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1.0 SUMMARY

1.1 Purpose and Scope

Offshore oil drilling along the north Alaskan coast is certain
to be undertaken within the next few years. To understand the ecological
and economic implications of an o0il spill from offshore, projections of
the movement of o0il slicks and their impact location along the shoreline
must be determined.

The trajectory of spilled oil over a continental shelf depends
primarily on the temporal and spatial variability of three factors: the
thermohaline structure of the waters, the circulation of the waters, and
the winds. Existing data about the three factors is analyzed for summer
conditions (ice is ignored) along the Alaskan north coast. The environ-
mental data along with a storm model is used to predict the paths of oil
slicks from fifteen potential sites.

1.2 Conclusions

The greatest danger of an oil spill impacting the shoreline
occurs when the wind direction varies between east and northeast. These
wind directions are the dominant winds along the coast over the entire
summer .

An equation, y = -6.54 + 4.81x - 0.10x2 (where x is distance
offshore and y is impact time), has been developed to predict the minimum
impact time on the shore for an oil spill originating along the Beaufort
Sea coast. Using the equation, minimum impact time for an oil spill oc-
curring 1 nm off the coastline is 3.5 hours; minimum impact time for an
0il spill occurring 20 nm off the coastline is about 60 hours.

Fifteen potential oil spill sites were chosen to develop graphs
of impact probability versus distance offshore. The graphs are very useful
as a management tool for predicting probability of oil spill impact on
shore for the potential offshore spill sites.

A "typical" low pressure storm moving along the primary storm
track will cause an oil spill 5 nm offshore to impact the coastline in
less than 8 hours.

e e . .

1.3 Recommendations

E Wind and current data along the Beaufort Sea coast are sparse.
In order to offset the uncertainties due to these factors, the oil spill
trajectories were enveloped rather than given a single path for each spill.

The study results should be treated as a preliminary cut and f
best estimate based on limited data. The probabilities should be treated ‘
simply as tools used by management in assessing the environmental risk
of a spill at different locations along the coast.
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An ambitious research program is being conducted along the north
Alaskan coast as part of the BLM/NOAA Outer Continental Shelf Environmental
Assessment. These data as they become available will be used to refine,
modify and hopefully verify the oil spill model.

2.0 INTRODUCTION

The discovery of oil reserves along the Beaufort Sea coast has brought
development and exploitation onshore, with offshore drilling on the continental
shelf certain to be undertaken within the next few years. Because even
the best of planning and the most modern of safety techniques cannot insure
that accidental oil spills will not occur, there is a definite need for
an oil spill drift forecasting model for the Beaufort Sea shelf waters.

The path of spilled oil over a continental shelf depends primarily
on the temporal and sgacial variability of three factors: the thermohaline
structure of the water, the circulation of the water, and the winds.
This study considers the existing data in relation to these three factors
along the Beaufort Sea coast and incorporates the data into a risk analysis
model. The model is appropriate for summer coastal conditions when the
area is essentially ice free. Future work will consider the effect of
isolated ice fragments and the presence of an ice edge within the area.

3.0 DESCRIPTION OF STUDY AREA

Oceanographically, the Beaufort Sea is an integral part of the Arctic
Ocean (Coachman and Barnes, 1961, and Coachman, 1963). The area of specific
interest in this report is bounded by Point Barrow (156°30'W) to the west,
Demarcation Point (141°10'W) to the east, and the shelf break to the north
(Figure 1).

The bathymetry of the Beaufort Sea continental shelf has been discussed
by Carsola (1954) and Carsola, et. al (1961). The shelf is very shallow
with a well-defined shelf break at about 65 m depth. The width of the
shelf is variable, ranging from 55 km at Demarcation Point to 110 km at
Cape Halkett (153°W) and 20 km at Point Barrow. The shelf is essentially
flat except for a very few topographic highs believed to be extensions
of the low barrier islands that exist along the coast (Reimnitz, et. al,
1972).

3.1 Thermohaline Structure

Numerous hydrographic measurements have been taken on the Beaufort
Sea continental shelf since 195G. The majority of these observations
were taken between late July and the end of September (Table 1), i.e.,
the ice-free season. The observations were scattered, making temporal
and spatial interpretation of the data difficult. The scatter is caused
by two factors. The first factor is the heavy polar pack which is never
far from the coast in the summer and can advance onto the shore at any
time. The location of many offshore observations usually reflect this
limitation due to the ice cover. Second, because of the draft of the ¥
icebreakers from which most data have been obtained, few measurements
have been taken shoreward of the 20 m depth contour.

2




Lo MBS

S G

G i

RN

oL

Ot

*ISBOD uBYSETY yjiou 3uole Baie Apnis JO UOTIBD0T T 2an3tyg

P

mouiog g

.
SR ._.._-._..-..-.....-....._-.-.._..-..-..-.

o8Pl oSt o951

091




HYDROGRAPHIC CRUISES CONDUCTED ON THE NORTH ALASKAN SHELF

TABLE 1

(POINT BARROW TO DEMARCATION POINT)

NODC CRUISE

LISTING NO.* i L i
310153 Burton Island Aug, 1950
310400 Burton Island Aug-Sep, 1951
310400 Burton Island Sep, 1952
310456 Burton Island Aug-Sep, 1954
310457 Northwind Aug-Sep, 1954
310509 Staten Island Aug-Sep, 1955
310547 Atka Aug-Sep, 1956
310548 Requisite Jul-Aug, 1956
310571 Atka Aug, 1957
310572 Eldorado Aug, 1957
310574-75 Burton Island Aug-Sep, 1958
310636 Staten Island Jul-Sep, 1959
310667 Burton Island Aug-Oct, 1960
310238 Northwind Jul-Sep, 1964
318286 Glacier Aug-Sep, 1971
312183 Staten Island Julgs 2972
318328 Glacier Aug-Sep, 1972

*The National Oceanographic Data Center archive cruise

listings.




There are four summers (1950, 1951, 1971, and 1972) where the
temporal and spatial distribution of hydrographic measurements on the
shelf are sufficient to permit detailed analysis. Data from the 1950-
51 cruises are discussed by the U. S. Navy Hydrographic Office (1954).
The 1971-72 data is discussed by Hufford, et. al (1974). Results from
these four summers show that the shelf water has wide variations in temperature
and salinity.

