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ABSTRACT 

The oil tanker M/V Puerto Rican exploded on 31 October 1984 and later 
broke apart to produce a major oil spill in the coastal waters off Sun 
Francisco, California, USA. Oil from this spill initially moved to the SS  W 
until 5 November, when it abruptly reversed direction and began moving 
rapidly to the north and then to the NNW during the follo~ving week. 

The oceanic processes that most likely contributed to the displacement of 
the oil spilled by the Puerto Rican are examined within the framework of a 
simple, empirical-hindcasting model. A large-scale flow component, wind drift, 
and tidal currents are included in the model. Wind drift, inferred by using a 
simple linear formulation, was the single most important factor in determining 
the over-all displacement of the oil. Residuals from the model, however, indi- 
cate that the wind alone could not fully account for the sudden and dramatic 
reversal in oil movement that occurred on 5 November 1984. This reversal 
was surge-like and coincided with an increase in sea level along the central 
Calqornia coast. Finally, the close agreement between the local and advective 
changes in sea-surface temperature in the Gulf of the Farallones at the 
time of the Puerto Rican oil spill indicate, although not conclusively, that 
this reversal could have been related to the onset of the Davidson Current 
or other larger-scale fio w phenomena. 
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INTRODUCTION 

On 31 October 1984, the oil tanker M N  Puerto Rican exploded about 
30 km west of the Golden Gate Bridge, San Francisco (Fig. 1). Three days 
later, the Puerto Rican broke in two while under two. The stem section 
sank and produced a major oil spill in the Gulf of the Farallones. An 
estimated 1.5 million gallons of oil were spilled into the ocean as a result of 
this accident (Herz & Kopec, 1985). The resulting spill gradually spread 
south over the next three days. However, on 5 November, the oil-spill 
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Fig. 1. Oil-slick locations at different times along the central California coast during the 
period of the Puerto Rican tanker oil spill between 3 and 12 November 1984. Approximate 
shapes of the oil-slick pattern are also indicated; hence the bulbous extremities associated 

with the oil slicks at locations 1 and 2. 
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trajectory suddenly reversed direction. By 6 November, oil was observed 
around the Farallon Islands, approximately 50 km north of its location 
on the previous day. Over the next seven days, oil from the spill was 
observed along the coast as far north as Pt Arena. Oil also came ashore 
at several locations around Pt Reyes and further north near Bodega 
Head. Although the over-all impact on the local marine environment was 
not considered severe, it was estimated that there were as many as 5000 
bird mortalities that resulted from this spill. 

Various oceanic processes undoubtedly contributed to the advection 
and dispersion of the oil spilled by the Puerto Rican. This spill episode is 
relatively unique in that slick-trajectory information is unusually detailed, 
and the trajectory itself passed through a region that contains an array of 
four National Data Buoy Center (NDBC) meteorological buoys (at least 
one buoy was always within 50 km of the spill). Moreover, extensive 
historical literature on the physical oceanography of this region exists. 
This information is used to examine and prioritize the importance of the 
various oceanic processes that influenced the path followed by the oil 
during its passage through the Gulf of the Farallones and further north 
along the California coast. 

To provide a framework for this study, we employ a simple, empirical 
model to hindcast the oil-spill trajectory. We also consider the likelihood 
that the onset of the Davidson Current or some other larger-scale 
flow feature may have contributed to the sudden and dramatic reversal 
experienced by the oil during its movement through the Gulf. In the 
subsequent analyses, we refer to this possibility as an apparent current 
reversal (ACR). 

ENVIRONMENTAL SETTING 

In this section, we present historical oceanographic data as well as 
oceanographic data acquired along the central California coast surrounding 
the period of the Puerto Rican oil spill. The historical data include a map 
of surface dynamic topography (01500 db) off the California coast for 
November (Wyllie, 1966; Fig. 2). Poleward flow along the central 
California coast at  least as far north as San Francisco is indicated with 
an offshore length scale of 100-200 km. The spatially and temporally 
averaged amplitude of this flow approaches 10 cm s-'. 

The data acquired around the period of the oil spill include surface 
wind, sea-surface temperature (SST), and sea level. Acquisition sites for 
these data are shown in Fig. 3 and their associated- characteristics are 
given in Table 1. 
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Fig. 2. Mean geostrophic flow at the surface (01500 db) off California for the period 
1950-1964 for November (from Wyllie, 1966). 

Surface winds, acquired from NDBC buoys along the California coast, 
were converted to wind stress according to the equation: 

where Cd is the drag coefficient, pa is the density of air, and Ulo is the 
wind velocity at  10 m. A constant drag coefficient of 1-3 X was 
employed. The results are displayed as vector time series or so-called 
stick diagrams (Fig. 4). Hourly observations of SST from the NDBC 
buoys are shown in Fig. 5. Hourly sea-level elevations, acquired from 
National Ocean Service tide gages, were initially smoothed by using a 
low-pass filter with a half-power cutoff of 40 hours (Godin, 1972). An 
inverse barometer correction was then applied by using the surface 
pressure from the nearest NDBC buoy in each case to yield the adjusted 
sea level (Fig. 6). 

Stick diagrams of surface wind stress generally indicate stronger winds 
to the north a t  the northern locations between the last week in October 
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Fig. 3. Locator map for sea level and NDBC buoy data. NDBC buoy data include 
surface winds, sea-surface temperature, and barometric pressure. 

and mid-November (Fig. 4). Typical wind-stress amplitudes are approxi- 
mately 1 dyn absolute maxima exceed 6 dyn ~ m - ~ .  Brief wind events 
on 2 and 5 November can also be identified in the Gulf of the Farallones 
(i.e., at 37-4"N and 37-8"N). 

