristol Bay where tidal heights and speeds are maximum, Stokes
velocities could be as large as 5 cm s . Thu;,lthis mode of 1iInteraction
between tides and topography may be important in the shallow coastal regime,

but not over the entire shelf.

The interaction of oscillating tidal currents with mean depth and changes
in depth was examined by Robinson (1981), and Loder (1380} presented convincing
evidence that this mechanism results in significant mean flow around Georges
Bank. This mechanism requires changes in mean depth normal to the tidal flow.
Over the study region, strong tidal currents flow normal to the isobaths only
in the coastal regime away from the Alaska Peninsula (Pearson, Mofjeld, and
Tripp, 1981, Figure 8-13). Over most of the shelf (away from the Peninsula)
the bottom slope is extremely small (less than 10™) except in the vicinity of

the middle and inner fronts where the slope is about 0.5 x 10°. Even where
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mean velocity is statistically significant, it is small so that following
Loder (1980) we assumed weak nonlinearity so thatthe depth-averaged Eulerian

velocity is approximated by his equation (29):

2
2ueh< "

where desthe depth on the deep side of the bathymetric feature, Ud is the
cross-isobath tidal velocity at frequency w, H is the depth at the location of
interest and f is the local Coriolis parameter. Using observed values, we
estimate along-isobath speeds of about 2 to 4 cm s‘1 in the vicinity of the
inner and middle fronts. Robinson (1980) also provided equations for magnitude
estimates which have the form w0.11ah/h and v~0.225ah/h for the middle and”
inner front regions. The maximum change in depth is ~10% and 5% for the two
regions and therefore this approach for scaling residual tidal speeds gives
magnitudes of about 1 cm s-l' These estimates of along-isobath velocities
generated by tidal interaction with bathymetry are consistent with our
observations of vector mean flow, so that such interactions may be important

in the two regions noted above.

8. Causes of Low-Frequency Fluctuations.

That portion of the KE' associated with periods greater than 10 days
(i. e, KEL-KEM)\Nas most evident in current records from the outer shelf (cf.
Figures 4A and 5C). Csanady (1978) and Beardsley and Winant (1979) suggest
that interaction between oceanic circulation seaward of the shelf and shelf
bathymetry can produce mean and low frequency shelf currents. Lagerioef,
Muench, and Schumacher (1981) show that in the Gulf of Alaska a current

component existed at periods greater than 10 days and was stronger than the

581



seasonal signal. Smith and Petrie (1982) suggest that over the Scotian shelf
topographic Rossby waves resulted in enhanced kinetic energy at oceanic forcing
periods (10 to 90 days) and alongshelf current pulses. Flow over the basin
adjacent to the present study area includes mesoscale features that can persist
for months (Kinder, Schumacher, and Hansen, 1980) . The interaction of such
features and possibly Rossby waves (Kinder, Coachman, and Gait, 1975) with
shoaling shelf bathymetry could result in the observed kinetic energy at time
scales between those of storm and seasonal forcing.

The observed spatial and seasonal wind behavior was manifested in current
kinetic energy: winter being more energetic and energy levels being greater
over the outer shelf. The spatial change in fluctuating wind energy may drive
the convergence between the outer and the middle shelf regimes that is implied
from the lack of mean flow in the latter regime. Coachman (1982) reported a
convergence of “3Cm s-1 from one month’s records collected at the same locations
asPR 1B and PR 2B and suggests that this may be due either to atmospherically
forced “sloshing” of water on the outer shelf or to fluctuations in the oceanic
forcing. Because the climate is dominated by storms, vector Mean winds tend
to be weak. Direct observations of wind on St. Paul Island indicate that the
strongest monthly mean was only ~3.4 hf—; toward the southwest (Brewer et al.,
1977) . Thus, winds likely contribute little to mean current generation in any
of the regimes. Further, since most of the outer and middle shelf waters are
farther than a Rossby radius from the coast, they respond by following the

rotating winds.
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9. summary

Using rotary spectral and standard statistical techniques, we analyzed an
accumulation of ~20 years of current records from twenty-five locations on the
vast southeastern Bering Sea shelf. The results permit a general characterization
of mean and low-frequency current and kinetic energy regimes that exist in
these three zones differentiated by depth and hydrography--coastal, middle
shelf, and outer shelf.
Coastal: This regime is bounded by the coastal boundary layer and by the 50-m
isobath or inner front. Vector mean flow parallel to the 50-m isobathis
statistitally significant . Speeds paralleling this feature are generally
between 1 and 6 cm 5-1, with the higher values during winter. The coastal
current was observed from the vicinity of Unimak Pass, along the Alaska
Peninsula to the vicinity of Nunivak Island. Although kinetic energy in this
regime isdominated by tides (~36%), significant energy at meteorological
frequencies can be clearly distinguished as current pulses. Because vector
mean winds are weak, we believe wind-driven circulation contributes little to
the observed mean flow; instead, a combination of baroclinic geostrophic
current and current generated as a result of interaction between tides and
shoaling bathymetry are the primary forcing mechanisms.
Middle Shelf: This regime is bounded by the 50-m and 100-m isebaths, and
hence by the inner and middle fronts. Vector mean flow within this regime is
not significant except near its boundaries, where it parallels isobaths. As
is the case with the coastal regime, Kkineticenergy inthis regime is mostly
at tidal frequencies. Kinetic energy at meteorological frequencies is only
slightly less than in the coastal regime, but the lack of coastal boundaries
precludes Targe changes in sea level and resultant rectification of current

pulses,ss that currents respond to the wind as rotating vectors.
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Quter_shelf: This regime lies between the 100-m isobath and the shelf break
or the middle and shelf break fronts. Vector mean flow us statistically
significant, with along (toward the northwest) and across- (toward the
northeast) isobath speeds generally between 1 to 10 cm sw1 and <1 to 5 cm s-{
respectively. In this regime, KET accounts for about 60% of the fluctuating
kinetic energy, and both KEM and energy at oceanic forcing frequencies are
greater here than in the other regimes. Estimates of both bareciinicgeostrophic
speeds and those generated by tidal interaction with shoaling bathymetry
(under the middle front) are similar in magnitude and direction to the observed
flow along isobaths. The cross-shelf fTowmay be a response to wind forcing
at higher frequencies. The kinetic energy at oceanic forcing frequencies,
however, is of equal magnitude to that in the meteorological forcing frequency
(cf., Table B-3).

Although this analysis provides a picture of the general circulation over
the southeastern Bering Sea and its differentiation by regimes related to
depth and forcing mechanisms, many questions still remain regarding the dynamics
responsible for observed features. In particular, why is the low-frequency
energy, which is abundant over the outer shelf, not propagated into the middle
shelf? Further, no measurements are available to relate pressure and current
fields in the Bering Slope current, whose flow field has been interpreted as
planetary waves interacting withtheslope (Kinder, Coachman, and Gait, 1975),

with those over theouter shelf.
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