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SUMVARY AND CONCLUSI ONS

This report summarizes the major objectives and findings of a study
of the physical oceanographic conditions on the inner shelf of the eastern
Beaufort Sea of Alaska. The programwas part of an integrated
i nvestigation of physical and biological processes active within and
between the nearshore and |agoon/barrier island systems of the region
The physical oceanography program was intended to identify the genera
types of lagoon/barrier island systems found along the eastern Al askan
Beaufort Sea coastline and conpare relative flushing and exchange
characteristics in relation to potential vulnerability to effects of oi
and gas devel opnent .

Fl ushing efficiencies of pulsing and |imted exchange |agoons found
inthe eastern Beaufort Sea are considerably |ower than the open |agoons
studied farther west (e.g. Sinpson Lagoon) and may rely on extreme |oca
wind events to effect rapid exchange of |agoon and nearshore waters.
Inmplications for oil and gas devel opnent activities in the eastern
Beaufort of Alaska include the lagoon systems’ extreme sensitivity to the
introduction of surface or subsurface pollutants into the nearshore
region, i.e. substances can be rapidly interjected into the [agoon system
via tidal pulsing but only very slowy ejected fromthe systemvia tida
mxing. For exanple, if flushing of a |agoon systemis such that the
| agoon retains only 5% of a tidally input pollutant from the nearshore
during one tidal cycle, subsequent tidal cycles acting to remove that
pol lutant fromthe lagoon will also be only 5% efficient; 95% of the
initial pollutant concentration will remain after each cycle.

The major driving mechani smfor water exchange and transport on the
inner shelf of the eastern Al askan Beaufort Sea, including the nearshore
and |agoon systems, is derived from atnospheric forcing. The wndfield
determnes both the direction and the intensity of the longshore current,
the retention or renoval of warm nearshore waters fromthe coast, the
vertical mxing and horizontal exchange of |agoons, and (probably nost
inportantly) the movenent of ice and water on and off the nearshore

region. In the western Beaufort this inplies that year-round nean
conditions will be very simlar with prevailing winds primarily fromthe
east. In the eastern Beaufort, winds are bimdal with prevailing wnds
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fromthe west through the fall and winter and fromthe east in the spring
and summer. Storms tend to produce winds from the northwest in both
regions and can result in high longshore currents, especially in the fal
when a |arge expanse of open water exists along the Beaufort coast.

Suggested future work includes an effort to obtain simultaneous
current neasurements on the inner shelf region of the eastern and western
Al askan Beaufort and an investigation into the dependency of flushing
properties of pulsing and limted exchange |agoons on |agoon geonetry and
tidal and wnd forcing.

| NTRODUCT! ON

General Nature and Scope of Study

A physi cal oceanographi ¢ program was conducted to study circulation
and exchange processes active within and between nearshore and | agoon
regimes in the eastern Beaufort Sea. This programwas part of an
integrated investigation of physical and biological processes operating
along the eastern Al askan Beaufort coast which was intended to (1)
describe the general types of lagoon/barrier island systens occurring in
this section of the Beaufort Sea, (2) conpare the observed |agoon types
with the physical and ecological characterization already provided for
areas farther west, e.g. the Sinpson Lagoon-Jones Island system (3)
describe the overall biological production and processes in the nearshore
region, and (4) identify those areas which mght be especially sensitive
to inpact by oil and gas exploration. The goal of the physical
oceanography program was to characterize the various types of
| agoon/ barrier island and nearshore regimes occurring along this part of
the Beaufort Sea coastline and to determine the oceanographic processes
which control the manner and rates of water exchange within and between
these regines. W conducted both a literature review of previous
measurenent programs in the region and a field nmeasurenent programin the
eastern Beaufort Sea.

The general geographic region considered in this study included
| agoon and nearshore regimes extending from Pt. Barrow eastward to the
Canadi an borders with enphasis on eastern areas. New field measurenents
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were col lected in a study area between Barter Island and Demarcation Bay
(Fig. 7-1).

Specific Qojectives

Wthin the overall task discussed above, specific program objectives
of the physical oceanography program were:

1. To obtain field data sufficient to describe the ngjor
oceanographi ¢ processes occurring in pulsing and other
limted exchange | agoons which affect hydrographic

properties, flushing, and exchange rates with nearshore
wat ers

2. To obtain field data sufficient to describe the circulation
patterns, hydrographic properties, and exchange rates on the
eastern Beaufort nearshore shelf region

3. To delineate and characterize the various types of |agoon
and nearshore systems occurring along the Beaufort Sea coast
of Al aska

4, To conpare the relative vulnerability of the various |agoon
and nearshore regimes to possible effects of OCS oil and gas
devel oprent .

Rel evance to Problems of Petrol eum Devel opnent

This study addressed two distinct environmental problens which m ght
accompany COCS oil and gas devel opment: (1) transport of oil products
resulting in chronic |eakage or catastrophic spills, and (2) adverse
modi fication of the conplex physical and biol ogical ecosystems which
support biological production and sustain standing popul ations.  Study of
the circulation and exchange processes within the region is significant in
addressing the first problem since the specific areas affected by spilled
petrol eum products are dependent on their trajectories, rate of transport,
and diffusion en route. This program therefore provided data onwater
circulation patterns and rates of |ongshore transport and |agoon/nearshore
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Figure 7-1.  Map showi ng geographical location of the study area.

506



exchange, to be used in assessing the study area's vulnerability te OCS
oi | and gas devel opment.

In addition, the data provided information relevant to concern over
the second potential problem That is, the physical processes which
control the hydrographic properties, coastal circulation and exchange
properties are inportant to the biological commnities because they
control the physical environments characteristic of the region and can
either sustain or limt biological utilization in the region. The data
obtained here will be of value in assessing inpacts of OCS devel opment.

Addressing both of these potential problem areas requires an
understanding of the physical processes characteristic of the study region
including the ocean circulation patterns, |ongshore currents,
| agoon/ near shore exchange, flushing rates, and the driving mechani sms
which result in the observed physical environnent. The objective of this
program therefore, was to obtain the physical data required for this
under st andi ng.

CURRENT STATE OF KNOWLEDGE

Prior to this study, little oceanographic work had been acconplished
in the nearshore region east of Barter Island or in limted exchange
| agoon systens found in the eastern Beaufort. Considerable work, however,
has been done on the shelf, nearshore, and |agoon systens in the centra
and western Beaufort and many of the characteristics of these areas may be
applied in the eastern Beaufort.

Beaufort Shelf Characteristics

The physical setting of the Beaufort Sea is such that the Beaufort
shelf is virtually conpletely covered by ice for all but two to three
nonths of the year. The ice cover tends to insulate the underlying waters
fromboth the atnospheric tenperature and wind fields and to provide a
source of dense brine in the winter and fresh meltwater in the spring and
sunmer.  Spring nmelting of the sea ice coincides with a massive influx of
freshwater run-off fromthe land, both of which tend to stabilize the
upper surface water, retain solar heat, and further enhance sea ice
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nmelting. Depending on the wind field for a particular year, the open
water |ead along the coastline may be as w de as 100-200km and extend the
entire length of the Beaufort Sea. The wind field in the western Beaufort
is typically domnated year-round by easterly or northeasterly w nds,
whereas the eastern Beaufort exhibits dom nant easterly and northeasterly
winds in the sunmer and westerly and southwesterly winds in the winter.
This wind pattern in the eastern Beaufort tends to nove surface waters and
ice offshore in the summer and onshore in the winter.

The entire Beaufort coast in general experiences relatively smal
changes in sea |evel due to astronomcal tides (approximtely 10-30 cm;
however, neteorologically induced variations may range from as nuch as
+3.0 mto -0.9 m (Schaeffer 1966; Matthews, unpublished data). The
Iargesf setup typically occurs in the fall when |ong stretches of open
water are conmon and the winds have become predom nantly westerly, driving
water onto the shelf.

The shelf in the central and western Beaufort is relatively narrow
with the shelfbreak typically occurring 80-90 km of fshore. Lagoon systens
whi ch characterize this region of the Beaufort coastline have been ternmed
‘open” | agoons, open to the w nd-driven longshere transport and to
onshore/ of fshore transport due to nunerous |arge openings in their
of fshore barrier island systens.

In the eastern Beaufort the shelf is slightly nore narrow
(approxi mtely 40-60 km. The barrier island systems tend to be closer to
the coastline, nore extensive, and closed to direct flow hrough by the
longshore current, thus limting the exchange of water between the
| ongshore currents and the |agoons to a small nunber of openings in the
barrier island system (linmted exchange lagoons). In nmany of these
limted exchange |agoons, the exchange of water is restricted to one or
two major entrances. These |agoons, which typically have verynarrow
entrances, exhibit highly localized current jets at the entrances in
response to periodic tidal forcing and have been termed ‘pul sing” |agoons.

Patterns of water novement on the shelf tend to exhibit strong
continuity in the longshelf direction (paralleling isobaths) and |arge
zonal variability in the cross-shelf sense (crossing isebaths). Fol | ow ng
Aagaard (1981), the region of the shelf landward of the 40-m isobath which
exhibits one set of characteristics will be referred to as the ‘inner”
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shel f; the region seaward of the 40-misobath will be termed the ‘outer’
shelf. That area of the inner shelf [andward of the 20-misobath with
activity marked by the iee and/or surface waves, and which exhibits higher
sumer tenperatures and |ower salinities than the water between 20 and 40
m will be referred to as ‘nearshore'follow ng Truett (1981).