SST increased by 2°C or more during the first half of November 
between 37-4 and 39.2"N (Fig. 5). This period of increasing SSTs starts 
several days earlier at 39.2ON than it does further south, consistent with 
the phasing of downwelling-favorable winds, which first develop in the 
northern portion of the study area and then progress equatorward. 

Adjusted sea level generally increases at locations along the California 
coast from Monterey northward during the first half of November, con- 

TABLE 1 
The Environmental Data 

Variable Height above (+) or depth At ( h )  Duration (1984) 
below ( -) sea level 

Surface wind +I0 m 
Sea-surface temperature 1 m 
Sea level Om 
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S e p t - c l t  Oct. -Now d D e c  - \: 
Fig. 4. Stick diagrams of hourly surface-wind stress at six locations along the California 
coast. Period covers 15 September-15 December 1984. Sticks pointing toward the top of 
the page indicate winds to the north, etc. The vertical line that extends across each of the 
plots coincides with the time of the apparent cumnt reversal that occurred in the Gulf of 

the Farallones on 5 November 1984. 
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Fig. 5. Hourly adjusted sea surface temperatures at six locations along the California 
coast from 15 September to 15 December. The vertical line that extends across each of 
the plots coincides with the time of the apparent current reversal that occurred in the 

Gulf of the Farallones on 5 November 1984. 

sistent with the onset of downwelling-favorable winds, although these 
increases are not as clearly sustained during the latter half of November 
and into December (Fig. 6). Abrupt increases (approximately 20 cm in 
amplitude) occur at Monterey, San Francisco, and Crescent City during 
the first week in November. It is noteworthy that similar increases in 
adjusted sea level are not observed south of Monterey. 

Eighteen temperature profiles acquired in or near the Gulf of the 
Farallones for the period between 15 October and 19 November 1984 are 
shown in Fig. 7 (obtained from the National Oceanographic Data Center). 
Taking first major-inflection points below the surface as an indication of 
the maximum depth of wind influence (i.e. surface mixed-layer depth), 
m-ixed-layer depths ranged from 30 to 60 m. 

Subsurface current-meter data (at a depth of 70 m) were also available 



Lourence C. Breaker, Alan Bratkovich 

CRESCENT C I N  

-20 

SAN FRANCISCO 

2, -20 

Fig. 6. Hourly sea level at five locations along the California coast from 15 September 
to 15 December 1984. Sea-level data have been low-pass filtered to suppress the tides and 
adjusted for variations in barometric pressure. The vertical line that extends across each 
of the plots coincides with the time of the apparent current reversal that occurred in 

the Gulf of the Farallones on 5 November 1984. 

at several locations along the continental shelf and slope south of San 
Francisco (Half Moon Bay, 37.5"N, 122.5"W, and Pt Su ,  36-OON, 122-OOW) 
during the period of the Puerto Rican oil spill. However, on the basis of 
the temperature profiles acquired in the study area, and the fact that the 
slick itself never approached closer than 40 km to the nearest moored 
current-meter site, we conclude (i) that current-meter observations at a 
depth of 70 m are most likely too deep to be taken as an indicator of 
surface flow in this region (well below the seasonal thennocline, see Fig. 7), 
and (ii), the observation sites are most likely too distant to be representative, 
especially in view of the irregular coastline and bottom topography 
of the region. Furthermore, subtidal, subsurface current fluctuations 
have been shown to have horizontal correlation length scales of only 
a few tens of km in this region (e.g., Winant et al., 1987; Chelton et al., 
1988). 
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Temperature ('C) 

Fig. 7. Eighteen temperature profiles acquired in and adjacent to the Gulf of the 
Farallones between 15 October 1984 and 19 November 1984 (NODC, 1989). Inset in the 

lower right-hand comer indicates the location of each profile. 

ANALYSIS OF THE OIL-SPILL TRAJECTORY AND RELATED 
PROCESSES 

Spill-trajectory analyses 

TtTe oil spilled by the Puerto Rican in the Gulf of-the Farallones was 
tracked by US Coast Guard aircraft overflights between 31 October and 
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17 November 1984. During this period, the oil-slick locations and 
associated patterns were mapped as the oil moved initially southward 
and then to the north. Figure 1 shows the time history of oil-slick 
movement from 3 to 12 November 1984. The slick patterns included in 
this time history are a subset of the total number that were identified 
and tracked by the Coast Guard. They were selected on the basis of 
providing the most consistent over-all trajectory for the displaced oil. 
Slick centroids were determined by estimating the geometric center of 
the slick at  each siting. Displacements were then found by measuring 
the (rectilinear) distances between the geometric centers at successive 
slick locations. 

The observations are consistent in that (i) they include the same oil 
type (color) where oil type was identified, (ii) the selected patterns are 
similar in shape, and (iii), the velocities associated with the oil-slick 
displacements are of the same order as the current velocities reported 
previously in this region. The oil patches depicted in Fig. 1 (and most of 
those not shown) tended to maintain their shape as elongated filaments 
(approximately 5-18 km in length) as they progressed upcoast. We note 
that there are many possible sources of error in such observations as 
the slick evolved over time. We have assumed, however, that any errors 
in oil-slick location were relatively small. 