The extreme variability observed in the summer surface water
temperatures (-1.4 to 6.0°C) and salinities (3 to 30 o/oo) is the result
of the interaction of solar radiation, irregularity of ice cover, ice
melt, freshening and warming by local runoff, and wind-induced water movement
(mixing). Generally, the very low surface temperatures (< 0°C) are found
offshore near the pack ice edge. All the low temperatures observed at
or near the surface during the four summers were at least 0.2°C above
the water's freezing point. Sea surface temperatures in the open water
areas are more dependent on direct heating from the sun, river runoff,
and advection. West of 150°W a large body of relatively warm water (0
to 7°C) is often found on the shelf from the surface to the bottom (Figure
2, map view; Figure 3, profile) (Hufford, 1973). Cursory analysis of
past data from Table 1 indicates that the warm water layer was present
during the summer in 10 of 16 years. This warm body of water extends
from the 25 m isobath northward to at least 71°41'N. The core of the
layer parallels the continental shelf edge. The eastward extension of
the warm layer along the shelf appears to vary from year to year. The
salinity of the warm layer (28.0 to 31.9 o/o0o) does not differ from adjacent
waters. Hufford (1973) suggests that the origin of the warm water is
the Bering Sea.

Volume transport estimates of the warm intrusion on the shelf
can be made using data from a line of hydrographic stations along 148°30'W
during 1971 and 1972. The eastward transport of water with temperatures
greater than 0°C is estimated to be 0.9 Sv in 1971 and 1.0 Sv in 1972
(one Sv is equal to 1 x 106 m3 sec'l). An eastward velocity of 40 cm
sec~l was used in the calculation. These estimates of transport are about
66 percent of the volume of the water that flows through the Bering Strait
to the north (Coachman, et. al, 1975). This suggests that the majority
of the warm water flowing northward through the Chukchi Sea toward the
Arctic Ocean turns eastward along the Alaskan shelf. The effect of this
warm layer on the Beaufort Sea shelf region will be discussed in detail
in the section on circulation.

Salinity of the surface water on the outer shelf is influenced
by the proximity and concentration of ice and ice melt. Salinity values
between 4 o/oo and 20 o/oo are found in areas of heavy ice (6 to 8 oktas)
while areas with ice concentrations of less than 3 oktas usually are associated
with surface salinities of 20 o/oo to 26 o/oo.

River runoff in the summer near the coast decreases surface
salinities to as low as 3 o/oo and adds heat that is important in reducing
nearshore ice cover. The majority of freshwater flow occurs in late May
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with intense flow normally lasting less than two weeks (Walker, 1974).
During the rest of the summer, the river flow is very small. The extent
of most of the river plumes in late July to the end of September is less
than 5 km from the river mouths.

The vertical effects caused by the above factors seem to be
limited to the upper 25 m and generally less than 15 m during the summer.
A pycnocline can be found between 5 m and 15 m on the shelf, creating
a dynamic barrier to convection (Figure 4). In deep water just off the
shelf (> 60 m) the pycnocline is usually found deeper, v 25 m. Reasons
for the difference in depth of the pycnocline are not known. The difference
may be due to different mixing processes (internal waves, etc.) under
the ice cover that usually exist over the deeper water in the summer.

The limiting depth of convection in the winter can be determined
by observation of a minimum temperature (-1.4 to -1.6°C) layer 5 m thick
which is centered on the outer shelf at 40 m depth. This cold layer,
referred to as a dicothermal layer by Defant (1961), is the remainder
of the convectional flux extending to depth during the winter.

The presence of a shallow steep pycnocline in the north Alaskan
coastal water column will have two major effects on the dispersion of
oil. First, it will limit the layer through which the wind drift current
can act. Consequently, the wind drift current in time may approach a
constant velocity through the entire shallow surface layer. Second, it
will affect the rate and depth of descent of the oil after it has lost
its volatile and light fractionms.

3.2 Winds

An understanding of the wind regime along the Beaufort coast
is very important to the development of the technique presented in this
paper. Because there is a dearth of wind data for this region, a number
of assumptions are required before the character of the offshore wind
field can be predicted. Using statistical inference, these assumptions
can be examined and estimates of their usefulness made.

The first assumption is that the direction of the wind does
not differ significantly at the Barter Island and Barrow sites. These
two sites were chosen because they provide the most complete wind records
available in the region and they are at nearly opposite ends of the coast.
If they are significantly different, they should vary in some predictable
way, either temporal or spatial.

The second assumption is that the wind speed is not significantly
different at the two sites. If they are, we should be able to infer the
way that they are different.

The third assumption is that if wind speed and/or direction
do differ for the two sites then we can objectively determine how they
differ and use the information as a basis for predicting the general wind
field offshore along the Beaufort Sea coast.
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Long-term wind data are available from only two locations along
the north Alaskan coast: Barrow and Barter Island. Three hourly data
are available from 1942 to the present. Data from Prudhoe Bay cover only
the last eight years. Limited data is available from the DEW line sites
along the coast but it is often not synoptic, limited in coverage and
difficult to obtain.

The most apparent and consistent feature of the surface winds
(10 m elevation) along the north Alaskan coast is the persistence of easterly
winds throughout the year as shown in Figure 5 (based on data from Searby
and Hunter, 1971, and Belello, 1973). The cause of the predominant easterly
winds is attributed to an atmospheric high pressure area centered over
the Arctic in the eastern Beaufort Sea (Campbell, 1965).

Conclusions based on detailed analysis of north slope winds
are sparse in the literature. A comprehensive study of the near-surface
winds along the north Alaskan coast is necessary to identify and describe
spatial and temporal characteristics of the coastal wind field. Preliminary
analysis of previous data will be presented in the following discussion.

Along the North Coast of Alaska the major resource development
activity occurs during the summer or "ice-free' season. Knowing this,
we restricted our detailed examination of wind conditions to July, August
and September.

Because the longest records available are for Barrow and Barter
Island, they will be used as the primary data base. The parameters of
interest are wind speed and wind direction.

The mean wind speed for July, August and September are compared
for both stations. The assumptions are that the mean wind speed is normally
distributed through time, that the values at each station are independent
and that they have unequal variances. We tested the null hypothesis that
the mean wind speed at Barrow is not significantly different from the
mean wind speed at Barter Island for the three-month period for the dominant
wind directions (ENE, E, and ESE). The mean values for the year by month
and direction are shown in Tables 2 and 3 respectively. The results of
the test are: they are significantly different at the .05 level of o
(probability of a type I error). The bottom graphs on Figures 6, 7 and
8 illustrate the variability of wind speed for the two stations. The
statistical "tool" serves to quantify the '"apparent' differences on the
graphs. This result requires examination of data from stations in between
and by suggesting that these two stations do not respond to the same general
wind field with respect to speed.