An excel l ent discussion of hydrographic properties and circul ation
patterns in the entire Beaufort inner and outer shelf is presented by
Aagaard (1981). A general summary of that discussion and the results of
other researchers is given here.

Quter Shelf

The most prom nent hydrographic feature on the outer Beaufort shelf
I's the summer subsurface tenperature maximumtypically observed at or
seaward of the 40-misobath. This tenperature maxinmum is associated with
an eastward flowng core of water originating in the Bering Sea as
observed by Muntain (1974%a,b) and others. The flow is actually conposed
of two distinct water masses referred to as A askan coastal water and
Bering Seawater (Muntain 1974a). The A askan coastal water is forned
along the Bering and Chukehi Sea nearshore region from a conbination of
warnmed Bering Sea water and |ow salinity coastal runoff. The col der and
nore saline Bering Sea water noves bel ow the Al askan coastal waters and at
a slightly slower velocity (Mountain 1374b). Al askan coastal water
signatures can typically be seen as far east 1509 |ongitude where it
mxes with |ocal surface water, whereas the Bering Sea water has been
observed as far east as Barter Island. This Bering Sea water follows the
40- to 50-m isobaths throughout the American sector of the Beaufort Sea
during the summer nonths and provides a good demarcation zone for
separating the inner and outer shelf regines.

The nmean circulation pattern of subsurface waters on the outer shelf
I's predom nantly eastward paralleling the isobaths. Aagaard (1981) and
others have suggested that this nean flow, observed during both summer and
winter nonths, is driven by the difference in sea |evel between the
Atlantic and Pacific oceans and extends across the entire Beaufort Shelf,
possibly as far east as Baffin Bay. There is some evidence that surface
waters above this eastward flow nay have mean westward notion although no
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direct current measurements confirmng this hypothesis have been nude.
Currents in both the surface and subsurface waters can be affected by
periodic meteorological forcing with typical periods on the order of 3-10
days and nmay show reversals in the nean eastward flow which are in turn
correlated with deep upwelling events on the outer shelf.

I nner Shel f

Al though current neasurenents on the inner shelf are extremely sparse
due to the difficulty of maintaining noorings in the presence of sea ice,
recent drifter data reported by Matthews (1982) and current neter
neasurenments made by Aagaard (1981) give some indication of both open
water and ice-covered water nmovements. |t has been generally agreed that
wat er movement on the Beaufort inner shelf is wind-driven.  This
hypothesis is further supported by Matthews drifter data which suggest
that the notion of all recovered drifters resulted from prevailing wind-
driven currents, both for open water and under-ice releases. Drifter
travel tines and computed current speeds were consistent with values of
approximately 3-4% of the wind transport for the same periods with under-
ice notion being significantly less. Aagaard (1981), in direct wnter
current neasurements on the inner shelf near Narwhal Island, also reports
that the under-ice water novenent was quite slow but that the observed
(0.1-0.3 cm's) net novenent was observed to redirected toward the west
consistent with the mean wind direction. Daily current speeds and
directions, however, were observed to be as high as 5-10 ends and closely
fol lowed the variability of local wnd patterns.

If these conditions can be extrapolated to the eastern Beaufort Sea
then current patterns on the inner eastern shelf woul d be expected to show
a nore even distribution of both easterly and westerly currents. As
di scussed previously, prevailing winds along the central and western
Beaufort are fromthe ENE during all seasons. However, In the eastern
Beaufort the distribution of winds is nore bimodal. At Barter Island, for
exanple, the average winds are fromthe ENE to E for 35% of the time and
fromthe wsWw to Wfor 25% of the time (Searby and Hunter 1971) with winds
predom nantly fromthe west during the winter and fromthe east during the
open water season (Brewer et al. 1977). |f the inner shelf waters in the
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eastern Beaufort follow the |ocal w nd patterns one could expect to
observe mean current patterns to the east in the winter and to the west in
the summrer follow ng local wind patterns.

Transverse circulation on the inner shelf may result from one of
several possible driving nechanisns. Dense brine formation occurs in the
winter during the freezing process in the inner shelf. This dense water
flows offshore along the bottom under the influence of gravity and is nost
likely accompani ed by an onshore return flow in the upper layers. Wile
this mechanismis probably more inportant during the early portions of
freeze-up, especially in the nore shallow nearshore waters, it probably
continues throughout the winter nonths to some degree.

The second effective mechanismfor inducing cross-shelf circulation
results fromthe presence of large amounts of warm fresher water in the
nearshore during spring and summer nonths. In this case, the less dense
nearshore waters nove of fshore driven both by the accumulation of runoff
in the nearshore and the lateral spreading effect induced by gravity.
This offshore surface flow (and nmost |ikely acconpanying onshore bottom
flow is simlar to estuarine flow except that the effect is observed
along the entire coastline. Later in the summer, when freshwater input is
reduced, the warmer and |ess dense nearshore water may still respond to
the effects of lateral spreading and continue the process although to a
| esser degree.

The third nechanismfor inducing cross-shelf circulation is wind=-
driven currents. In the western Beaufort this effect would be
predom nantly offshore in the upper layers and onshore in the |ower |ayers
due to the predomnantly ENE winds. However, in the eastern Beaufort the
effect would be simlar to the western Beaufort pattern during easterly
wind events and in the opposite sense (onshore flow in the upper waters
and of fshore in the |ower layers) during westerly wind events. Seasonal
variability would therefore show a net offshore transport of surface
waters in the summer and onshore transport in the winter. This effect
al so has inplications for the presence of nearshore ice in the eastern
Beaufort during the sumrer nonths and for nearshore water available for
the exchange with local |agoon systens.
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Near shore and Lagoons

Consi derabl e research has been acconplished in the central and
western Beaufort nearshore and |agoon regions. Results of one such
program are summarized in Matthews (1979). Resultsof this nulti- Year
field neasurement program inthecentral Beaufort between Flazxman |sland
on the east and 0Oliktok Point are consistent with present understanding of
| agoon and nearshore flew. Wnter conditions find dense brine (nmore than
40 ppt) collected in Sinpson Lagoon waters deeper than 2 mwth
temperatures near -20C, noving slowly in response to tidal forcing.
Conplete flushing of the [agoon occurs during river overflow in early June
(6-8 June yearly average). Maximum runoff lasts for approximtely 10 days
and freshwater conditions persist for perhaps one nonth, depending on w nd
conditions. Following this, saline water appears again in the lagoon and
hi gh solar radiation heats bottom waters to as high as 10-12¢c. Matthews
notes that the nonth of August is nmarked by the appearance of ce1d and
saline frontal systems noving through Sinpson Lagoon and alternating with
war mer brackish water. The presence of storms vertically mxes the
shal | ow nearshore and |agoon waters but the frontal systems continually
re-establish themsel ves throughout the summer nonths.

(bserved currents in the |agoons and nearshore appear to be
predom nantly wind-driven with current speeds approximtely 3-1% of the
wind speed.  Superinposed onthese nmean wind-driven currents are short-
termeffects of stormpassages and tidal. effects which are dom nated by
diurnal #2 forcing. Current speeds are such that flushing rates in open-
type lagoons simlar to Sinpson Lagoon may be on the order of 3-4 days
with mean easterly winds.

STUDY AREA

The =PREFACE™ to this volume gives a general description of the
overal | study area. However Figures 7-1te7-3, Figure 7-5, and Figure
7-17 in this Chapter on ‘Physical Cceanography'gives specific |ocations
of field sanpling efforts associated with this part of the project.
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METHCDS AND RATI ONALE FOR DATA COLLECTI ON

A field sanpling programto assess the physical processes occurring
in pul sing-type | agoons and the nearshore shelf region of the eastern
Beaufort Sea (Fig. 7-1) was conducted in two phases intended to coincide
with early summer and fall conditions in the Beaufort Sea |agoon systens.
Early summer conditions are characterized by an abundance of heat and
freshwater input to the nearshore region, whereas fall conditions are
characterized by cooling and a lack of freshwater. In addition, the two
periods generally have dissimlar neteorological conditions, with easterly
winds typically domnating in the early summer and westerly w nds
deminating in the fall. Nearshore circulation patterns were expected to
differ during these tines since they are largely driven by the area's
net eorol ogy and since stornms through the area increase in frequency as
fall approaches, therefore increasing the stormsurge-induced novenent of
of fshore water to the nearshore and |agoon regions. The physical
oceanography field neasurenent program was designed to address these
differences between the two periods and to characterize the influence of
the l'agoons on the biological processes in the nearshore shelf regions.

The planned measurenent program was based on a series of lagoonal,
nearshore and md-shelf current nmeter moorings. Measurenents from these
nmoorings were to be supplenented by a CTD survey, intended to define the
distribution of water types found in the region, and a series of bottom
and surface drifter deploynents and recoveries intended to indicate the
trajectories of the nearshore surface and subsurface waters. \esse
support for the Phase.I field program was provided by OCSEAP using the MV
HOOD and NOAA helicopters. The second phase of the field program was
conducted by using Zodiac rubber boats.

Phase |: 21 July-8 August 1982

Current meter moorings were planned for the Angun Lagoon entrance and
the 20- and 40-m depth contours in a line extending fromthe Angun Lagoon
entrance toward 350 True North.  The nooring in the Angun Lagoon entrance
consisted of a Neil Brown acoustic current meter and an Aanderaa water
| evel recorder. The two offshore noorings were cancelled due to ice
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conditions during the first phase of the program and two current neters
with tenperature and conductivity sensors were instead deployed in the
interior of Angun Lagoon and Pokek Bay to nonitor the time rate of change
of water properties in the two basins. Another planned mooring in the
Pokok Bay entrance was not deployed due to the large ice blocks moving
into the Iagoon through the entrance at the planned time of deployment.