A progressive vector diagram (PVD) of the oil-slick displacements 
(Fig. 8(a)) indicates that the oil moved SSW between 3 and 5 November 
and then to the NNE between 5 and 6 November, after which time it 
moved to the NW. There is a total displacement of almost 200 km 
between 3 and 12 November. After this time period (our analysis time 
window), the slick moved offshore near Pt Arena. The associated 
average advection speed is approximately 20 cm s-' to the NNW. In 
addition to the PVD, displacement and Lagrangian-velocity vector time 
series for the oil-slick movement history have been constructed (see 
Figs 9(a), lO(a)). Rectilinear motion was assumed throughout. Maximum 
displacements (approximately 77 krn) and speeds (approximately 56 krn 
day-') occurred on 12 November, when the oil was located near the 
coast, just south of Pt Arena. Both vector sequences also show the 
sudden major reversal in oil-slick movement that occurred on 5 November 
1984, with an associated displacement and velocity of approximately 
62 km and approximately 37 km day-', respectively. However, because 
the intervals between oil-slick sitings did not vary appreciably (1544 
hours), the velocity and displacement vector sequences are generally 
similar. Consequently the displacement vector time series is primarily 
referred to. 
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Fig. 8. Progressive vector diagrams of (a) oil-slick displacements. (b) wind-drift currents (basal on NDBC buoy winds), and (c) residual cumnts. 
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3 4 5 6 7 8 9 10 11 1 2 1 3  

DATE (NOV 84) 

Fig. 9. Displacement-vector sequences for (a) oil spill, (b) permanent current, (c) wind 
drift. (d) tidal currents. and (e) residual currents. 

Contributing processest 

To predict or hindcast the oil-slick drift or displacement associated with 
the Puerto Rican oil spill, large scale currents, surface-wind drift, and 

t Processes that relate to oil-spreading and nonconservative effects with respect to the 
oil slick itself are not considered in these analyses. 
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3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

DATE (NOV 84) 

Fig. 10. Lagrangian velocity-vector sequences for (a) oil spill, (b) permanent current, (c) 
wind drift, (d) tidal currents, and (e) residual currents. 

tidal currents were considered as likely generic sources of variability. 
Such an approach takes into account only advective processes and as 
such has been classified as an advective model (Murray, 1982). We assume 
for the purposes of our hindcast that the displacements associated with 
the various factors above can be combined by simple superposition (i.e. 
vector addition). We adopted this simplistic approach in lieu of more 
complex mechanistic models because such models are difficult to justify 
or implement in the absence of detailed dynamical data or relatively 
large samples (Jeffreys & Berger, 1992). We adopt the following formula- 
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tion to estimate the Lagrangian displacement of the oil spill with respect 
to a fixed point, which in our case is taken as the origin of the spill (i.e. 
its location on 3 November 1984 at 0730 GMT): 

We have explicitly included a large-scale current (V,), a wind-induced 
current (V,), and a tidal current (VT) in the above model. In our case, the 
large-scale current, V,, for example, may be dominated by seasonal or 
synoptic-scale flows. The parameter V, represents that portion of the 
flow directly forced by local surface winds. This term includes the effects 
of waves and oil-to-water slippage (e.g. Smith, 1974), as well as the drift 
produced directly by the shear stress of the surface wind. The parameter 
VT includes tidal effects that may be rotary in character offshore but tend 
to become more rectilinear closer to the coast. Because of the oscillatory 
nature of the tidal currents, their effects, averaged over a tidal cycle or 
more, are often small in comparison with the other components that 
make up the combined flow field. However, near the coastal boundary, 
this oscillatory perturbation in displacement can be a significant percentage 
of the encounter distance (i.e., the distance to landfall), so we have 
included this component in our analysis. 

In this modeling approach, albeit greatly simplified, we assume that, if 
we subtract the model-derived displacements, P(t), from the observed oil- 
slick displacements, OS(t), 

the resulting residuals, R(t), should contain no major deterministic 
components or statistical biases, given a high degree of model skill. Thus, 
we subsequently use R(t) as an indicator of our model's hindcasting 
performance. Note here that the residuals are linearly related to both the 
oil-slick displacements and the surface winds. We have also taken care to 
select the model parameters on an a priori basis. Thus, we use 'average 
values' from the historical literature and have resisted the tendency to 
'tune' the model for the present problem. In the discussion, we indicate 
refinements that were suggested by the results of our analysis (i.e. a 
posteriorQ. 

Large-scale flow regime 

If large-scale 'permanent' or seasonal currents are significant, they must 
be taken into account in predicting oil-slick displacements. We searched 
the literature to find representative values for this model component. 
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Monthly mean non-tidal currents were measured at the San Francisco 
Light Ship between 19 15 and 1920 (Marmer, 1926) and indicate that there 
was a 'permanent' flow of order 5 cm s-' to the NW year-around and 
that, for November, a speed of 6 cm s-' and a direction of 300°T were 
representative.? Marmer pointed out that, since the prevailing winds 
were from the NW, the non-tidal flow could not be due to the local 
winds (although he apparently did not consider the possible influence of 
wind-stress curl). Surface-drifter observations reported by Conomos 
(1975) indicated that, for the Gulf of Farallones, a direction of 315"T 
was representative for the winter period. Current-meter measurements 
acquired during the Coastal Ocean Dynamics Experiment (CODE) program 
on the continental shelf between Bodega Bay and Pt Arena during the 
fall of 1981 indicated poleward flows of 5-7 cm s-' approximately parallel 
to the coast at 9 m below the surface (Lentz & Chapman, 1989), values in 
close agreement with the surface values for speed and direction obtained 
by Marmer and Conomos. In addition, a poleward surface flow off San 
Francisco of about 6 cm s-' is estimated from the dynamic topography 
shown in Fig. 2 for November (Wyllie, 1966). These independent determina- 
tions of the larger-scale flow near the coast are all generally consistent, 
even though they were formed over different time windows and by using 
different methods. 