Data for the summer of 1974 was used to test the null hypothesis;
the frequency distribution of wind direction (16 points of the compass)
for Barrow is not significantly different from Barter Island. Examination
of the top graphs on Figures 7 and 8 suggest that there may be significant
differences. Using a goodness of fit technique, the two distributions
were compared to test the null hypothesis. The result: the two frequency
distributions are significantly different at the .05 level of a.

10
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; The results for the wind speed and wind direction comparisons
suggest that data from stations in between must be examined. The purpose
is to determine at least qualitatively the scale of application of the
longest and most complete data sources, Barrow and Barter Island. For
this purpose the remainder of the discussion on winds will consider two
provinces; the eastern north coast winds and the western north coast winds.

4 Eastern North Coast Winds

Examination of past data from Barter Island show that the wind
field is characterized by a bimodal distribution (Figure 5).

Dickey (1961) studied the topographic effect of the Brooks Range
on strong (> 11 m sec™) surface winds at Barter Island. The Brooks Range
is located about 90 to 110 km south of Barter Island. Dickey expressed
the following points about the winds at and around Barter Island:

1. When winds are westerly or southwesterly along the coast
to the west at Barter Island, they become due west at Barter Island and
shift to the northwest east of Barter Island. When winds are easterly
to the east of Barter Island, they are from due east at Barter Island
and remain easterly to the west of the island.

2. Wind speeds increase steadily from the west of Barter Island
to a maximum some 150 km to the east of Barter Island.

3. Winds increase toward the Brooks Range to the south of Barter
Island and decrease off the coast to the north. During high winds the
topographic effect can be felt as far north as 120 km from Barter Island.

Dickey found that the behavior of the winds at Barter Island,
140 km west (Prudhoe Bay) and 150 km east (Komakuk) of the island can
be explained by substituting a '"simple physical model barrier'" representing
the knob of the Brooks Range and specifying the flow of air to be horizontal
and irrotational. Ratios of wind speed along the coast to the wind speed
at Barter Island were computed from actual data and from the model. These
ratios are given in Table 4.

TABLE 4

RATIOS OF WIND SPEED ALONG THE COAST TO THE
WIND SPEED AT BARTER ISLAND (FROM DICKEY, 1961 - >llnlsec—1)

LOCATION OBSERVED MODEL ,

}
Prudhoe Bay/Barter Island 0.72 0.77 |
Komakuk/Barter Island 128 1.17




Dickey's results are based on approximately three years of data.
Using Dickey's technique we computed the ratios of wind speed between
Prudhoe Bay and Barter Island for wind speeds greater than 6 m sec™l (6
m sec™! because we are interested in a broader range for prediction).
We used a larger data base from 1970-1975. The ratios are shown in Table

TABLE 5

COMPUTED RATIOS OF WIND SPEED AT
PRUDHOE BAY TO THE WIND SPEED OF BARTER ISLAND
(FOR WINDS GREATER THAN 6 m sec~1)

WIND DIRECTION MEAN RATIO STANDARD DEVIATION

West Winds 0.97 0.29
East Winds 1.04 0.17

We assumed the wind speed ratios are normally distributed, the
two populations are independent and they have unequal variances. We tested
the null hypothesis that the wind speed ratios are not significantly different
for east and west winds. The result: they are not significantly different
at the .05 level of . This result supports the inference that the wind
speed for the coastal area from Prudhoe Bay to Barter Island is not significantly
different for the dominant wind directions. The importance of this inference
is that we can consider the data (at least for the dominant directions
and speeds above 6 m sec~l) as representative and therefore useful for
predicting the character of the immediate offshore wind field.

We were not able to test the frequencies of the dominant wind
directions at Komakuk and Barter Island because of insufficient data.
However, general observations show that the direction at Komakuk varies
by about 25° from Barter Island; westerly winds at Barter Island are northwesterly
at Komakuk, easterly winds at Barter Island are southeasterly at Komakuk.

Western North Coast Winds

The predominant wind direction at Barrow is easterly although
again reference to Figure 5 shows a bimodal distribution. The mode for
westerly winds is not as strongly displayed in the Barrow data as it is
in the Barter Island data (Figure 5). The westerly wind directions are
attributed to a high pressure cell in the interior of Alaska and the Yukon
and the eastward movement of low pressure systems over the Arctic.

Again using Dickey's technique, the wind speed at Barrow was
ratioed to Prudhoe Bay for east and west winds. The same assumptions
apply and the same null hypothesis was tested. The ratios are shown in
Table 6. The result: the mean ratio for east wind speeds and west wind
speeds is significantly different for Barrow/Prudhoe Bay. This result

18




suggests that we cannot infer a consistent wind field for this province
based on the ratio technique of Dickey. In this case we cannot infer
that the two stations provide us with a representative picture for the
purpose of prediction.

TABLE 6

COMPUTED RATIOS OF WIND SPEED AT
BARROW TO THE WIND SPEED AT PRUDHOE BAY
(FOR WINDS GREATER THAN 6 m sec~l)

WIND DIRECTION MEAN RATIO STANDARD DEVIATION

West Winds .79 0.19
East Winds .95 0.15

An attempt was made to compare winds at Barrow with a closer
station: Oliktok Point (approximately 200 km from Barrow). We found
that for our purposes there was insufficient data. However, the following
general observations can be made:

3 (P When winds at Barrow are westerly (255-270°), the winds at Oliktok
Point are northwesterly (280-300°). Wind speed at both stations is similar.

2 When winds at Barrow are easterly (70-100°), the winds at Oliktok
are also easterly but are more erratic in direction.

Our recourse here is to subjectively interpret the limited wind
data (such as in Figure 5) and make conservative predictions of the expected
character of the wind field along the coast. For this paper we will consider
the winds at Barrow representative of the north coast as far east as 152°W.
From 152°W to Demarcation Point the winds at Barter Island will be considered
as representative.

3.3 Storms

The primary storm track for low pressure systems follows the
Siberian coast eastward across the Chukchi Sea and then along the Alaskan
north coast. During an average summer six or seven storm systems follow
this track. The secondary track follows the Alaskan coast from the Bering
Sea northward to Point Barrow and turns eastward following the north coast.