Sets of surface and bottomdrifters were deployed along the |agoon
barrier islands and were recovered during the severaldays follow ng each
depl oyment.  The inferred trajectories fromthis quite successful program
were examned in light of concurrent meteorological and current
nmeasurements in the area. The planned cTp survey of the offshore area was
not conducted due to lack of ship support early in the field program and
severe ice conditions which later devel oped.

Phase 11. 7 September-15 Septenber 1982

Phase Il of the field programwas intended to observe the properties
of the |agoon/nearshore exchange during periods of |ow or no freshwater
input to the systemand of decreased surface warm ng.

The principal activities planned for this phase of the sampling
program were recovery of the current meter moorings, CID surveys, and
surface and bottomdrifter deployments/recoveries. Current neter noorings
depl oyed in Angun Lagoon and Pokok Bay during Phase | were recovered
during this second phase. Because the Mv HOOD was not available for Phase
|1, the CTD survey was conducted from a Zodiac on an A-frane especially
constructed to both recover the current neter moorings and perform CTD
tasks. The CTD survey was somewhat limted due to |lack of navigation
equi pnent on the Zodiac and heavy concentration of nearshore ice; in
addition, the ¢ batteries could not be recharged after their initial use
in the lagoon survey due to power failure at the base canp, thus
preventing much of the planned |agoon CTD work.  The Phase Il surface and
bottom drifter deploynents/recoveries also were cancelled due to heavy
concentrations of sea ice along the outside of the barrier islands in the

region.
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RESULTS

Results of the field sanpling program are presented separately for
current and hydrography measurenents.  Sone neasurenents are also
presented fromthe concurrent meteorol ogical and primary productivity
progr €ns.

Current Measurement Program

Current measurenents were collected in the study area using both
Lagrangian and Eulerian techni ques. Lagrangian techniques consisted of
depl oyment and recovery of surface and bottomdri.ftersinthe nearshore
region and | agoons; Eulerian techniques consisted of current neter
noorings in the entrances and interiors of Angun Lagoon and Pokok Bay.

Drifter Study

During the first phase of the field program five deployments of
seabed drifters and eight deploynents of surface drifters were perfornmed
between 26-29 July 1982. The seabed drifters consisted of a henispherica
head of 18-cm dianmeter, attached to a weighted tail-Iike shaft 50 cmlong;
the surface drifters were yellow pol ypropyl ene 2-1/2" by 3-1/2" in size.
The seabed drifters were deployed in groups of 25 and the surface drifters
in groups of 50, marked to identify their original deploynent site.
Schedul ed recovery of the drifters by oceanography program personnel were
planned at low tide for two days fol | owi ng deployment and on opportunistic
helicopter and Zodiac trips in the study area during the remainder of the
field program Table 7-1 lists the tinmes of each of these deploynents and
the nunber of drifters deployed. Figure 7--2 indicates the place of
depl oyment for each drifter type. O 400 surface drifters deployed only
33 were ever recovered; of the 125 seabed drifters which were deployed, 20
were recovered.

Seabed and surface drifters were deployed to estimte the longshore
water trajectories and maxi num observed current velocities in the study
region. The longshore or littoral current is directly linked to the
intensity and direction of the wind. During the 24-hour period follow ng
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Table 7-1. Drifter deploynents.

e oro  Uploment  do ofpeimers kind i
Seabed 1 7/26/82  12:25 25 7.3 m/s 205 “T
Surface A 7/26/82  12:25 50 7.3 m/s 205 “T
Surface B 7/26/83  12:45 50 7.3 m/s 205 “T
Seabed 2 7/26/82 12:55 25 7.3 m/s 205 “T
Surface C 7/26/82 2:55 50 7.3 m/s 205 “T
Seabed 3 7/26/82 3:15 25 7.3 m/s 205 “T
Surface D 7/26/82 3:15 50 7.3 m/s 205 “T
Seabed 4 7/29/82 2:45 25 6.3 m/s 65 “T
Surface E 7129/82 2:45 50 6.3 m/s 65 “T
Seabed 5 7/29/82  14:00 25 6.6 m/s 69 “T
Surface F 7/29/82  14:00 50 6.6 /s 69 “T
Surface G 7/29/82  14:00 50 6.6 m/s 69 “T
Surface H 7/29/82  14:00 50 6.6 m/s 69 “T
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Sites of surface and seabed drifter releases on 26 and 29 July 1982.



the release of the drifters on 26 July, wnd speeds and directions varied
from2.7-1 2.7 nf's and 145-295°T with a nean of 7.3 m's from 205°T7. The
end of the period, however, was domnated by a stormwth 12-hour average
winds of 11.4 m's fromthe WWW  These winds approximately paralleled the
coastline in the study area and to a large extent determned the fate of
the drifter motion.

Figure 7-3 shows the sites for the seabed drifters deployed on 26
July during dominant westerly winds. If Mtthews'criteria (nearshore
transport approximately 3-4% of the wind) is enployed, then drifters not
beached on the first low tide (approximately 24:00 26 July) should have
been swept conpletely fromthe study area to the east by the second low
tide (approximately 23:00 on 27 July). Wth these ‘eriteria, the highest
seabed drifter speeds observed ranged between 0.17-0.22 m's for four
recoveries on 26 July following the lowtide. Some further |ongshore
transport also probably occurred after beaching on the subsequent high
tide prior to recovery but this amount shoul d be mnimal having occurred
on the beach. Average wind speeds neasured at Beaufort Lagoon during this
period were 5.3 m/s. Although this is a very crude approxi mation, water
velocities appear to be a few percent (approximately 3-4% of the wind
speed, which is consistent with Mtthews' observations.

Surface drifter recovery from the 26 July deployment was far |ess
successful with only 16 recoveries out of 200 drifters deployed. No
recoveries were made fromone set of 50 drifters deployed off the barrier
island at Nuvagapak Point in Beaufort Lagoon. Figure 7-4 shows the sites
of surface drifter recoveries (as stated above, any drifters not recovered
prior to the low tide on26 July were probably swept fromthe area). No
attenpt to calculate surface drifter velocities was made because all
drifter recoveries were made 3-7 days after deployment rather than within
1-2 days follow ng deploynent, as was the case of the seabed drifters.

Wnd conditions for the second drifter deploynments on 29 July were
nomnally 6.5 ms fromthe ENE during the 24-hour period follow ng
deploynent.  These conditions are considerably different from those
experienced during the first deployment and nore closely characterize
sumrer conditions in the eastern Beaufort Sea. Figures 7-3 and 7-4 show
the sites for seabed and surface drifter recoveries for the 29 July
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Figure 7-4. Trajectories of surface drifters deployed 26 and 29 July 1982.



depl oynents.  Note that, although the winds were fromthe east for the 24~
hour period followi ng deploynment, all notion appears to renmain
predom nantly to the east rather than the west, as would be anticipated
given the doninant wind conditions. However, this conclusion is biased by
el even surface drifter recoveries acconplished 1.75 hours after depl oynent
whi ch showed eastward current speeds of 0.32 mis. This speed was
calcul ated from recoveries nade only three hours after the wnds had
shifted froma three-day period of NWwi nds and a residual 1leongshere
current to the east could have been present when depl oyment occurred.

It is significant that no seabed drifters were recovered until 12
hours after the winds shifted fromthe ENE (which would tend to nove the
drifters offshore) to nore than 6.0 kt fromthe w§w (which would tend to
move the drifters back onshore) on 31 July. These wN¥W wind conditions
then persisted for six days during which tinme all of the seabed drifters
which were eventually recovered were found. O the 200 surface drifters
depl oyed during the ENE winds, only six were recovered after the first 11
depl oyed at Angun Entrance were picked up two hours after deploynment.
Results of the surface and bottom drifter studies substantiate the belief
that westerly winds trap warm coastal water in the nearshore region and
transport this water along the coast at from 3-4% of the w nd speed.
Conversely, easterly wnds nove the warm nearshore waters offshore to be
repl aced by cool er water fromthe nidshelf region

Figures 7-3 and 7-4 also show the bottom drifters which were depl oyed
outside of Angun Lagoon and were recovered on the far side of the |agoon
interior, and the surface drifters which were deployed on the far side of
the lagoon interior and were recovered outside the |agoon, thus
substantiating hydrographic results, which indicate net bottom transport
into the |agoon and net surface transport out of the lagoon (these results
will be further discussed in the Hydrographic Data section).

Current Meter Mborings
As part of the physical oceanography sanpling programfor this
project, three current meter noorings consisting of one current neter per

mooring were deployed in Angun Lagoon and Pokok Bay (| ocations are
indicated on Fig. 7-5). These moorings included two Aanderaa current
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meters, one Neil Brown (NBIS) acoustic current nmeter, and one Aanderaa
pressure and tenperature neter. The Aanderaa current nmeters were depl oyed
in Pokok Bay and the western end of Angun Lagoon. The NBIS current neter
was moored in the main channel of Angun Lagoon. The Aanderaa pressure
sensor was attached to the NBIS current nmeter for 11days until it was
detached by an ice floe; it was then redepl oyed adjacent to the Aanderaa
current neter in the western end of Angun Lagoon.