We have also performed a least-squares regression analysis by using 
the previous oil-slick velocities and the NDBC-buoy wind data, similar to 
that conducted by Winant et al. (1987), to estimate the forcing-response 
relationship between wind stress and near-surface along-shelf currents. 
With the same co-ordinate system as that used by Winant et al., our results 
can be compared directly with theirs and indicate a significant relation- 
ship between the along-shore component of slick velocity and wind stress 
(Fig. 11). The y intercept is approximately 9 cm s-' (compared with 
11-13 cm s-' found by Winant et al.), a value that reflects the along-shelf 
component of surface flow in the absence of wind forcing. Our slope is 
approximately 23 cm s-'Idyn ~ m - ~ ,  a value higher than that obtained by 
Winant et al. (14-16 cm s-'Idyn cm-*) and may reflect the oil-to-water 
slippage referred to in the previous section. Furthermore, our results are 
based on Lagrangian-flow estimates with many fewer degrees of freedom 
than the Winant et al. value (based on Eulerian measurements), plus the 
fact that there is only one value at the high end of the along-shore- 

t Annual and monthly-averaged currents were recently measured off the central Califor- 
nia coast (38.6"N, 123-5"W and 37.4"N. 122.9OW) during the superCODE program 
(Strub et al., 1987). However, the shallowest level at which these data were acquired was 
35 m, a depth that may have been too deep to be representative of the circulation occur- 
ring in the upper winddriven surface layer. 



Alongshore Wlnd Stress (dyne cm-2) 
X 

Fig. 11. Regression of along-shelf (along-shelf co-ordinate equals 317OT) oil-slick velocities versus along-shelf component of wind stress, 
based on Fig. 9a and 9c (or Fig. 10a and IOc). The y intercept is approximately 9 cm s-', and the slope is approximately 23 cm s-'/dyn ~ r n - ~ .  
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velocitylwind-stress relationship in our case. Nevertheless, these results are 
consistent with prior findings in this area and represent the first analysis 
of this type utilizing actual oil-slick-trajectory data. The intercept value 
of approximately 9 cm s-' is close to the values obtained by Manner 
(19261, Lentz & Chapman (1989), and the dynamic topography in Fig. 2, 
for the large-scale flow. Thus we include a conservative estimate for the 
large-scale current of 6 cm s-' at 315OT in our model, applicable to the 
entire oil-spill trajectory. 

Surface winds 

A number of studies have shown that oil on the surface of the ocean moves 
in accordance with the prevailing 'drift' currents, usually in response to 
local wind forcing. From observations of oil spilled in the North Sea, 
Tomczak (1964) concluded that the oil in this case moved with the wind 
at about 4.3% of its speed. On the basis of observations of the oil that 
escaped from the Torrey Canyon, Smith (1968) concluded that the oil 
movement associated with that spill could be accurately simulated by 
assuming that the oil moved in the same direction as the wind but with 
about 3.4% of its speed. A wind factor of 3.66% + 0.17% was obtained 
by Schwartzberg (1970) for quiet open water. Hoult (1972) indicated a 
wind factor of 3.5% in oil-spill-trajectory forecasting. Finally, Gross & 
Mattson (1977) and Lissauer & Welsh (1978) also concluded, on the 
basis of the Argo Merchant oil spill, that a value of 3.5% represents an 
appropriate value for the surface-wind drift factor. 

The wind-induced current, when parameterized in the form of a wind 
factor in oil-spill-trajectory models, includes not only the effect of 
surface-wind shear stress but also the effects of surface gravity waves and 
oil-to-water differential velocities (i.e. oil-to-water slippage). As a result, 
the wind-factor formulation does not explicitly take into account the 
various physical processes that contribute to surface-wind drift. However, 
because this approach is straightforward and has been so widely used in 
various oil-spill studies, we have adopted it here. Thus, on the basis of 
the studies cited above, we express the wind-induced surface drift as: 

where W represents the mean local wind velocity and the direction of V, 
is taken to be the same as that of W. In some oil-spill models, the effect 
of earth rotation is included but is always assumed to be small (i.e. less 
than approximately 20"). 

To account forthe effect of the wind on the oil movement associated 
with the Puerto Rican spill, surface-wind data acquired from NDBC 
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buoys in close proximity to the oil slick are used to estimate surface-drift 
velocities by using the above wind-drift relationship. This combination of 
PVD displacement vectors consists of the first two vectors taken from 
NDBC buoy 46012 (37.4-N, 122-7"W), vectors 3 and 4 taken from buoy 
46026 (37.g0N, 123-2"W), vectors 5, 6 and 7 taken from buoy 46013 
(39-2"N, 124-OOW), and the last vector taken from buoy 46014 (40-8ON, 
124-5"W). Based on these winds, a composite of PVD, displacement, and 
velocity-vector time series for the wind-drift currents was constructed 
(Figs 8b, 9c and 10c). 

In a similar manner to the oil-slick PVD, the composite wind-drift 
PVD indicates southward motion between 3 and 5 November. Over-all, 
drift-current displacements indicate net motion to the north and NNW, 
respectively. Unlike the oil-slick PVD, however, the northernmost vector 
from the drift-current PVD (buoy 46014) indicates motion that is 
approximately northward (as compared with NW) from 10 to 12 November. 
This discrepancy is due, at least in part, to the 'steering' influence of the 
shelf bathymetry experienced by the oil as it approached Pt Reyes and 
the coastal region between Pt Reyes and Pt Arena. In general, the wind- 
drift .displacements are similar to, but smaller than, the displacements 
obtained from the oil-slick trajectory per se. In particular, the displacement- 
vector sequences show that, although the wind reversed direction on 
or about 5 November, the magnitude of the corresponding wind-drift 
displacement is significantly smaller (approximately 54 km compared 
with 14 km) than the observed oil-slick displacement at this time. Thus 
it is unlikely that this abrupt change in oil-slick displacement can be 
explained by local wind forcing alone. 