Those storms which produce westerly winds can cause a rise in
sea level along the shore. Sea level records from Barrow (Matthews, 1970)
show that meteorologically induced tides cause the greatest variations
in sea level. Westerly storms can cause a rise in sea level of over 3
meters (Reimnitz, et. al, 1972). These storm surges can force an oil
spill on the water into low-lying coastal regions. Selmann, et. al (1972)
indicate that 75 percent of the north Alaskan coast has a relief of 5
m or less. 19
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To predict winds during a typical storm system moving along
the Alaskan north coast, a wind field generating model has been developed.
| The model can be used to determine at a given set of positions the wind
i speed and direction of the storm as it moves through the area (for a more
: detailed description of the model, see Miller, et. al (1975)). The following
i assumptions are made in the model:

, 1. Direction and speed of the storm movement is constant over
| the time interval considered.

2. The storm is considered circular with the isobars arranged
symmetrically about the minimum pressure at the center.

3. The model computes geostrophic wind at the indicated position
from the storm. Values are corrected for friction over the ocean.

The model was tested using actual storm conditions. For this
discussion a comparison between model-generated winds and actual winds
at Barrow for a storm that occurred in August 1972 is given in Figure
9. The similarity between the winds is good, except for wind speed at
the end of the storm where the model-generated winds are consistently
greater in magnitude than the observed winds. The poorer agreement of
the winds near the end of a storm appeared in all comparisons made between
actual storms and the simulated data. However, the overall agreement
of the model winds with actual winds is sufficient to utilize the model
to determine the drift of an object during a storm condition.

3.4 Circulatiom

The surface circulation of the shelf waters along the north
Alaskan coast is not well known. The U. S. Navy Hydrographic Office (1958)
has produced a generalized chart of the surface circulation derived from
scattered, short, direct current measurements, ship and ice movements,
and the distribution of observed water properties. The chart (Figure 10)
indicates that in the summer the surface water flows westward at speeds
of less than 15 cm sec~l. The highest surface currents (> 20 cm sec~1l)
occur near Point Barrow. The movement of the surface water is apparently
the result of the general wind pattern. (A select list of direct surface
current measurements is given in the appendix.)

Recent surface current observations reveal a more complex pattern
in surface flow than the chart discussed above. The U. S. Geological
Survey (Barnes and Garlow, unpublished manuscript) has released 4200 surface
drift cards along the North Alaskan coast during August-September 1972.
The drifter release and recovery data are summarized in Table 7. The
low rate of return (1.8%) is expected for this remote area.
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TABLE 7

DRIFTER RELEASE AND RECOVERY DATA

DATE RELEASED NUMBER RELEASED NUMBER RECOVERED PERCENT RECOVERED

8 Aug - 11 Sep 1972 2925 9 0.3%
(released from ice breaker in
waters deeper than 20 meters)

21 Aug - 6 Sep 1972 1275 66 5:2%
(released from coastal vessel in
water depths less than 20 meters)

TOTALS 4200 /i 1.8%

The late summer (September) release of many of the drifters
limited the time for transit to the beaches prior to freezeup when surface
water motion ceases and the drifters could have been incorporated into
the coastal ice of the polar pack. Although cards have been found and
returned for three conseutive summers, there is uo data suggesting drifters
were not already ashore before freezeup in 1972.

The direction of drifter movement is summarized in Table 8 and
on Figure 11. The result is a dominance (79%) of westerly movement.
About half of the recovery points were onshore from their release points
(distance to shore > half distances traveled parallel to shore). If the
onshore movements are not considered as part of the directional data,
the ratio of west to east drifters remains about the same with about 80
percent of the drifters moving west.

TABLE 8

SUMMARY OF DRIFTER MOVEMENTS

DIRECTION OF MOVEMENT NUMBER PERCENT
Easterly 16 21
Westerly 59 79

East along coast 8 11 (22%)

Onshore 38 50 ( =)

West along coast 29 39 (78%)
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Velocity data are sparse, with only nine useable recoveries occurring
r prior to freezeup in 1972 (Table 9). Rates of drift range from less than
I 1 cm/sec to almost 38 cm/sec. The lowest velocities were seen in those
i two cards which drifted onshore. Drifters traveled westerly at the highest
¢ velocities with an average drift rate of 18 cm/sec (1/3 knot). The one
E rate of drift calculated for an easterly direction (7.5 cm/sec) was less
than 1/2 the average westerly rate.

Hufford, et. al (1974) have measured velocities of near zero i
{ to 50 cm sec~l along the outer shelf. The observed currents do appear
to be wind driven. The current direction normally falls within the same
quadrant as the wind direction (predominantly to the west) unless wind
speeds are less than 2 m sec™l. Then the current, especially near Point
Barrow flows to the east (Hufford, et. al, 1974). Near the shore, the
surface current is generated by local winds and the flow is generally
E | parallel with the shore (Kinney, et. al, 1972; Hufford and Bowman, 1974).
b ( Current velocities of 0-37 cm sec~l were observed under wind regimes of
{ 0-8 m sec~l.

Additional evidence that the surface currents are wind driven,
at least on the eastern Alaskan north coast, is the presence of upwelling
near Barter Island (Figure 12) (Hufford, 1974a, 1974b). Hufford concluded
that the easterly winds present throughout the summer in the area create
an offshore Ekman transport in the surface layer which in turn leads to
upwelling of the deeper offshore water onto the shelf. Table 10 contains
estimates of the Ekman transport and associated wind stress using values
of the mean easterly wind speed from past data.