As a sample of the data collected in Angun Lagoen and Pokck Bay,
Figure 7-6 shows the output fromthe NBIS current nmeter and the Aanderaa
pressure meter while both were |located in the Angun Lagoon channel. The
variables plotted are depth, tenperature recorded by the NBI'S current
nmeter, tenperature recorded by the Aanderaa pressure nmeter, and estinated
| ong- and cross-channel current speeds. The long- and cross-channe
speeds were estimated by rotating the north and east current conponents in
the direction parallel and normal to the Angun Lagoon entrance (35°T7;
positive values indicate flow out of the lagoon). A one-hour filter was
applied to the current and water |evel measurenents.

The measured data confirm visual observations of high tidally-driven
currents through Angun Lagoon entrance (12-hour M2 tidal conponent
predom nates the records). Despite the high current speeds, tidal height
variations are only on the order of 20 cm superinposed on
net eor ol ogi cal | y-induced driven events (approxi mately 50100 cm occurring
on scal es of several days.

A rough estimte of the volunme transport in and out of the main Angun
Lagoon channel was made using the data gathered by a current reeker in the
channel.  The channel profile was estimated from depth sounding data
col l ected during the field programand a logarithmc velocity profile was
assumed.  This calculation indicated that flow through the instrunented
entrance can account for over 60% of the level variations observed in the
lagoon. Two other entrances were |ess than a neter in depth although one
is alnost 60 min width. The nain entrance to Angun Lagoon is
approximately 25 mw de and 5 mdeep with very steep sides. As observed
in Figure '7-6, current speeds were in excess of 1 kt during peak ebb and
flood periods at a distance of approximately 1 mfromthe bottom Maximum
observed surface currents during these periods were visually estimated at
greater than 2 kt.
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Related to the high peak-to-peak current maxi ma observed in the Angun
channel flow is simlarity in the two tenperature records neasured in the
entrance.  Although sonme slight vertical tenperature gradient can be seen
over the approximately 1 m vertical separation between the two meters, the
temperatures track one another quite well, indicating that when an influx
of water is experienced during the flood tide, the flew is inward at all
depths (visual observations detected both large flood and ebb surface
currents in addition to the measured subsurface currents). Therefore, the
tenperature of water coming into the lagoon at these two sensor depths (4
and 5 m during flood tide indicates nearshore water characteristics, and
temperatures of water exiting the lagoon during ebb tide indicate

characteristics of lagoon water. It is apparent fromthese records that
there is typically a 4-10°c difference between nearshore and |agoon
t enper at ur es.

Referring again to Figure 7-6, the absence of this tenperature
difference during 29-31 July indicates that the nearshore and |agoon
waters are at the same tenperature and that it is the nearshore waters
whi ch have been warmed. It is also interesting that the flood tidal
currents are quite small for two of the three cycles in this tine
interval. The driving nmechani sm associated wifth this event is the W nd.
The relationship between the wind and Angun Lagoon channel flow is nost
easily visualized in Figures 7-15 and 7-16 (pages 392 and 393) where the
wind and current data are displayed as stick plots. As discussed in the
drifter study, winds were predomnantly from the west for several days
prior to 29 July acwhich tine they shifted to ENE until 30 July when they
again became SW During this two-day period considerable warm | agoon
water was driven fromthe |lagoon systems |ining the coast and flooding the
nearshore environment with fresher [approximtely 17 ppt, Schell (this
volume)]l, warm (approximately 8oc) water. Because this transport was nore
alongshore than of fshore due to the ENE winds, this water was transported
along the coastline and was available for exchange with neighboring |agoon
systens. The opposite effect is observed during a westerly w nd event
occurring on the norning of 27 July (discussed in the previous section and
di spl ayed in Figure 7-15 upper two traces).
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Figures 7-7 and 7-8 show 10 days of data fromall the noorings
depl oyed beginning 5 August. As before, the upper trace in Figure 7-7
shows that the currents in Angun entrance are highly bimedal Wi th speeds
up to +1 kt at the 4-mdepth. The tenperature record (Fig. 7-7, panel2)
i ndi cates nearshore waters from about 1.8 to 2.0°C and |agoon waters
slowy varying from#4 to 7°c. The Aanderaa current meter nooring at the
far west end of Angun Lagoon al so shows considerable structure (Fig. 7-7,
panels 3-5). Note that the large event observed in salinity at the Angun
interior mooring (Fig. 7-7, panel 4) has no apparent counterpart at the
Angun entrance nooring. This rapid decrease in salinity can be attributed
to the wind field which at 15:00 on 6 August changed from predom nantly NW
to predomnantly SW allowng the fresher surface ‘water comng fromthe
rivers to nove into the western end of Angun Lagoon. As the W nds slowly
decreased In intensity and shifted in direction, eventually comng from
the NWat 21:00 on 7August, the freshwater was moved to the east and
replaced by nore saline water fromthe eastern end of the lagoon. Note
thata corresponding eventis not observed at observed at corresponding
times in Pokok Bay (Fig. 7-8).

A second event is observed in Figure 7-7 beginning on 10 August.
Unlike the first event, this event shows a 2°C change in the tenperature
trace at the western end of Angun Lagoon, indicating fresher water at
about approxi mately 15.3 ppt and s°c. The change in the wind pattern .
whi ch induces this event was from NWto E winds and begins at
approxi mately 18:00 on 9 August, lasting for several days. Prior to this
period northwesterly winds were observed in excess of 5 nm's and vertical
mxing of the lagoon may have occurred in the eastern end. In any cas
the | ess saline waters and prolonged easterly w nds naintained the fresher
water in the western end of the |agoon.

Pokok Bay responded quite differently to the observed neteorol ogical
forcing than did Angun Lagoon. Figure 7-8 (lower 3 traces) shows that,
with the exception of a slight cooling trend during 7-9August, not mnuch
structure was maintained in the lagoon. Referring back to Figure 7-7
(second trace), the water |eaving Angun entrance also showed 3°C cooling
bet ween 8-10 August; however, the western end of the lagoon (third trace)
showed no such cooling until the major wind reversal late on 9 August.
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Figure 7.8 (upper 2 traces) indicates that sea |evel response to the tw
wind events was mninmal (approximtely 25 em decrease) and water |evel
variations were predomnantly driven by the astronomcal tides. \ater in
the interior of both Angun Lagoon and Pekek Bay showed a gradual 2 to 3°C
warm ng trend between 10.15 August with no conparable warmng trend
‘indicated in the nearshore water flow ng into Angun Lagoon.

Figures 7-9 and 7-10 show data fromthe next consecutive t10-day
period. A third major event is observed in these data beginning on 16
August. The onset of this event began, as has been observed in the two
previous events, by a change in the wind field (Figs. 7-15 and 7-16,. pages
392 and 393). Beginning at approximtely 6:coon 16 August, the dom nant
winds shifted fromvery light and variable to comng fromthe southwest.
Near shore waters inereased in tenperature by 3°C in one tidal eyele (Fig.
7-9, wace2) and renmmined at this tenperature alnost continuously until
23 August when the wind pattern again shifted to easterly winds. On 17
August wi nds reached 18 knots, and nmean sea |evel increased over 0.3 m
(Fig. 7-10, trace 1). By 22 August nearshore waters and |agoon waters are
al most identical in both Angun Lagoon (Fig. 7-9, traces 3-5) and Pekok Bay
(Fig. 7=10, traces 3-5) as a result of probable vertical mxing which
occurred over an 18-hour period on 17 August (average wi nds approxi mately
12 kt).  Mxing continued with strong westerly winds (greater than 20 kt)
on 20-21 August. On 22August the winds again shifted to easterly and the
49 difference was again observed between inflow and outflow water in the
Angun entrance.

Figures 7-11 to 7-14 show the next two 10-day segnents of data. Most
noteworthy is the lack of events in the observed data (with the exception
of the observed rapid decrease in salinity at the Pekok Bay nooring on 26
August whi ch may have been equi pment nal function). The observed
tenperature differences between nearshore and |agoon water were observed
to slowy decrease from4 to 2°C with a mean decreasing from approxi mately
3 to almost 0% by 12 September. During this period, the salinity in
Angun Lagoon maintained an al nost constant value of 16 ppt whereas in
Pokok Bay salinity increased steadily from 16 to over 17 ppt by 11
Septenber.  Also during this time, the tenperature in Pokok Bay decreased
from4 to 2°C whereas Angun naintained a 4°C average until 8 Septenber
when it rapidly cooled from 4°C to 3°C over a four day period. Nearshore
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water at this time went fromzec to approximtely ooc. During this 20-day
cooling process a 1 to gzoc tenperature difference was naintained between

water at the west end of Angun Lagoon and the |agoon entrance.

This | ast set of observations has some inplications relevant to
understanding circulation and exchange processes in the two |agoons.
(These points are further discussed in the "pISCUSSION" section of this
Chapter.) of particular note is the fact that the current direction in
the western end of Angun Lagoon is almost always to the north or
northeast, indicating clockw se circulation For reference, Figures 7-15
and 7-16 show 30-hr filtered wind and current data fromthe field program
It nust be cautioned that both of the Aanderaa current speed records from
Angun Lagoon and Pokok Bay nmy be contaninated by surface wave effects,
and the Instruments were primarily placed in the lagoons for their
recordings of tenperature and salinity. In addition, a compass~-bearing
probl em on the Pokok Bay mooring is believed to have rendered current
direction data useless. In any event, thestrong correlation between
winds, current speeds and water |evel are obvious in these figures.