Tidal currents 

Tidal currents enhanced or retarded the oil in its over-all northward 
displacement depending on the exact phase, amplitude, and direction of 
the local tides. The tides in the Gulf of the Farallones are mixed but 
mainly semidiurnal. Offshore, the tidal currents in the Gulf and further 
north are rotary; closer to the coast they become rectilinear (Fig. 12). 
Tidal currents near the entrance of San Francisco Bay (i.e. the Golden 
Gate) are anomalously intense and reach speeds of over 200 cm s-' at 
maximum ebb (US Dept, of Commerce, 1973). 

~ecause  the tidal flows were not known precisely at  the various loca- 
tions where the oil-spill sightings were made, we estimate tidal effects 
along the oil-spill trajectory by extrapolating tidal-current data acquired 
at nearby locations, as given by Marmer(1926), the NOS Tidal Current 
Tables (1984a), and Rosenfeld & Beardsley (1987). Figure 12 shows tidal- 
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Fig. 12. Locations of tidal-current data in the Gulf of the Farallones and north to Pont 
Arena. Offshore locations are indicated by tidal ellipses and locations on the coast are 

indicated by arrows. 
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current ellipses at several locations within the general area of the oil spill. 
The tidal-current ellipse off San Francisco (Marmer, 1926) undoubtedly 
contains at least some influence from the strong tidal currents in and 
around the Golden Gate. Current ellipses farther north along the coast 
(Rosenfeld & Beardsley, 1987) indicate generally weaker tidal flows. 
Tidal currents at  two coastal locations are also included, one at Pt Reyes 
and a second at  a point midway between Bodega Head and Pt Arena. 
These sources of tidal-current information have been used to estimate the 
tidal currents at the mid-points between oil-spill sightings by taking into 
account the changes in current velocity due to increases (or decreases) in 
bottom depth. These adjustments were made by assuming that the rate of 
energy transmission is conserved as the tide moves into shallower water. 
The estimated ellipses were digitized every hour to obtain the u and v 
velocity components, which were then averaged over the period between 
successive oil-spill sightings.? No allowances have been made for the 
inherent variability associated with tidal currents or for possible errors in 
their measurement. 

The mean tidal currents at each mid-point location are shown in Fig. 
10(d). Owing to the generally low velocities and the oscillatory nature of 
the tidal currents, their cumulative effects are relatively small; however, 
between oil-slick sightings 3 and 4 and between sightings 8 and 9, they 
are non-negligible. Higher tidal-current velocities between locations 8 
and 9 are based on the results of Rosenfeld & Beardsley, who found that 
tidal currents along the coast increase significantly between about 38.S0N 
and 39"N. 

Residual analysis 

Since we have constructed our model on the basis of parameterizations 
and values from the literature, residuals could be weakly (or strongly) 
correlated with the original series depending on the relative effectiveness of 
the model. In the limit, a 'perfect' model would be expected to produce 
residuals that have only an insignificant correlation and a relatively small 
variance compared with the original series. In accordance with eqn (3) 
and our previous discussion, we subtract the sum of the large-scale, 
wind-drift, and tidal-current displacements from the original oil-slick 

t Clarke and Battisti (1981) present a model which uses coastal sea-level measurements 
to calculate a complex along-shore wavenumber, which in turn is used to predict along- 
shore tidal currents. However Rosenfeld & Beardsley (1987) found that this model was 
unable to predict correctly the variability of the along-shore tidal current in the coastal 
region between Pt Reyes and Pt Arena, and thus it has not been used in this study to esti- 
mate tidal currents. 
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displacements to produce a sequence of residual-displacement vectors. 
These residuals are shown in Figs 8(c), 9(e) (and 10(e)). Although the over- 
all displacements associated with the residual currents are relatively small 
(approximately 50 km to the north and approximately 20 km to the west) 
compared with the oil-slick PVD, they form an organized pattern that 
indicates a residual flow to the WNW, similar to the displacement pattern 
for the oil slick itself. The residual-displacement sequence (Fig. 9(e)) 
contains individual vectors whose magnitudes exceed those associated 
with either the large-scale or the tidal-current components. Only the wind- 
drift displacements generally exceed those associated with the residuals. 

A sensitivity analysis was conducted to determine what value for the 
wind factor actually yielded the smallest residuals (in the mean-square 
sense), our own observations being used. A wind factor of 4.4% pro- 
duced the smallest residuals (and reduced the mean-square residuals by 
approximately 5%), a wind factor well within the range of wind factors 
reported elsewhere and summarized by Stolzenbach et al. (1977) 
(0.8-5.8%). However, as indicated before, we chose to use a wind factor 
of 3.5% for several reasons. First, to use a wind factor based only on the 
fact that it minimizes the residuals for this one limited case appears 
somewhat arbitrary, since a number of other factors in addition to the 
wind affect the magnitude of the residuals. second, our 'optimal' value 
was obtained from an extremely small sample (eight), whereas the value 
of 3.5% was estimated from a number of independent studies where the 
sample sizes far exceeded our own. 

Vector correlations 

To determine the degree of similarity between the oil-slick movement and 
the various modeled drift components, vector correlations were calculated. 
Details concerning the method of calculating these vector correlations and 
their significance levels are contained in the work of Crosby et al. (1993). 
The correlation coefficients for the various combinations of displacement- 
vector sequences are given in Table 2. 