TABLE 10

ESTIMATED EKMAN TRANSPORT ASSOCIATED WITH
AVERAGE EAST WINDS NEAR BARTER ISLAND

AVERAGE WIND . WIND STRESS EKMAN TRANS.
SINE SPEED (m/sec) B AR O (dynes/cm2) (g/cm sec)

Jul 5.7 E 0.63 4.60 x 103
Aug 7.0 E 0.95 6.93 x 103
Sep y A E 0.98 7.15 x 103

The two-layer model of upwelling by O'Brien and Hurlburt (1972)
predicts that for a wind stress of 0.8 dynes cm~2 the interface between
the layers will rise 30-40 meters in 10 days depending upon the assumed
shelf bathymetry. The model also predicts that the upwelling region will
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be located within 30 km of the coast and be characterized by a baroclinic
coastal jet parallel to the shoreline and moving to the west. Observations
by Hufford (1973) agree very well with the model. Evidence of the coastal
jet appears in the area off Prudhoe Bay (148°W) in the 1972 data. Geostrophic
currents were calculated from a line of observations along 148°30'W (using
salinity, temperature and sigma t of Figures 13-15) (Hufford, et. al,

1974). A reference level of 100 db was used. Figure 16 shows the westward
flow (negative numbers) of the upwelled water near the shore. Note that

the actual magnitudes in the figure for the current are probably in error
because of the shallowness of the water and the reference level. However,
the general shape and direction of the calculated flow is probably realistic:
the direction of flow is consistent with the hydrography in that the isotacs
and isotherms are very similar.

There is good evidence of eastward motion on the western north
Alaskan shelf associated with warm water from the Bering Sea. Johnson
(1956) found zooplankton species indigenous to the North Pacific and the
Bering Sea along the north coast. Also, the surface water temperatures
showed a warm tongue-like distribution extending eastward from Point Barrow.
Johnson concluded that water from the Bering Sea had flowed northward
through the Chukchi Sea, around Point Barrow and eastward along the north
coast. In 1950, the apparent eastward extension of the warm water tongue
was 151°W, whereas in 1951 the extension was more pronounced (143°W).

An analysis of hydrographic data by Hufford (1973) showed the
presence of a subsurface temperature maximum on the north shelf east of
154°W in 1971 and 1972. The density range of the water was the same as
Bering Sea water, again suggesting eastward flow along the north Alaskan
coast. Geostrophic currents calculated along 148°30'W from data taken
in 1972 (Figure 16) show the presence of the Bering Sea water moving eastward
offshore of the westward movement of upwelled water inshore.

Paquette and Burke (1974) traced Bering Sea water from Barrow
Canyon to the western portion of the north Alaskan shelf establishing
continuity of properties around Point Barrow with Hufford's data. Finally,
Hufford (1975) reported on a 15-day time series current record collected
on the shelf 83 km northeast of Point Barrow at 25 m depth. The current
record shows a strong eastward flow averaging 60 cm sec~l for six days.
On the seventh day the velocity decreased to less than 10 cm sec~l and
persisted at low'speeds until on the fourteenth day the flow increased
to greater than 40 cm sec~l. The direction of flow the entire time series
was to the east. The period of high velocities occurred during westerly
winds. The decrease in current occurred during easterly winds. It is
interesting to note that the westerly winds were not of sufficient strength
to be the primary driving force. There was another source of momentum
for the current. That force is unknown. For discussion purposes it is
important to recognize only that the warm water intrusion possesses considerable
momentum prior to its entry onto the north Alaskan shelf.

The existing data indicate two modes of circulation on the north
Alaskan shelf; a wind-driven system with upwelling and advection. To
understand the possible causes and what mode might dominate, the dynamics
controlling these modes should be examined.
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The two terms advective acceleration and wind stress can be
scaled to estimate their individual magnitudes:

i U and 1/p T

I, H
where L is the horizontal length scale and H is the depth of frictional
influence. The rate of momentum transfer is:

U (UH) = 1L

The two sources of momentum, wind stress and advection, will
at times be additive (during westerly winds) but most of the time will
be opposed (winds are primarily easterly). For the wind stress to stop
or prevent the eastward flow of Bering Sea water onto the shelf, the wind
stress must be applied over a distance greater than L. If the wind stress
is applied at a distance less than L from the advection source, the water
motion would be controlled by advection. On the north Alaskan shelf a
water depth of 40 m is chosen. Analysis of the wind data (last section)
shows that the wind field at Barrow can be applied to the coastal region
as far as Harrison Bay (220 km). The wind stress is determined from the
quadratic equation:

T = pCU?

where C is the dimensionless drag coefficient ( = 1.5 x 10'3). Table

11 contains different advection velocities, wind stresses, and associated
length scales. The average monthly easterly wind stress during the summer
is sufficient to prevent the eastward flow of Bering Sea water to less
than 100 km east of Point Barrow when the average water flow is 40 cm

sec™
TABLE 11

HORIZONTAL LENGTH SCALE VALUES FOR PENETRATION OF
BERING SEA WATER ON THE NORTH ALASKAN SHELF

CURRENT SPEED TIME WIND STRESS LENGTH

(cm sec~1) (dynes cm—2)* (km)
Jul 0.90 160

60 Aug L.21 119
Sep 1.09 132

Jul 0.90 71

40 Aug Qe 53

Sep 1.09 59

Jul 0.90 40

30 Aug 34 30

Sep 1.09 33

*Calculated from data of Searby and Hunter (1971.
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For water motions in shallow water friction should be included
in the consideration of the dynamics. To estimate its importance, bottom
stress is determined using the equation:

e 2
Th = QOCdUw
where p, is the density of the water, U, is the velocity of the water,
and Cq is 3.3 x 10-3 (Sternberg, 1965). Assuming a bottom velocity of
10 cm sec™ —, T, would be 0.33 dynes cm™“. Friction alone would limit
the advection of momentum to less than 300 km.

Past data (Johnson, 1956; Hufford, 1973) show that Bering Sea
water can penetrate as far east as 450 km but usually as a subsurface
flow. Just where the Bering Sea water sinks from the surface and becomes
a subsurface flow is not known. Data from 1971 and 1972 indicated that
the warm layer comes around Point Barrow as a surface flow and disappeared
from the surface around 154°W in 1971 and 150°W in 1972. This is about
the same distance from Barrow as the length scale calculated from the
wind stress and advection of momentum. For the surface layer, it is assumed
that the eastward flow of Bering Sea water is limited to less than 150
km east of Point Barrow.

The hydrographic data and direct current measurements show the
presence of two modes of circulation on the north Alaskan shelf: warm
water from the Bering Sea intruding eastward along the outer portion of
the shelf; and the wind-driven circulation on the eastzrn half of the
shelf with upwelling and its associated western jet of water moving westward.
The upwelling is in response to the easterly winds which predominate in
the summer. The absence of upwelling further to the west is probably
due to the influence of the eastward-moving Bering Sea water. Nearshore,
the currents are not steady state and are influenced by the local winds.
The currents show dominant longshore components, moving either east or
west. The average direction is to the west because of the predominance
of easterly winds.