Hydr ographi ¢ Data

Several cTband depth sounding transects were nade in Angun Lagoon
during the physical oceanography field neasurement program |n additien,
water bottle sanples were collected in Beaufort and Angun Lagoons as well
as in the nearshore region by the primary productivity biologists (Sehell,
this volune). Table 7-2 summarizes the CID and depth soundings made by
the physical oceanography program  Figure 7-17 indicates the location of
each of these casts. These neasurenents were nade froma specially
equi pped Zodi ac designed to performboth the CTD work and the current
meter nooring recoveries during the second phase of the field program

CTD casts made in Angun Lagoon have been analyzed to determne the
distributions of tenperature and salinity in the lagoon basin. Figures 7-
18 and 7-19 show examples of data from two of the CTD casts made near the
entrance of the lageon on 10 Septenber during Phase Il of the field
program A definite two-layered structure can be seenin these profiles.
Cold and high-salinity water intruding fromthe nearshore region is
observed overlain by warmer |ower-salinity water fromthe |agoon interior.

536



-18.0

OFFSHORE

WI*D VELOC TY
(M- SEC)

18.0 |
58.9 l

CHANNEL CURRENT
CM/SEC)

o @
B o

528 |,
3.8

ANGUN CURRENT
<CM-SEC)
[\
O
3
R
;\

-3.8
) 30.9 ‘ ‘[
; -38.0
T ] ] ] T : T T T ] l '
22:08 v 29 1 g2 04 % 8 18 12 14 16
ALY 25 AUG
BEAUFORT LAGOON ECOLOGICRL STUuDY
SUMMARRY

Figure 7-15. Filtered wind data for Beaufort Lagoon (top trace), current
data for Angun Lagoon entrance (2nd trace), w nd set—-up and
current data in Angun Lagoon interior (3rd and 4th traces),
and current data in Pokok Bay interior (bottomtrace) begin-

ning 25 August. (Wnd data has been rotated by 35° to better
i ndi cate onshore and of fshore conponents.

537



-18.9

WIND \ELOC TY
M-SEC)

CHANNEL. CURRENT
{CM-SEC>

]
g
(-~

* o
F &)

WIND SET-UP
D

ANGUN CURRENT
\ CMSEC)

8 8

© ©

POKOK CURRENT
(CM/SEC)

OFFSHORE
8.a_
ONSHORE
18.0
50.9
EBB

T

FLOOD

P E

0 o
il

8 !

i:;

g

82 20 2 24 2 28 3a 8t 83 85 a7 29
18 SEPT

BERUFORT LAGOON ECOLOGICAL STUDY
SUMMARY

Figure 7-16. Filtered wind data for Beaufort Lagoon (top trace), current
data for Angun Lagoon entrance (2nd trace), wind set-up and
current data in Angun Lagoon interior (3rd and 4th traces),
and current data in Pokok Bay interior (hbottomtrace} begin-
ning 18 August. (Wnd data nshbeen rotated by 35° to better
indi cate onshore and of fshore conponents.)

6538



Table 7-2.

CTD and bat hymetric neasurenments,

CTD transects:

1.

2.

Date

9/1 0/82

9/10/82

(see Figure 17)
Location

Angun Lagoon

Angun Lagoon

Depth sounding transects:

~wpN -

Date

7/25/82
7/25/82
9/10/82
9/12/82

Latitude/Longitude

69956

7

6.0°

°N. 142925.3"
0.0'

5
to 69°57.8'N, 14293

Location

Angun
Angun
Angun
Angun

Lagoon
Lagoon
Lagoon
Lagoon

major entrance
minor entrance
interior

major entrance

No. of Casts

6
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Depth soundings of the |agoon conbined with the CTD cast data were used to
produce sections of the temperature distribution in the lagoon. Results
of this analysis are shown in Figures 7-20 to 7-22. Referring to Figures
7-17 and 7-20, a core of cold nearshore water (with correspondi ng higher
salinity and density) can be seen Intruding south across the bottom of the
| agoon al ong the north-south section and mxing vertically into the water
colum (slightly increased salinity and density in surface waters is seen
at the southern end of the lagoon). To the west of an observed col der
bottom water core near the |agoon entrance is a warm water surface core
with properties simlar to water in the nore isolated western end of the
lagoon. It is apparent fromthese data and from bottom and surface
drifter study results that there is a net influx of nearshore water into
the lagoon at the bottom of Angun entrance and a net outflow of warner
surface water inposed on time varying tidal and neteorol ogically-forced
flow fields.

Referring again to Figures 7-20 to 7-22, it is possible that the
hydrographi ¢ structure observed near the |agoon entrance is related to a
closed gyre with a radius of from1-.1.5 kmwhich during periods of |ight
wind isolate the region near the |agoon entrance fromthe western |agoon
interior.  This hypothesis is not inconsistent with predictions by |agoon
circulation nodel s and would account for the apparent isolation of the far
western end of the lagoon fromthe |agoon entrance, as seen by the nuch
| onger response tine for the western end of Angun Lagoon conpared to the
interior of Pokok Bay and the region near the entrance to Angun Lagoon.
(This is discussed further in the “DI SCUSSION of this chapter.)

Water bottle samples and tenperature neasurements collected by
Sehell's (this volune) primary productivity study show considerable
density stratification in Angun Lagoon in late July. Cbserved salinities
on 26 July ranged from 15.6 ppt in the upper several meters of water
throughout the central and western portions of Angun Lagoon to as high as
27.5 ppt near the bottom  Although continuous profile data are not
available at these stations, the high salinity layer is indicated to be on
the order of 1 min thickness or less. Measured salinities show little
hori zontal variation across the length of the |agoon beyond a | ocalized
region of about 1 lagoon width near the main entrance (approximtely 1
kj. This is consistent with fall observations by the physical

543



144"

WEST 5

KILOMETERS

<2.6°C

<2.0°C

Fi gure 7-20.

A3.0°C

0.5

NOR1MH
o —i

<0.0°C

1 —
. <-0.5°C _
2 —

(%]

o

[3%)
w i

[eW)

=
3 —
4 e
5_«

o EAST
(o]
&
—
™
P
in
e 2
'
'
i
| SOYTH
0 -0.5
|

Two tenperature sections along (upper) and across (|l ower) Angun Lagoon.

See Figure 17 for station |ocations.



1S172°

KILOMETERS

SH3LIN

SOUTH

WEST 5 4 3 2 ° EAST
| |

>16.5%,

>20.0%, &
w
'.__
t
=

Figure 7-21.

Two salinity sections along (upper) and across (lower) Angun Lagoon.
See Figure 17 for station locations.

°.5



9v S

WEST 5

KILOMETERS

4 3 2 1 0 EAST

Figure 7-22.

Two density sections along (upper) and across (lower) angun Lagoon.
See Figure 17 for station locations.



oceanography program which also found nost variability near the |agoon
entrance. As observed by &ezo (this volume), Ssecheill's light intensity
measurenents were also high during this early period, indicating little
vertical wind mxing. Kozo's data show that winds were |ight and variable
for several days preceding 27 July. 0n29 July Schell's neasured light
intensity data are 10 ¢ that observed on26 July inplying that vertical
wind mxing may have occurred. Meteorol ogical neasurenents previously
di scussed recorded 12 nours of strong w nds (approximtely 22.8 kt from
the WNW) late on 27 July which may have produced the mixing. In addition,
Schell's data show that the higher salinity bottomlayer has vanished by
29 July and that surface and bottom salinities are alnost identical in the
central and western end of the lagoon.

By 5 August three nmore snaller wind events had occurred and the
western end of the |agoon was again vertically honogeneous with still
hi gher salinities of 18.8 ppt. Higher salinity water required to achieve
these higher values was probably nmade available for tidal exchange at the
lagoon entrance during a #0-hr period of easterly w nds on29-30 July.
Sonme water with salinities greater than 20 ppt was observed near the
| agoon bottom after this period on 31 July; this may have noved into the
| agoon by tidal influx during 29-30 July and then vertically mxed during
the three wind events greater than 20 kt on 1, 2 and 3August.

If we again utilize Schell's data and assume that the upper 3 m of
water in the western end are at 182ppt on 31July and that 1 mof 20.2
water is at the bottomthen 18.7 ppt water should be observed after
conplete vertical mxing. Schell's data indicate that 18.8 ppt water is
present in the western and central |agoon. Light intensity data are
unfortunately notavailable for a&agun Lagoon during this period; however,
Beaufort Lagoon light intensity data on 6 August show considerably lower
val ues than those for conparable depths in Angun Lagoon on 31 July prior
to the hypothesized vertical mxing and may support the conjecture that
wind mxing has occurred.

O her evidence of wind mxing can be seen in the Angun Lagoon
tenperature and salinity tinme series (Fig. 7-9). On 16 August salinities
recorded in the far western end of Angun Lagoon were 15.6 ppt. Wnd
conditions at that tinme were quite mild and had been for the preceding 2-
3 days (Fig. 7-15). By m d-day a southwesterly wind had devel oped which
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continued to intensify for” the next four days. This wind forced water
onto the nearshore, increasing water level in the [agoon by over 30 cm 4
| ayer of 17 ppt water was detected at the current meter mooring in Angun
Lagoon several hours later. By 17 August the wi nd speed had reached 15 kt
and a second and third pulse of higher salinity water were observed at
17.3 ppt and 18.4,. On 18 August, under the continued influence of
these winds, all variability in the salinity records had ceased and it is
assuned that the water colum had been vertically mxed. Water |eve

continued to rise in the lagoon until 21t August when the difference
between [agoon and nearshore waters was greatly reduced and only m nor
variations were observed in the [agoon salinity and tenperature records.