Results obtained by Crosby et al. indicate that vector correlations of 
approximately 0.51 or greater are statistically significant (i.e. that the 
true correlation is non-zero) at. the 95% confidence level for a sample size 
of eight.? According to Table 2, only the vector correlations between the 
oil slick and the wind drift, and between the oil slick and the residuals, 

t These results assume that the observations are independent, an assumption almost cer- 
tainly violated in this study. In cases where the sample sizes are sufficient, appropriate 
subsampling usually achieves the desired independence. However, the sample size in this 
case was too small (i.e. eight) to allow subsampling. 
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TABLE 2 
Vector Correlations between the Oil Slick, the Various Current Components and the 

Residual Current Displacementsa 
-- 

Displacement vector correlations 

Oil-slick Large-scale Wind drift Tidal current Residuals 
current 

Oil-slick - 0.34 0.55 0.50 0-63 
Large-scalecurrent - - 0.39 0.36 0.34 
Wind drift - - - 0.40 0.40 
Tidal current - - - - 0.46 
Residuals - - - 

" Sample size = 8 in each case. 

may be statistically significant. However, because of the small sample size 
involved and the likelihood of serial correlation in the observations, 
the significance of these vector correlations should be interpreted with 
caution. 

The relatively high correlation between the wind-drift and the oil-slick 
displacement vectors suggests the importance of the local winds in 
contributing to the displacement of the oil. The high correlation between 
the oil slick and the residuals suggests that factors in addition to local 
wind-driven effects influenced the original oil-slick displacement or that 
some of the original 'signal' still remains in the residual field and was not 
accurately modeled or extracted. Alternatively, it is possible (but unlikely) 
that the model was 'perfect', but errors in the input data led to inaccuracies 
in the trajectory simulation. We subsequently consider the possibility that 
the primary residual observed on 5 November was related to an unresolved 
large-scale feature in the flow field. 

DISCUSSION 

During the fall, the Davidson Current develops along the California 
coast north of Pt Conception (approximately 3S0N; Fig. 2). This surface 
countercurrent flows inshore of the equatorward-flowing California Current 
extending about 100 km offshore and is strongest between November 
and January (Hickey, 1979). The coastal winds along central and Northern 
California were generally from the north (i.e. upwelling-favorable) prior to 
the ACR in the Gulf of the Farallones. Between the last week in October and 
the first week in November, these winds had become predominantly from 
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the south (i.e. downwelling-favorable), consistent with the fall transition 
(Strub & James, 1988) and the seasonal development of the Davidson 
Current. SSTs along central California (between 37.4"N and 39.2ON) 
gradually increased during this period, this being indicative of a seasonal 
baroclinic change in the upper ocean, also consistent with the development 
of the Davidson Current. 

With respect to the ACR in the Gulf of the Farallones, oil-spill-trajectory 
forecasts were unable to predict accurately the sudden major change that 
the oil spill experienced on 5 November (Herz & Kopec, 1985). These 
forecasting difficulties were attributed to the onset of the Davidson Current 
together with a complex eddy pattern in the San Francisco Bight (Galt, 
1984). 

According to Hickey (1979), the onset of the Davidson Current is 
often accompanied by significant changes in water properties. Thus, if 
the onset of the Davidson Current did occur on 5 November, we might 
have expected to observe changes in the local SST and salinity fields 
associated with the temperaturelsalinity properties that characterize this 
flow regime. To address this point, we have examined the available SST 
and surface-salinity data that were acquired at the Farallon Islands 
during this period (SIO, 1985). 

SSTs shown in Fig. 13 suggest that poleward advection of warmer 
waters, possibly associated with the onset of the Davidson Current, could 
account for the systematic increase in temperature that occurred during the 
period of the ACR in the Gulf of the Farallones. To test this hypothesis, 
we compare the observed local rate of change in SST @Tat) from Fig. 
13 (approximately 0- 12"C/day) with an estimate of the local change in 
temperature associated with the net poleward advection of heat in the 
oceanic surface layer (v . aTBy). We use an average along-shore velocity 
(v) of 20 km day-1 (Fig. 10) and an along-shore spatial derivative for 
SST (aTAt) for November of 0.55"C/100 km (US Dept of Commerce, 
19846) and obtain a value for v . aT/ay of 0.1 1°Uday. Coastal SST gradients 
obtained directly from the NDBC buoys along the central California 
coast indicated slightly higher values, but, because they represent point 
observations relatively near the coast (approximately 20 km), it was felt 
that values obtained from spatially averaged fields were more representative. 
The close agreement between the observed local and the estimated advective 
rates of change in SST during the period of the oil spill in the Gulf of the 
Farallones, has allowed us to consider the possibility that the ACR on 5 
November was in fact, related to the onset of the Davidson Current. 
Although the surface salinities shown in Fig. 13 indicate essentially no 
change during the period of interest, we note that conditions along the 
central California coast may have been more homogeneous with respect 
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Fig. 13. Daily observations of sea-surface temperature and sea surface salinity acquired 
at the Farallon Islands from 15 October to 30 November 1984. 

to this property (the along-coast climatological gradient in surface salinity 
for this region and period is only approximately 0.07 ppt/100 km (Churgin 
& Halminski, 1974)). Finally, on the basis of the eighteen temperature 
profiles acquired in or near the Gulf of the Farallones between 15 October 
and 19 November (Fig. 7), the one profile acquired after 5 November (i.e. 
19 November) has the highest temperatures below about 55 m, consistent, 
at least at depth, with the arrival of warmer waters from the south. 

Another indication of conditions consistent with the development of 
the Davidson Current is the so-called fall transition (Strub & James, 
1988). According to Strub & James, the fall transition signals the onset 
of the falVwinter downwelling regime off the US West Coast. The fall 
transition coincides with the onset of seasonal storm activity and is 
accompanied by (sustained) increases in both northward wind stress and 
coastal sea level. Based on sea-level data over nine years, the fall transition 
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typically occurs around 1 November. Thus, the wind-stress data in Fig. 4 
and the date of the ACR in the Gulf of the Farallones (5 November 
1984) are both consistent with the occurrence of the fall transition and 
thus the oceanic conditions that are necessary for and consistent with 
the development of the Davidson Current. The dynamical details of the 
transition process have yet to be resolved. The suggestion of a very slight 
increase in mean sea level (see Fig. 6) of the order of 5-10 cm occurs 
from Monterey northward, after the 5 November episode and could 
reflect the onset of a sustained larger-scale flow to the north. 