3.5 Tides

Periodic phenomena were estimated from the current record of
Huiford (1975) recognizing the restrictions of a short record. Amplitudes
of about 1 cm sec~l were observed for the diurnal and semi-diurnal components
of the record. These small amplitudes indicate that temporal forcing
of the shelf current by the tide is insignificant on the Beaufort Sea
shelf.

Wiseman, et. al (1974), have also observed a similar absence
of a strong current signal at the tidal periods on a short current record
obtained near Point Lay, southwest of Barrow. A semi-diurnal component
was present and had an amplitude of only 1 cm sec~l.
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3.6 Waves

Because of the presence of the pack ice usually only a few kilometers
from shore, wave action along the north Alaskan coast is much reduced.
The pack ice reduces the open water fetch, and floating ice in open water
areas inhibits wave development. The prevailing direction of the seas
coincides with that of the surface winds: the swell tends to be from
the northeast in the summer.

The most severe wave conditions occur during the passage of
rapidly moving storms in the summer (provided ice conditions permit an
appreciable fetch across open water). The largest waves recorded offshore
were greater than 9 m (Lewellen, 1969). Near Point Barrow waves of 6
m height occurred during a storm in August 1951 (Carsola, 1952). However,
tabulation of sea height versus direction for the vicinity of Point Barrow
shows that about 90 percent of the time sea height is less than 1 m (Table
12). Wiseman, et. al (1974) found that the most common nearshore wave
field at Pingok Island had an energy peak at periods between 2 and 3 seconds
and a significant wave height of 20 to 30 cm.

TABLE 12

SEA HEIGHT VERSUS WAVE DIRECTION FOR NEARSHORE
AREAS BETWEEN POINT BARROR AND PITT POINT, ALASKA

DATA TAKEN JULY TO NOVEMBER (From Sellmann, et. al 1972)

WAVE SEA HEIGHT, m TOTAL % OF
DIRECTION <1 1 1-2 2-3 >3 OBS TOTAL
NNE-NE 146 25 2 2 1 176 7.3 |
ENE-E 317 57 7 2 2 385 15.9 p
ESE-SE 68 6 1 75 3.1 |
SSE-S 22 3 25 1.0 |
SSW-SW 23 7 30 1.2 g
WSW-W 102 20 7 4 133 5.5 ‘
WNW-NW 63 29 28 12 1 133 5.7 |
NNW-N 68 20 88 3.6 ‘
CALM 1370 1370 56.7
TOTAL 2178 168 b4 21 4 2415

% 90.2 7.0 1.8 .9 ok
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The wave-induced drift along the north Alaskan coast can on
occasion become important. The equation for the surface Stokes transport
is:

V, = (D)2 c
L

where H is the wave height, L, the wave length, and C, the wave velocity.
Table 13 contains values oi Vy for typical values of H, L, and C at different
wind speeds. The estimated transport is roughly 10 percent of the total
surface drift current, assuming the total current is 3.5 percent of the

wind.

TABLE 13

SURFACE DRIFT CURRENT DUE TO WAVE TRANSPORT

WIND SPEED TRANSPORT CURRENT
(m sec~1) (cm sec~l)

5 2

10 5

1%

20 13

25 17

The estimated Stokes transport for the common wave conditions
for the north Alaskan coast given in Table 12 is only 2 cm sec”l, The
only time that wave-induced drift will be important along the North Slope
will be during the infrequent summer storms.

4.0 FORECAST MODEL
The oil spill forecasting model presented here is based on the following:

1. It is assumed that the movement of the o0il slick can be computed
as the vectorial sum of the permanent current vector, tidal current vector,
and the wind-induced drift vector.

2. The permanent and tidal current vectors for the north Alaskan
shelf are ignored based on evidence in the previous sections.

3. The wind-induced drift vector for the oil slick is assumed to
be in the same direction as the wind vector and has a magnitude of 3.5
percent of the wind speed. This treatment assumes the wind drift current
is at fully developed conditions, i.e., the current has reached its maximum
attainable speed. The drift angle for the distances and for the latitudes
of interest in this study is expected to be small and hence will be neglected.
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4. The state of the local winds is described by one of sixteen directions
(N, NNE, NE, ENE, etc.) with an asscciated mean monthly speed for each
direction.

5. The wave-induced surface drift vector will be neglected except
during storm conditions.

0il spreading can be accounted for by the Fay-Hoult spreading description
(Fay and Hoult, 1971) which treats the oil as a fluid of homogenous density,
viscosity and surface tension. Recent studies by Glaeser and Vance (1971)
and by Hoult, et. al (1975) indicate that the crude oil does not spread
as readily in cold waters. Using the Fay-Hoult spreading represents a
"worst case'" situation. However, for purposes of this paper the spreading
of the oil will be omitted. If necessary, for environmental risk assessment,
one can calculate the maximum slick area as equal to the volume of the
spill divided by the spill thickness (v1 cm).

There are natural processes that, given a sufficient time, tend to
mitigate the effect of a spill beaching upon a coast. These processes
are evaporation of lighter fractions into the atmosphere, the dissolution
of the soluble fraction into the water, and the breakdown of the larger
slick into numerous smaller slicks by the action of the ambient turbulence
and presence of floating ice. Unfortunately the importance of these processes
on the north Alaskan coast are unknown. These processes, therefore, will
be ignored in the following discussion.

4.1 Results - Using Historical Wind

To forecast impact locations along the north Alaskan coast,
0il spill movement from fifteen arbitrarily chosen spill sites is generated
using the environmental data discussed in previous sections. Figures
17-31 are summer composites of potential impact areas along the north
Alaskan coast. Each figure contains a wind rose with percent frequency
for each individual sector. For example, in Figure 17, the 20.7 value
is the percent frequency of an easterly wind which would move an oil spill
in a westerly direction during the summer.

The data from Figures 17-31 was used to determine the minimum
impact time and the probability of impact for the 15 different areas (Table
14) . The wind was presumed to stay within the same sector throughout
the drift period. This assumption of constant wind probably gives artificially
low values of minimum impact time. However, as a worst case estimate
of minimum impact time, the time can be a valuable tool for environmental
risk assessment. The probability of impact is determined by adding all
the percent frequency values of those sectors of the wind rose which intersect
the shoreline and is expressed as a percent where 100 percent is a certain
impact.