A sinple calculation beginning on 17August indicates that if 1 m
(approximate distance of conducting sensor fromthe [agoon bottom of 17.3
ppt water i S mxed with 2 mof 156 ppt water, then uniform 16.2 ppt water
results. This 16.2 ppt water is observed on 17 August just prior to the
influx of 18.4 ppt water previously nentioned. |If these two water masses
are then vertically mxed (1 mof 18.4 ppt plus 2 mof 16.2 ppt water)
then 16.9 ppt water results. Time series data show that 16.8 ppt water is
present after the final pulse of 18.4 water was detected. These data
indicate that a critical wnd speed was required to vertically mx water
| ayers in the lagoon (note that no mxing occurred of the pulses of water
on 16 August where maxi mum winds only reached 6.8 kt but that these w nds
did induce layered flow within the lagoon). However, when wi nds reached
12-15 kt on 17 August, vertical mxing occurred and the layered structure
was not reestablished at this end of the Iagoon for the remainder of the
sumrer neasurenent program probably as a result of the considerably
reduced influx of freshwater runoff by md-August. As observed in the CTD
data, a layered structure did remain in a region nearer the lagoon

entrance
Exam nation of the T-S diagrams fromthe Angun Lagoon and Pokok Bay

current nmeter noorings (Figs. 7-23 and 7-24) indicate that residual higher
salinity water was present in Angun Lagoon after the m xed event described
on 27 July. The core of summer water for both Angun Lagoon and Pokok Bay
lies principally in a band between 5-9¢¢c and 15.5-17.0 ppt. The Pokok Bay
core is on the average 0.8 ppt nore saline and 0.5°C cooler than the
observed Angun Lagoon water. However, beyond 22 August when wi nter
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cooling begins to set in, water temperatures fall below 50C. Figure 7-23
shows that after 6 Septenmber cooling of western Angun Lagoon water takes
place without change in salinity, indicating cooling in place and no
lateral mxing with nearshore waters.

Fi gure 7-25 shows a conbined T-S di agram of several CTD casts taken
in the central and eastern end of Angun Lagoon on 10 Septenmber. Note that
if waters in the eastern endof the lagoon were mxing with central and
eastern | agoon waters, a continued increase in salinity should have
acconpani ed the decrease in tenperature from5 to 3% shown in Figure7-
23 .

Pokek Bay al so shows a 2°c cooling trend (Figs. 7-12 and 7-14) which
began on 25 July and continues until 10 Septenber, closely follow ng the
observed trend in tenmperature reduction of nearshore waters indicated in
the | agoon entrance data (Figs. 7-11 and 7-13). However, acconpanying
this cooling trend is a uniformincrease in the Pokek Bay salinity from
approximately 16.0 ppt on25 August to 17 ppt on 6 Septenber (Figs. 7-12
and 7-14), indicating mxing with nore saline and cool er nearshore waters.
If one assumes a uniform20 cm M2 tidal fluctuation during this period and
20- 22 ppt nearshore water (see t0 August CTD casts in Figs. 7-18 and 7-19)
for 0-10C water, then a 15-20% flushing efficiency is calculated for Pokek
Bay during 25 August to 6 Septenber to offset this 1 ppt increase in
salinity where flushing efficiency is defined as the ratio of actual
flushing (rate of change in salinity in this case) to the ideal flushing
(which assunmes that all water entering the lagoon is conpletely mized. with
anbient water before exiting the lagoon). This inplies that ideal tidal
exchange with the nearshore, which would indicate 810day turnover of the
| agoon (3.0 m mean lagoon depth/0.15-0.20 m per M2 tidal fluctuation = 8-
10 days for volume exchange) may actually be a factor of five low, and 40-
50 days may be nmore realistic nunbers. |t mustbe noted, however, that
maj or meteorol ogical events in the region typically occur on shorter time
scales than this and that these events may considerably enhance both
vertical and horizontal mxing in the lagoons and exchange of |agoon
waters with the nearshore. The lack of any significant change in salinity
in the western end of Angun Lagoon indicates that flushing efficiency
there may be even less than that calculated for central Pekok Bay.
Clearly, further investigation into tidal and storm surge flushing of
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limted exchange lagoons is indicated if these results are correct (this
di scussion is continued in the ™ISCUSSION" section of this Chapter).

DI SCUSSI ON

The results of this study will be discussed as they relate to the
obj ectives stated in the ®"INTRODUCTION" of this Chapter, i.e.
characterization of the various types of |agoon/barrier island and
nearshore systens which exist along the Beaufort Sea coastline based on
hydrographi c properties, circulation characteristics, flushing rates, and
cross-shelf and longshore exchange. This discussion will draw heavily on
previous neasurement programs on the Beaufort Sea Shelf, particularly work
performed on the western Beaufort Shelf in Sinpson Lagoon.

Cross-shel f and Longshore Exchange

The present study was unfortunately unable to collect field data on
the inner shelf due to the severe ice conditions encountered during the
measur ement program. However, based upon historic data from the region
and neteorol ogi cal measurenents made by Kozo (this volunme), nearshore
drifter data collected in this program and physical processes identified
as active on the western Beaufort Shelf, the exchange processes can be
given a general description which contrasts conditions on the eastern and
western shel f regions.

The 40 m» isobath, where a mean eastward flow ng subsurface current of
Bering Sea water extends across the entire Anerican section of the
Beaufort Shelf, has been selected as the boundary between thel.nner and
outer shelf.  Atnospheric events on the shelf may cause periodic
fluctuations or even reversals in the mean eastward flow It has been
postul ated that net westward flow nmay exist in the surface waters
i medi ately above this core of Bering Sea water.

Landwardofthis region, on the inner shelf, currents have been
demonstrated to be primarily wind-driven. In the western Beaufort beyond
Barter Island this would indicate year-round nean currents to the west
al ong the coastiine, as shownby drifter studiesby Matthews (1981) and
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Barnes and Toimil (1979). However, in the eastern Beaufort W nds are nore
bimoedal and currents will exhibit a bimodal distribution with a mean
eastward flow in the winter and a nean westward flow in the summer (Brewer
et al. 1977); this is typical of eight of ten summers according toKozo
(this volume).

During open water periods this flow wll tend to nove western
Beaufort nearshore waters offshore to be replaced by inner shelf waters
and, under some conditions, to induce upwelling fromthe outer shelf as
observed by Hufford(1974)andothers. Upwelled waters on both the
eastern and western inner shelf may then be further transported landward
to the nearshore region by estuarine flow or, under proper wnd
conditions by offshore novement of wind-driven surface waters.

Longshore transport of water has alse been denonstrated to be
primarily wind-driven (see Fig. 7-26). In the western Beaufeort this
I npl i es nmean longshore transport to the west with easterly reversals
occurring as mean wind conditions are nodified by the passage of weather
systens across the Beaufort. In the eastern Beaufort nmean weather
patterns are nore bimddal in nature. Sunmer 1longshore transport is
dom nated by mean westward notion with reversals to the east as weather
systens nove through the area. Fall and early winter conditions show nean
eastward water novement in this area with very high eastward transport and
wi nd-induced set-up associated with fall storm systens. West war d
transport also may be observed to acconpany periods of easterly w nds.

The innershelf long- and cross-shelf circulation can therefore be
summarized as being primarily driven by the local wind fields with
longshore current speeds on the order of 3-4% of the wind speed. In the
western Beaufort, this inplies net westward water novement; in the eastern
Beaufort this inplies a bimodal distribution of currents wth eastward
currents dominating in the winter and westward currents domnating in the
sumer. Mean year-round wind speeds cluster about 4 m'see in the Barter
|sland area although Kozo (this volume) does indicate sone reduction in
wi nds eastward toward Denmarcation Bay. These average w nd speeds inply
mean wind-driven transport at characteristic speeds of 15-20 em/sec in the
open water period. Bath Aagaard (1981) and Matthews (1981) indicate that
under-ice speeds woul d be greatly induced for this wnd speed.
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Lagoon/Barrier Island Characterization

The basic lagoon types appearing on the Beaufort coastline are
illustrated in Figure 7-27. The first type discussed in this Chapter is
the open lagoon, i.e. those open to |ongshore transport as well as to
cross-shel f exchange between nultiple |arge openings in the barrier
I sl ands. The second |agoon type discussed is the pulsing |agoon, i.e.
those with one major entrance through the barrier island. These |agoons
are closed to longshore current throughput; exchange with the nearshore
waters occurs primarily viatidal punping of water through a single major
entrance, al t hough sone smaller amount of exchange may al so occur through
shallow breaks in the barrier islands. One or nmore small rivers or
streans typically enpty into each of these |agoons providing a source of
freshwater particularly in early spring

The third 1ageon type is termed a imted exchange lagoon in that it
has only limted lengshore current throughput via several larger openings
in the barrier island system These | agoons may or may not exhibit
pul sing effects due to tidal punping. These | agoon types will be
di scussed individually giving specific exanples of each.

Qpen Lagoons

The nost extensively studied exanple of an open lagoen Systemis
Si mpson Lagoon.  Considerable data have been collected on both the
bi ol ogi cal and physical environments in nulti-year OCSEAP-sponsored field
programs of the Sinpson Lagoon and nearshore region. This discussion
will, however, address only results pertaining to a description of the
physical environment of the lagoon. Figure 7-28 illustrates the effects
of the mean summer wind conditions on Sinpson Lagoon circulation patterns.
In general, nearshore water enters the lagoon in the eastern and central
portion and is advected through the [agoon in a manner simlar to the
wi nd-driven longshore transport seaward of the barrier island chain. Note
that the multiple large openings in the lageon Systemand the open end
al | ow consi derabl e fiowthrough of the nearshore waters. Exchange is
therefore largely due to advection of nmew water masses through the |agoon
rather than input/local m xing/output.
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Tidal effects (Fig. 7-29) are superinposed uPon tre W nd-driven
conponent of the circulation and periodically nodulate that conponent’s
effect. Depending on the strength of the wind-driven currents in a
particular break in the barrier island, the tide may only nodul ate the
mean flow in the entrance or it may actually reverse the flow during the
opposing cycle of the tidal current as was observed in the Angun Lagoon
entrance data.