In summary, conditions were favorable for the development of the 
Davidson Current during the period of the Puerto Rican oil spill. These 
conditions, taken together with the close agreement in the observed local 
rate of change in SST, and the estimated advective-flux contributions to 
changes in SST, are generally consistent with the onset of the Davidson 
Current in the Gulf of the Farallones. 

From the previous hindcast analysis, it is not possible to determine 
whether or not deficiencies in our model were due to inadequate model 
formulation or to inaccuracies in the input data, or both. By inadequate 
model formulation, we recognized the possibility that either (i) not all of 
the important flow components were included, or (ii) those components 
that were included were not adequately parameterized. For example, the 
use of a wind factor to account for wind drift grossly oversimplifies the 
problem. According to Stolzenbach et al. (1977), wave-induced transport 
is expected to contribute significantly to wind drift: and additionally the 
wave-induced and the wind-induced transports may best be parameterized 
separately. Such a partitioning is further supported by the theoretical results 
of Huang (1979), where surfacedrift currents are generated by both direct 
wind stress, based on Ekman dynamics, and Stokes' drift, derived from the 
surface-wave motion. Additionally, Reisberg et al. (1973) indicate that, at 
lower wind speeds, wave-induced transport due to Stokes' drift augments the 
wind drift, whereas, at  higher wind speeds, the waves cause a net decrease 
in drift velocity. Relative oil-to-water motion or slippage also influences 
the wind factor. According to Smith (1974), oil-to-water slippage may 
account for up to 50% of the wind drift experienced by the oil. 

The simple, a priori model used in this study would have exhibited 
improved performance if the correlation between the oil-spill trajectory 
and the residuals (produced after the flow components taken into account 
by the model had been removed) had been relatively low (i.e. not statistically 
significant). This was not the case. The largest part of the covariability 
between the oil-slick trajectory and the residuals was undoubtedly due to 
the major change in oil-spill movement that occurred on 5 November 
and whose influence clearly remains in the residual field (e.g. Fig. 9(e)). 
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This strong residual signal cannot be explained by the winds alone, since 
the magnitude of this sudden reversal exceeded that predicted by the 
change in winds per se by almost 400% (see Figs 9(a) and 9(c): -54 km 
as compared with -14 km). Even when the wind factor was varied to 
minimize the residuals, the 'optimum' wind factor so obtained (4.4%) 
reduced the mean square residuals by only about 5%. After this reversal 
took place, we noted that the local wind-drift displacements were similar 
to, but generally less than, those experienced by the oil slick itself. 

It is likely that inaccuracies or unrepresentativeness of the input data 
affected model performance. For example, wind-stress curl, which is 
important along the central California coast (Nelson, 1977) was not taken 
into account as a large-scale forcing function. Furthermore, uncertainties 
exist in locating the exact centroid of the oil slick itself at the various 
locations where sightings were taken. For example, we have assumed 
that the surface manifestation of the slick remained intact throughout the 
study period. Finally, our lack of knowledge concerning the exact value of, 
or parameterization for, the wind factor leads to significant uncertainties 
in estimating the wind drift. We note, however, that such arguments 
almost certainly will not explain the large residual displacement that 
occurred on 5 November 1984. 

With the exception of the ACR on 5 November, wind drift alone 
accounts for a significant fraction of the oil-spill displacement during its 
passage through the Gulf of the Farallones and further north, uncertainties 
in the wind factor notwithstanding. The importance of the local winds in 
determining the trajectory of the oil was indicated by the high correlation 
between the oil-spill displacements and the corresponding wind-drift 
displacements. Over-all, wind drift accounted for approximately 62% of 
the total displacement experienced by the oil over its trajectory, and, in 
six out of eight cases, the wind direction was within S 5 "  of the direction 
of the oil-slick displacement. The importance of wind drift during this oil 
spill is consistent with the results from a number of other oil-spill studies 
where local wind effects were also found to be important (e.g. the Gerd 
Maersk oil spill (Tomczak, 1964); the Torrey Canyon oil spill (Smith, 
1968); the Argo Merchant oil spill (Pollack & Stolzenbach, 1978)). 

With respect to the ACR in the Gulf of the Farallones, the observa- 
tions presented here do not, in all cases, clearly demonstrate that this 
reversal was, in fact, related to the onset of the Davidson Current. For 
example, examination of the sea-level time series (Fig. 6) indicates a 
surge-like increase in sea level off central California both at Monterey 
(25-30 cm) and San Francisco (15 cm) that coincided with the ACR in the 
Gulf of the Farallones. However, this increase was only weakly sustained 
at best, contrary to our expectations if a major seasonal flow regime such 
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as the Davidson Current had become permanently established at this 
time. Additionally, Figs 9 and 10 indicate that most of the poleward flow 
following the ACR on 5 November can be accounted for by the wind 
alone. A stronger non-wind-driven (i.e. permanent) component might be 
expected to accompany the development of a seasonal flow regime such 
as the Davidson Current. Moreover, the Davidson Current in early 
November 1984 was apparently advancing northward along the central 
California coast just prior to its arrival off San Francisco (Galt, 1984). 
Poleward development of the Davidson Current is contradictory, how- 
ever, to descriptions given by Schwartzlose (1963) and Nelson (1976) for 
seasonal current development off the US West Coast. According to drift- 
bottle results from Schwartzlose (1955-60), the Davidson Current first 
develops along Washington and Oregon in August or September, and 
then by October it may appear as far south as Point Conception, indicating 
that the development of the Davidson Current advances equatorward, 
not poleward, along the California coast. Monthly charts of ship drift off 
the US West Coast (Nelson, 1976) also indicate that poleward flow begins 
first off Vancouver Island and then progresses southward. These apparent 
inconsistencies in the phasing of the seasonal development of the Davidson 
Current underscore our over-all lack of knowledge concerning the 
seasonal development (and cessation) of the various flows that make up 
the California Current System. 