The predominant wind directions which cause minimum impact times
are ENE and E. These are the most frequent directions of the wind along
the North Slope in the summer, as shown in Table 1l4. The minimum impact
times for the fifteen spill sites vary between 6 and 53 hours and the
probability of impact from 40 to 96 percent.
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TABLE 14

MINIMUM IMPACT TIME AND PROBABILITY OF IMPACT
FOR EACH OF THE FIFTEEN SELECTED SPILL SITES

DISTANCE MINIMUM CONSTANT WIND PROBABILITY

FIGURE | TO SHORE | IMPACT TIME DIRECTION FOR OF IMPACT
(MILES) (HOURS) MINIMUM IMPACT TIME (%)
17 8.5 25 ENE 60
18 5.0 12 ENE 56
19 6.0 27 NE 40
20 7.3 22 ENE 72
| 21 42 12 ENE 61
22 5.0 15 ENE 61
23 4.2 11 E 67
24 4.7 12 ENT 61
25 14.7 53 ENE 75
26 5.9 19 ENE 68
27 14.5 30 E 61
28 12.3 34 NNE 41
29 7.7 14 ENE 63
30 5.7 13 ENE 63
31 - 6 E 96
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A graph was constructed of impact time versus distance offshore,
using the data in Table 14, to assist in assessing environmental risk
along the entire north Alaskan coastline. A best fit curve was calculated
and fitted to the data and is shown in Figure 32. The equation of the
curve is:

y = -6.54 + 4.81 x -0.10x?

where x is the distance offshore (in nautical miles) and y is the impact
time (in hours). The equation can be used for computing minimum impact
time for a spill to reach the coastline from any site offshore.

A map was developed (Figure 33) to show the probability of impact
along the north Alaskan coastline. The 70 percent line in Figure 33 indicates
that an oil spill occurring shoreward of the line has a 70 percent or
greater probability of impacting the coastline. Likewise, a spill occurring
shoreward of the 40 percent line has a 40 percent or greater probability
of impacting the shoreline.

The map for impact probability (Figure 33) was developed as
follows:

Fifteen transects were drawn from the shore through the fifteen
arbitrarily selected spill sites. These transects are shown in Figure
33. The wind rose centers were placed along these lines and the probability
of impact was computed for one, five, ten, fifteen, twenty, twenty-five
and thirty miles offshore. As before, the probability of impact for each
distance offshore was determined for each transect by adding all the wind
frequency values of those sectors which intersected the shoreline. Two
constraints on this method were used. First, if only one side of a sector
intersected the coastline, half the frequency value was used in computing
the total probability. Second, if the distance to the shoreline from
the center of the wind rose for a particular sector was greater than fifty
miles, that sector was omitted from the total probability computation.
The results of these computations of impact probability versus distance
offshore for each of the fifteen transects are shown in Figures 34 to
48. We arbitrarily selected the 40 percent and 70 percent probabilities
in Figure 33. However, using Figures 34 to 48, any probability line can
be computed and mapped.

Figures 17 through 48 indicate that drilling offshore of tha
North Slope could cause environmental risk to barrier islands and the
coastline itself. For a discussion of the ecological impact of the oil,
we refer the reader to Isakson, et. al (1975).

It is important when using Figures 17-31 that the user be aware
of processes that can alter the predicted spill track. Along the eastern
north Alaskan coast upwelling can occur. The oil spill model assumes lateral
homogeneity along the coast. However, we know that inhomogeneity exists
with respect to upwelling. These areas of convergence known to occur parallel
to the coast may serve as traps and collectors for oil spilled near them.
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Figure 32. Impact time (hours) of an oil spill offshore '
to reach the coastline. (Distance in nautical
] miles.)

55




LS e e e i A IR M

e o

*3SBOD Y3aou UBYSBTY @1T3ua a9yl I0J
surTaioys ayj Burioedur [[rds TTO U®B JO SITITTIqRqOId ‘€ 2an314g

A
—

| |
' 5 H ;
: _ .
1] T,
- 9
3 *on\ ~
ogu r
: o M,
» o ™
” ) ‘
: £ Y Sr 4 }
z PrYA R I
, L
1

] ._....:...:_.:_....:._.:_.....:.......:_.._.......::.......:....,:;:...:_..........._....._:..._..._:._:;L.._.;:......._..:...:_.....:_:....._.....::.._....:..:....._......:,:............_.....:...._.......... R e LR e ST R R}
BEL 0Pl 2Pl K2 9P 8vL 4051 251 K1 961 851 091

AnEa by 2 (e o Baid b 2 " N . (itie . - cai salia " g b e ot L 2 dliaieaiis s o it i e i " et i




3 -
33 -
32 =
31+ -
30 o]
29 A
E
E 28 <
2 27 1
; 261 4
25¢ ]
: 24} 8
~ 23t ]
£ 22} 4
N
21+ o
1 p
o 20 =
T - )
1 > i
¢ w 185 . t
o ,,
V77 = i
5 ;
16 < ;
8 9] b
] Z st N i
3 <
- 14F N l
) 3
= 13 &
o (3
121 . 3
: - |
10+ o
9t R i
i3
8t . A
4 | 3 f
6+ J i
é
5r 4 i
B
4 J &
3F - i
2k u t
8
‘( 4 4
1 L 1 1 | RS T ) 1 t 1 t TR | N [ | 1 sl o i 1 :
| 100 90 80 70 60 50 40 30 20 10

IMPACT PROBABILITY (%)

Figure 34. Impact probability as a function of distance
offshore for area near Demarcation Bay. 18

7 i




OFFSHORE (M1.)

DISTANCE

w
w
T

w
»
el |

NONw
N @ o
T | i

180

of fshore for area near Nuvasapak Lagoon.

58

.
J
TN ST SR TN AR, Y IS S TSN TR (TR (W) (MRS IR TS TN TR, N AT
90 80 70 60 50 40 30 20 10 0
IMPACT PPOBABILITY (%)
Figure 35. Impact probability as a function of distance




OFFSHORE (M1.)

w
(9]
z
<5
-
v
(=]

L [ ) v 1 1 8 e e
40 30 20 10 0

IMPACT PROBABILITY (%)
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Figure 38.
offshore for area near Brownlow Point.
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offshore for area near Saviovik River.
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Figure 42.
offshore for area near Calville River.
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Figure 43.
offshore for area near Atigaru Point.
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Figure 44. Impact probability as a function of distance
offshore for area near Cape Halkett.
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Figure 45. Impact probability as a function of distance
offshore for area near Pitt Point.
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Impact probability as a function of distance
offshore for area near Cape Simpson.
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Figure 47. 1Impact probability as a function of distance
offshore for area near Dease Inlet.
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Impact probability as a function of distance
offshore for area near Elson Lagoon.
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Along the western north Alaskan coast, Bering Sea water is
intruding eastward. When the predominate winds (easterly) are light
(<2m sec‘l), surface waters can move eagstward in this area opposite to
the wind direction. 0il spill movement under these conditions is difficult
to determine. Thus, one should exercise some caution in applying the results
of this study.