When both nmean wi nd-driven and tidal conponents of the circulation
pattern are acting sinultaneously, the effect is a pulsing flow pattern in
the lagoon with a mean flow from east to west through the [agoon.
Matthews (1979) has estimated that the flowthrough occurs at 3-4% of the
nmean wind speed which would Indicate |agoon water turnover on the order of
3-4 days for nean wind conditions of 10 kt. Matthews has al so reported
data which substantiate this description of circulation in a |agoon such
as Sinpson. Figure 7-30 illustrates the type of conditions which mght be
expected to exist in the lagoon if the description is correct. First, a
net wind-driven transport of waters east to west through the | agoon would
be acconpanied by sone offshore transport of the warm fresh surface
nearshore waters and replacement by cooler saltier offshore waters. Tidal
currents woul d then selectively introduce this nearshore water to the
lagoon i nterior at each entrance on the successive flood tides. On ebb
tides, the net westward flew woul d be reduced and |agoon waters woul d
col l ect near the eastern entrances of the lagoon to form pools of warmer
fresher water. On successive flood and ebb tides, these pools” of
alternating cool er saltier nearshore water and warner fresher |agoon water
(formed by mixing Of nearshore water from previous cycles and freshwaer
fromriver runoff) woul d experience a net westward transport through the
| agoon interior.

Figure 7-31 (from Matthews 1979) shows an exanple of tenperatures
salinity and current measurements from Milne Point during August 1978,
aleng With a tine series of sea |level taken during the same tinme period.
Note that when there is a nean westward flow through the lagoon (15-22
August) the tenperature and salinity traces show the passage of
alternating pools of cool saltier (0°C and 30 ppt) and warner fresher (3-
4oc and 24 ppt) water past the nooring site. This effect is observed to a
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greater or |esser extent at other mooring sites eastward of the Milne
Point site

When an abrupt change is observed in the wind pattern during the nean
| agoon flow, a corresponding abrupt change is observed in the
characteristics of the lagoon waters. On 22 August the winds changed from
predom nantly easterly to westerly, causing a reverse in the direction of
the mean flow through the lagoon. This in turn retained the warm
nearshore waters on the coast and reversed the direction of the |ongshore
current. Figure 7-32 illustrates the change anticipated in the |agoon
circulation patterns during mean westerly winds, using as an exanple the
reversal in the direction of the | agoon flow observed in Figure 7-31
begi nning on 22 August and |asting until 26 August. This reversal woul d
be acconpani ed by the disappearance of the alternating nearshore and
| agoon water nasses past the nooring site (as nearshore and |agoon waters
become identical) and observance of uniform warm internediate-salinity
water past the mooring site. An accumulation of nearshore water along the
coastline would also lead to the observed sea level increase of apparently
50 cm  The reestablishment of the nean easterly |agoon flow as observed
on 25 August would begin to produce the observed differential between
| agoon and nearshore waters. Transport through the |agoon appears to be
approximately the same both before and after the abrupt wind shift. In
the former case, however, nearshore and |agoon waters appear to be
identical and in the latter case they exhibit differences tn both
temperature and salinity

Pul si ng Lagoons

The pul sing | agoon type was the foeus of study in the present field
program  Figure 7-33 illustrates the conbined wind and tidal effects of
avail abl e exchange in this type of lagoon using Angun Lagoon and Pokok Bay
as exanples. Illustrated in this figure are mean sumrer conditions with
wi nds predomnantly fromthe east. In a manner sinilar to the open |agoon
case, easterly winds result in somewhat higher nearshore salinities and
| ower nearshore tenperatures for exchange with the lagoon. |n addition,
as discussed earlier, circulation in the lagoon itself may depend on the
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| agoon geonetry with greater mxing observed for a lagoon with the
geonetry of Pokek Bay than for a |agoon with the shape of &angun Lagoon.

Figure 7-34 illustrates the circulation patterns anticipated for
westerly winds. As in the open |agoon case, the fresher warmer nearshore
water is maintained on the coast and advected eastward in the longshore
current.  Figures 7-9 and 7-16 (previously discussed in "RESULIS" section)
show an exanple of a rapid shift frompredomnantly westerly to easterly
winds and the resulting changes to the water entering Angun Lagoon. As
observed in the Sinpson Lagoon data, during westerly w nds the nearshore
water is warmed to tenperatures equal to lageon water and the nearshore
and | agoon entrance waters beconme identical. However, when easterly wi nds
are reestablished the nearshore waters cool as 'warm Water i S driven
of fshore and the pulsing effects of cool-water-in/mxing/warmwater-out is
observed.  Because there is no netflowthrough of the waters entering the
pul sing | agoons, sensors placed in the interior of Angun Lagoon and Pokok
Bay do not experience thealternating patterns of nearshore and |agoon
water observed in Sinpson Lagoon.

Physi cal nodel s devel oped to study circulation and flushing in
| agoons and snal | embayments provi de useful information for interpreting
neasurements made in the present study. Recent work by Neee et al.(1979)
studied the effects of planform geonetry and the size and placement of
| agoon entrances on flushing efficiencies of small embayments. Figure 7-
35 showsanexample Of the distribution of exchange coefficient (percent
wat er exchange per tidal cycle) in an embayment Simlar to Pokok Bay in
geonetry. Note the uniformdistribution of the flushing properties in
this case. The average flushing efficiency for a lagoon with this shape,
according to this study, ranges fromge to 100% For conparison, in the
"RESULTS® section, flushing efficiency for Pokek Bay was crudely estinated
at 15 to 20¢ near the lagoon center. It should be noted, however, that
the tidal ranges utilized in Nece et al. were a factor of ten greater than
those observed in the Beaufort Lagoon system Flushing efficiencies m ght
therefore be expected to be greater in the nodel studies than in the
actual | agoons. Regardless, the results for Sinpson Lagoon are
considerably different, giving estimted exchanges on the order of 3 to 4
days (8-10 days for ideal tidal flushing) which yields over a 200%
efficiency conpared to tidal flushing alone.
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For a planform nodel geometry simlar to Angun Lagoon anlnteresting
phenonenon arises. Nece et al. find that nultiple circulation cells
develop in the lagoon when |agoon length-to-width ratios are greater than
three; as a result, cells furthest fromthe entrance do not participate
fully in the exchange processes and exhibit reduced flushing efficiencies.
(The previous section alluded to existence of these cells in Angun
Lagoon.) For a lagoon with a geonetry simlar to Angun Lagoon (length-to=
width ratio = 5) three circulation cells would be observed. Figure 7-36
illustrates the results of a nodel study with an embayment havi ng
approximately the same geonetry as the western portion of Angun Lagoon.
The results indicate that near the |agoon entrance exchange coefficients
may be as high as for the Pokek nodel results (23027% . However,
exchange as low as 1-2%is observed at the far end of the |agoon away from
the entrance. The overall flushing efficiency due to tidal effects al one
therefore would be on the order of 48%which is |ess than half of the
efficiency predicted for a pulsing | agoon simlar to Pckok Bay. The
region of the lagoon furthest from the |agoon entrance is, however,
virtually isolated fromthe exchange processes, show ng efficiencies as
low as 8-10%  As in the case of the Pokok nodel, however, nodeled tides
are a factor of 10 greater than those observed in Angun Lagoon and act ual
flushing efficiencies are expected to be considerably |ess than those
model ed.

O particular note is the fact that current neasurenents in the far
western end of Angun Lagoon show persistent north-northeast current
direction indicating a mean clockw se circulation in this portion of the
| agoon. Fol | owi ng Nece et al., if three circulation cells exisSt in the
| agoon west of the main entrance then the central cell should exhibit net
countercl ockwi se circulation and the cell imrediately adjacent to the
entrance should exhibit clockwise circulation, This is substantiated hy
visual observations of inflowing currents and surface drifter notions near
the lagoon entrance.

It nust be remenmbered at this point that these results are for tidal
flushing only and that considerable wind mxing may occur in addition to
the exchange which i s enhanced by the input of freshwater into the surface
waters at the isolated end of Angun Lagoon. However, in the absence of
lagequantities of freshwater as might be expected in the late sumer and
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fall under nean easterly w nd conditions, flushing of |agoons simlar to
Angun Lagoon m ght be considerably lower than indicated by typical ideal
flushing estimates based on vol une exchange al one.

Limted Exchange Lagoons

The final |agoon type to be discussed has been termed the limted
exchange |agoon since only limted throughout of nearshore waters is
possible. An exanple of this type is Beaufort Lagoon which is actually
conposed of several small interconnected narrow |agoons with an extensive
barrier i Sland system The barrier island system (commonly referred to as
Icy Reef) has a relatively small nunber of openings distributed along its
extent but several of the openings are quite large, allowing the
possibility of net w nd-driven flowthrough of the waters from the
longshore current. At the far western end of Beaufort Lagoon i S Nuvagapak
Lagoon, followed by (moving eastward) Egaksrak Lagoon, Siku Lagoon,
Pingokraluk Lagoon, and finally Demarcation Bay. Maj or entrancesi ncl ude
Nuvagapak entrance to the west (which actually consists of two openings:
one narrow and quite deep, the other wider vut relatively shallow),
Egaksrak entrance, Siku entrance, and the main entrance to Demarcation
Bay.