Although the onset of the Davidson Current provides one explanation 
for the ACR in the Gulf of the Farallones, other explanations are possible. 
For example, the upwelling relaxation phenomenon analyzed and modeled 
by Send et al. (1987) may have contributed to the surge-like behaviour 
that occurred on 5 November, particularly near the coast. The Send et al. 
(1987) 'surge' heat-transport mechanism is a response to the cessation of 
upwelling-favorable winds during spring and summer along the coast of 
Northern California. The along shelf current response reverses from 
equatorward (approximately -20 cm s-') to poleward (approximately 
+20 cm s-I). The cross-shelf response is much weaker. The offshore scale 
of the warm, coastally trapped surge is 10-25 km, and its duration is in 
the range of 4-12 days. Thus, the cross-shelf spatial scale for this type of 
surge event may be too small (by a factor of two or so) to be consistent 
with the ACR in the Gulf of the Farallones. Additionally, the event 
reported here occurred in the fall rather than in the spring or summer; 
thus, the seasonal wind forcing and phase of the annual heating-cooling 
cycle could differ significantly from the conditions under which the Send 
et al. mechanism was obtained. 

Coastal trapped waves provide another possible explanation for the 
ACR in the Gulf of the Farallones. These coastally trapped long waves 
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are often produced by synoptic atmospheric disturbances far removed 
from the area of interest. These waves propagate poleward along the 
west coast of the USA and transmit 'information' on events that have 
occurred previously at equatorward locations. Chapman (1987) applied a 
coastal-trapped-wave model to the coast of Northern California during the 
CODE program. Specific application of Chapman's results to the Gulf of 
the Farallones is complicated by the very irregular coastal morphology 
and bathymetry in this area. However, his results do indicate that the 
along-shelf modal-velocity structure extends offshore to the continental- 
shelf break and the upper slope, with the maximum current response 
occurring along the inner shelf. The expected amplitude of the along- 
shelf current response is 10-20 cm s-'. The wave-mode-phase speeds and 
periods are at least about 100 km day-' and 3-10 days, respectively. 
Since the wave parameters of Chapman's model are sensitive to both 
bathymetry and stratification, it is difficult to apply his results directly to 
the ACR in the Gulf of the Farallones. The offshore scale of the coastal- 
trapped-wave response and the amplitude of the along-shelf current 
response are both consistent with the observed ACR event. However, other 
factors argue against using a coastal-trapped-wave event to explain the 
ACR; these include (i) the local sea-level response exceeded that expected 
for coastal trapped waves by roughly a factor of two (approximately 20 cm 
compared with about 10 cm) given the amplitude of the current response; 
(ii) there was no clear signal in sea level south of Monterey that would 
have been expected for waves generated further south along the west 
coast; and (iii), the increase in sea level at Monterey, San Francisco, and 
Crescent City occurred more or less simultaneously, contrary to the 
arrival pattern (i.e. delays) that would be expected for a propagating 
wave with a phase speed of approximately 100 km day-'. However, we 
do not completely rule out the possibility of a coastal-trapped-wave event 
for several reasons: first, there are inherent difficulties in deciphering 
sea-level records; second, it is possible that the coastal-trapped-wave 
generation process could have occurred locally (i.e. in the Gulf of Farallones 
itself) rather than at some remote location further south along the west 
coast, and finally, a somewhat similar situation occurred off the coast of 
Oregon in 1973, where coastal trapped waves were held responsible for 
a major current reversal occurring over a two-day period in that year 
(Kundu et al., 1975). 

The results from the CODE Program off Northern California have 
revealed a rich variety of circulation features in this region that include 
coastal jets, eddies, squirts, fronts, and filaments. Thus it is also possible 
that the ACR in the Gulf of the Farallones could have resulted from 
a transient encounter with one of these features. The availability of 
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AVHRR satellite data would have been extremely helpful in identifying 
possible circulation anomalies that could have contributed to the ACR. 
However, continuous cloud cover during the two-week period following 
the Puerto Rican oil spill prevented its use in this study. 

In summary, the oil spilled by the Puerto Rican experienced a sudden 
and dramatic reversal in its trajectory on or about 5 November 1984, 
which can only partially be explained by local wind drift. The behavior 
of this reversal was surge-like and it is possible that it was related to the 
onset of the Davidson Current. The strongest argument for the onset of 
the Davidson Current arises from the SST data acquired at the Farallon 
Islands during the period of the Puerto Rican oil spill. These data revealed 
a significant (approximately 2,0°C) systematic increase that is consistent 
with the expected advective change in local surface temperature that 
may have indicated the onset of the Davidson Current in the Gulf of the 
Farallones. However, as discussed, other explanations are also possible. 

Finally, with the exception of the 5 November event, wind drift was the 
single most important factor in determining the history of oil movement 
during this spill, a result consistent with a number of other oil-spill studies. 
The mean-flow component was significant and most likely representative 
owing to the number of independent sources that provided estimates that 
were in close agreement. The tidal contribution was undoubtedly small 
but could have been important if the oil spill had occurred closer to the 
Golden Gate. The addition of further model components would have 
been inconsistent with the reductionist-modeling approach adopted here 
and dictated by the limited observational data that were available. 
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