4.2 Results - Using Storm Model

To predict oil spill trajectories during a typical storm system
moving along the Alaskan north coast, the wind-generating model discussed
in a previous section (Storms) is used to simulate the storm. Examination
of past meteorological data for the Alaskan north coast show a "typical"
low pressure system can be characterized by a radius of 600 km, has an
average pressure of 996 mbars at its center and a pressure of 1008 mbars
at its edge. For our simulation the central location of the storm is
set at 75°00'N and 170°00'W on the primary storm track. The storm direction
is 110°T at a speed of 40 km hr~l. Winds are generated at five positions
along the coast as the storm moves easterly: (a) Barrow, 156°40'W; (b)
Pitt Point, 153°W; (c) Oliktok Point, 150°W; (d) Stockton Islands, 147°W;
and (e) Barter Island, 143°40'W.

The resultant five oil drift paths produced by the storm winds
are given in Figure 49. The total time for each drift is 16 hours. Each
drift did not start at the same time because there is a time delay at
each position to the east along the coast until the storm is ''felt."

This delay is dependent on the velocity of the storm along the coast.

If an oil spill should occur just as a storm entered the north
Alaskan coast, the spill would move in a northerly direction then swing
easterly (the largest distance covered by the spill occurs during this
direction) and finally move in a southerly direction. It is interesting
that in all five cases the end of the drift track is always farther south
than the starting point.
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Figure 49.

(a) B4 i

5.10 (d)
(c)

|-2000 m~{

(e)

Drift tracks due to a low pressure system moving on the
primary storm track across the Alaskan north coast:

(a) 156°40'w, (b) 153°W, (c) 150°W, (d) 147°W, and

(3) 143°40'w.
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APPENDIX 1

(

SURFACE
POSITION DATE ﬁggﬁ; (Kn) (G315) SHIP
SPEED DIR
1956 USS ELDORADO
73921 "N 17 Aug 1030 0.9 118
156°44'W | 17 Aug 1410 Uit 127
18 Aug 1015 0.5 083
1410 0.6 065
19 Aug 1600 0.3 103
20 Aug 1030 0.6 049
1600 0.2 023
21 Aug 1145 153 105
22 Aug 1410 0 0
2200 0 0
23 Aug 1100 0.8 054
1140 0.6 060
1450 0.8 053
24 Aug 1400 0 0
25 Aug 1030 0 0
1405 0.3 260
26 Aug 0815 1 o2 118
1400 0 0
27 Aug 0900 0 0
1956 USS REQUISITE
71°21.9"N | 22 Jul 2135 e 161
146°43'W | 23 Jul 0001 1.3 166
0435 1.4 179
P i T L
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APPENDIX 1 (cont.)

SURFACE
POSITION DATE ?I%EL (Kn) (G5 SHIP
SPEED DIR
1957 USS ELDORADO
FIS21%N 6 Aug 0255 1.5 058
156°46'W 6 Aug 0500 1805 075
7 Aug 1816 1.5 104
71°21N 7 Aug 2246 1.8 026
156°42'W 8 Aug 2240 252 021
71°26'N 9 Aug 1805 2.3 040
156°44'W 9 Aug 2145 i & 025
10 Aug 0210 2.2 120
0502 2.0 046
12 Aug 1930 2.3 122
14 Aug 0220 2.3 122
1812 23 122
16 Aug 1755 2.3 134
1957 * *% USS ATKA
70°23'N 1 Aug 0950 (01774 079
144°46'W
69°51"'N 1 Aug 2230 0.4 019
141°09'W
70°25'N 7 Aug 2205 0
148°28'W
71°10'N 8 Aug 1110 0.6 129
154°00'W




APPENDIX 1 (cont.)

POSITION DATE L,I? ‘f}?ﬁ? ( KnS)URFAC(E T) SHIP

SPEED DIR
1957 * Sk USS ATKA

69°03'N 10 Aug 1040 sl 035

166°37'W

69°16'N | 10 Aug | 1440 0.7 050

167°33'w

60°53'N 21 Aug 2210 (508 | 099

151°31'W

1958 k% USS BURTON ISLAND

70°30'N | 1 Sep | 0000 0.1 249

143°32'W

69°55'N 3 Sep 1915 Gl 089

140°58'w

70°30'N 4 Sep 0530 0.1 047

145°00'W

70°46'N | 4 Sep 1215 0 173

148°30'W

71°07'N | 4 Sep 2040 0.1 221

151°08'W

71°20'N 5 Sep 0245 0.0 176

154°00'W

¥l




APPENDIX 1 (cont.)

SURFACE
POSITION DATE LTOI(;&L (Kn) ) SHIP
SPEED DIR
1958 %k USS BURTON ISLAND
71°31'N | 6 Sep 0650 0.2 236
156°47'W
71°45'N | 6 Sep 1020 0.4 256
155°30'W
{
1971 CGC GLACIER g
70°38.4'N | 28 Aug | 0100- | 0.15 161 i
0330 |
148°04.0'W| 28 Aug | 0330- | 0.04 181 1
0600 |
0600- | 0.08 162 1
0920 ?
70°39'N | 8 sep | 0334- | 0.04 267 E
0604
148°21'W | 8 Sep | 0604- | 0.17 303 ]
1016 '3
1016- | 0.07 312 i
1300 i
1300- | 0.18 007 E
1400 t
70°41.2'N| 8 sep | 2046- | 0.09 287 E
2436 .
148°22.3'w| 9 Sep | 0036- 0.1 172 ,
0445 ¥
0445- 0.1 295 ‘
0630
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APPENDIX 1 (cont.)

SURFACE
POSITION (Kn) 1)
SPEED DIR

CGC GLACIER

71°07.5’N

153°00.0'W

71°23.8'N

154°31.5'W
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