Al though water sanples were collected in Nuvagapak Lagoon, sufficient
information does not exist to substantiate the hypothesis that nearshore
water input to the Beaufert Lagoon system on the upw nd entrances would be
slowy advected through the lageon system and output through the downw nd
entrance to the lagoon. Visual observations on 2-3 August, however,
indicate a large influx of nearshore ice floes at the deep western
entrance which were advected into the lagoon interior during mean westerly
winds. However, once in the lageon and subject to both higher water
tenperatures and wave activity, the ice floes quickly melted and were lost
as tracers of the ret water novenent through the |agoon.

Flowthrough, hence purely advective exchange as was discussed for the
open lagoon types, is expected to be considerably less than observed for
Sinpson Lagoon.  However, considerably nore advective exchange than for
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the pulsing lagoons is anticipated. The observed range of flushing
efficiency calculated for open and pul sing |agoons kas been estimted at
200% and 15-20% respectively, for Sinpson and Pokok Iagoons. |f nodel
results for Pokok Bay and Angun Lagoon geonetries scale the same (100%
flushing efficiency for pokek Bay and 48%averageefficiency for Angun
Lagoon) then actual average efficiencies for Angun Lagoon may be as |ow as
7-10% gi ven a 15-20% estimate for Pokek Bay. Therefore, a considerable
gain in flushing efficiency mght be expected for the limted exchange
| agoons dependent onthe degree of w nd-driven advection through the
| agoons.  For exanple, if advection in Nuvagapak Lagoon is only 0.5% of a
3m see easterly wind (1L.5cnm see) as conpared to3-4$observed in Sinpson
Lagoon, then flushing efficiency could be increased te 75% w th water
exchange OCCUrring in as little as 12 days.

A consi derabl e nunber of limted exchange | agoons exist in the
eastern Beaufort including those |agoons typically considered as form ng
Beaufort Lagoonand the | agoon systens inside- Icy Reef to Demarcation Bay.
To the west, Oruktalik, Tapkaurak, and Jago | agoons are of similar
configuration. These |imted exchange |agoons, whose entrances may or nay
not exhibit some phenonenon characteristic of pulsing |agoons depending on
the degree of w nd-driven advection through the particular |agoon

enconpass over 75%of the coastline of the Beaufort nearshore east of
Barter Island. Perhaps another 15% of the coastline can be accounted for
by pul sing lagoons in this region. Further study of the flushing
characteristics of these lagoons is clearly warranted. In contrast, the
| agoons in the western Beaufert fromBarter Island to Pt. Barrow are
al nost all of the open type simlar to Sinpson Lageon.

Continued OCSEAP-sponsored studies in the Chukehi Sea nearshore will
deal al nost exclusively with the l[imted exchange |agoons which have
extensive barrier island systems and nmultiple small entrances distributed
along the coastline. A study of the Peard Bay |agoon systemIn particul ar
wi Il be undertaken in the summer of 1983. Figure 7-37 shows the results
of a nodel study of a small embayment With two small entrances (one
entrance is twice the size of the other) simlar to Peard Bay; the
predicted flushing efficiency for a lagoon with this geonetry would be 84%
whi ch conpares to 48% for a single entrance lagoon with the geometry of
Angun Lagoon. In addition, given two entrances and the relationship of
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the peard Bay geometry to the local wind field, it is probable that
consi derabl e flowthrough of' nearshore waters may occur during strong

easterly or westerly wind events.

CONCLUSI ONS

GCrculation patterns and exchange properties of nearshore and
| agoon/ barrier island systens on the eastern and western Beaufort Shelf
show many dissimlarities. Cbserved differences may be attributable both
to differences in coastal and |agoon geonetries and to differences in
their surrounding external physical environments. The major difference in
the physical environnent affecting eastern and western Beaufort Systems is
the mean wind field. Mean winds inthe western Beaufort are primrily
fromthe ENE whereas in the eastern Beaufort Wi nds are bimodal, bei ng
directed fromboth the ENE and wsW with ENE winds domnating In the summer
and WBWw nds dom nating in the winter. Because currentson the inner
shelf and nearshore are primarily wnd-driven, circulation patterns should
vary considerably in the two regions. However, there is notyet
sufficient data on either inner shelf region to adequatly describe current
patterns.

The nmean summer wind conditions in the eastern Beaufort tend to nove
nearshore surface waters offshore and to the west to be replaced by cooler
saltier water fromthe inner shelf. These conditions occur 35% of the
time for an average sunmer. During periods of easterly w nds, water
entering the |agoons from the nearshore is typically cooler and saltier
than the anbient lagoon water. OF the remaining open water season, 25% of
the time winds are fromthe wsw and nearshore waters are retained along
the coast and are advected to the east. During these periods of westerly

winds, | agoon and nearshore waters tend to exhibit simlar properties
Mean summer conditions in the western Beaufort are simlar to those

intheeastern Beaufort during periods of easterly winds. However, in the
western Beaufort easterly winds domnate over a greater percentage of tine
including the fall and winter periods. This is reflected in the movenent
of warmer fresher nearshore water awayfrom the coast to be replaced by
cooler saltier inner shelf water and in the observed cool er mean
tenperatures and higher nmean salinities in the western Beaufort |agoons.
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Fall conditions in the eastern Beaufort are dom nated by westerly
winds which nove the ice and inner shelf surface waters onshore and to the
east. Fall is the period when large storm setup may occur and significant
longshore transport may result.

Hypersaline water observed in the western Beaufort open |agoons has
not been detected in eastern |agoons. Even very early (26 July)
measurenments in Angun and Beaufort Lagoon interiors failed to detect
resi dual hypersaline water fromthe winter season. This may be due
partially to the lack of Sills in the pulsing and limted exchange |agoon
entrances which enable the brine extruded during the winter freezing to
escape the lagoons, or perhaps to probable higher winter tidal exchange
rates in the eastern lagoons which have deeper entrances and interiors
than were observed in the western open lagoons. It is alse probable,
however, that the absence of this water is due sinply to the spring river
di scharge which purged the lagoons prior to July, simlarly to
observations in Sinpson Lagoon.

Lagoon/ barrier island geonmetries vary between the eastern and western
Beaufort Shelf, with open |agoons being the dom nant formalong the
western nearshore regime and pulsing orlimted exchange |agoons being the
dom nant formalong the eastern Beaufort. The largest flushing
efficiencies for the three lagoon types occur in the open |agoons simlar
to Sinpson Lagoon in the western Beaufort. These |agoons are open to
f1 owt hrough by the coastal 1longshore currents and nmay exhibit flushing
efficiencies equal to 200% of tidally-induced exchange alene.

Flushing efficiencies for pulsing or limted exchange |agoons may,
however, be considerably 1ess. For exanple, the flushing efficiency of
Pokok Bay (a pul sing | agoon that should exhibit good fl ushing
characteristics with a centrally located entrance and a length-to-wdth
rati o of approximately 1) may be as |ow as 15-20%in the absence of
enhanced bareclinic flow. On the other hand, Angun Lagoon (a pul sing
lagoon with a length-to-width ratio of 5 and an off-center entrance, thus
predicted poor flushing characteristics) may show average overal |l flushing
efficiencies which are half of those observed for Pokek Bay. In addition,
Angun Lagoon contains sone isolated regions away fromthe entrance which
may have tidal flushing efficiencies only 10# of those calculated for
Pokok Bay.
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However, under the influence of wind forcing and particularly under
the influence of westerly winds which forces water onto the nearshore
region and into the lagoons, vertical mixing and increased horizonta
exchange occurs which may tenporarily increase the exchange efficiencies
of these types of |agoons to equal that observed for Pokok Bay. The
critical wind speed required to mx the lageon waters appears to be on the
order of 10 kt for early spring stratifications, and is anticipated to be
considerably less for late sumrer conditions when vertical stratification
is reduced. In either case, however, flushing efficiency for these
eastern Beaufort Lagoon types is considerably less than that observed for
the open western |agoons, and it appears only a fraction (15-20% of that
whi ch woul d be estimated from vol ume exchange cal cul ations alone. These
reduced flushing rates make the eastern Beaufort Lagoon systens nore
vul nerable to inpact by oil and gas explorationactivity due both to
disruptions in the exchange processes which renew the |agoon properties
via interactions with the nearshore waters and to direct contam nation by
oil or drilling byproducts.

NEED FOR FuRTHER STUDY

Results of this programindicate the need for a better understanding
of the flushing properties of pulsing and limted exchange | agoons.
OCSEAP is presently sponsoring a nunerical nodeling program to study
circulation and exchange in various |agoon types. Data to validate these
nodel s can be obtained by either field neasurement programs or Laboratory
model studies. These studies could nost effectively be carried out in a
| aboratory nodeling programsimlar to that conducted by Rece for smal
embayments i n the State of Washington. These studies should include both
the effects of tidal flushing for vari ous planform lagoon geometries
(simulated 20-cm tidal anplitudes) and the effects of enhancenents due to
fresh water runoff in the [agoon interiors. These model studi es,
unfortunately, cannot nodel the effects ef wind-driven circulation and
m xing but could be used to validate portions of current nunerical codes
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bei ng devel oped to nodel Beaufort Lagoons. These codes, when validated,
wi || acconmodate w nd-induced m xing and circul ation effects for
conparison to observed wind mxing thresholds and measured |agoon
circul ation.
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