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The Spring Transition in Currents Over 
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Current meter moorings maintained over the Oregon continental shelf in 1973 and 1975 clearly show 
the difference between winter and spring oceanographic regimes and the rapid transition between the re- 
gimes. In winter the mean alongshore current is northward at all depths and strongest near shore; there is 
no mean vertical shear, no mean offshore density gradients, and mean sea level is high. In spring the 
mean alongshore current is weak near the bottom and strongly southward at the surface with a maximum 
over the mid-shelf; the strong vertical shear is balanced by strong offshore density gradients, and mean 
sea level is low. In both 1973 and 1975 the transition between these regimes occurs within about a week 
during a strong southward wind event. In many respects the transition event does not differ significantly 
from previous southward wind events, but the lateral density gradients established during the transition 
event exceed those of earlier events. The transition appears to be the result of a large cumulative offshore 
Ekman transport caused by local wind stress rather than by propagation of effects generated elsewhere. 
The lateral density gradients and the vertical shear established during the transition event subsequently 
persist, even during northward wind events with moderate onshore Elanan transport. 

INTRODUCTION 

The winter and summer current regimes over the Oregon 
continental shelf are quite distinct [Huyer eta!., 1975b, 1978]. 
In winter there is little or no mean shear, the mean flow is 
northward at all depths, and the northward flow is strongest 
very near shore. In summer the mean surface current is south- 
ward, and there is a strong mean vertical shear such that 
deeper currents are always more northward than shallower 
currents; the surface southward flow is strongest about 15-30 
km from shore. 

The distinction between the winter and summer regimes 
was clearly observed in a nearly continuous year-long current 
record obtained in 1973. This year-long record suggested that 
the spring transition occurred quickly, in a few weeks or less. 
To study the winter-to-spring transition in more detail, we be- 
gan an observational program at the end of January 1975. The 
observations consisted of three arrays moored across the con- 
tinental sheff at 45øN (Figure 1) from the end of January 
through mid-April !975 with the mid-sheff mooring main- 
tained until early September 1975. Supplementary hydro- 
graphic sections were made along 45øN at irregular intervals 
between January and July 1975. 

In this paper we shall present results from the long mid- 
sheff record obtained between December 1972 and April 1974, 
from the second mid-shelf record obtained between January 
and September 1975, and from the section across the sheff at 
45øN between January and April 1975. We shall describe the 
1975 spring transition in detail, define its essential character- 
istics, and show that similar transitions have occurred in other 

years. Finally, we shall investigate the cause of the sp 'ring 
transition and attempt to account for the time of its occur- 
rence. 

THE YEAR-LONG RECORD: POINSETTIA, 1973 

Moored current meter observations at 'Poinsettia' (44ø45'N, 
124 ø 17'W) began in December 1972 and continued until May 
1974. Poinsettia is located over the 100-m isobath, about the 
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middle of the continental shelf about 10 km north of New- 

port, Oregon (Figure 1). The mooring was recovered and rein- 
stalled eight times at very nearly the same position, and with 
the current meters at about the same depths (Table 1). Instal- 
lation V was prematurely recovered by a fisherman, leaving a 
7-day gap before installation VI; all other gaps due to serv- 
icing are less than a day long. From installation to installa- 
tion, the depths of the current meters remained almost the 
same. Current observations are nearly continuous at 23 m for 
12 months, and at 40 m for 17 months; the 80-m data have a 
2-week gap at the end of March 1973 and a 6-week gap in 
July. 

The current observations were made with Aanderaa current 

meters on a taut subsurface mooring with the shallowest float 
about 4 m above the top current meter. These Current meters 
record temperature as well as instantaneous direction and av- 
erage speed. The raw data were filtered to reduce high-fre- 
quency variations, yielding hourly values. The gaps due to re- 
placing the moorings were filled by artificial data [U!rych et 
al., 1973]. The joined time series were then low-pass filtered 
(half-power point of 40 hours) to suppress tidal and inertial 
oscillations. The coordinate system was rotated clockwise 20 ø 
from the east-north system to obtain onshore and alongshore 
components of the currents. 

Observations of sea level, atmospheric pressure, and wind 
speed and direction were made at Newport, Oregon, and 
hourly data are available. The sea level data have been ad- 
justed for the 'inverted barometer' effect, by which sea level 
falls I cm for every l-mbar increase in atmospheric pressure. 
The hourly time series of adjusted sea level and wind were 
low-passed in the same manner as the currents to remove 
diurnal and shorter period variations. 

Daily values of the low-passed (LLP) time series of the cur- 
rents at Poinsettia are shown in Figure 2, with the adjusted sea 
level and the wind. From December 1972 to March 1973 the 

currents at all depths show frequent reversals and are gener- 
ally in the same direction as the wind. From April through 
September 1973 the current at 23 m is always southward, but 
the current at 80 m continues to reverse direction with the 

wind. The current at 40 m is continually southward from 
April through July; in August it begins to show reversals like 

Paper number 9C1074. 
0148-0227/79/009C-1074501.00 

6995 



6996 HUYER ET AL.: SPRING CURRENTS OFF OREGON 

45o30 ' 

45oZ 

i i 

44o$0 ' I 
125' 30' 125 ø 124' 30' 124 • 

Fig. 1. Location of current meter arrays: Poinsettia, December 1972 to April 1974; Carnation, July-August 1973; and 
Wisp array (Wisteria, Sunflower, and Pikake) across the shelf at 45øN, January-April 1975; Sunflower was maintained 
until September 1975. Continuing wind, atmospheric pressure, and sea level observations are made at Newport. 

those in the wind and the 80-m current. Beginning in Septem- 
ber 1973, wind-induced reversals again occur at all depths 
through December 1973, when the 23-m record ends. The 
data from 40 and 80 m suggest that these wind-induced re- 
versals continue at all depths through March 1974. Southward 
flow at 40 m is re-established in April 1974, about a month be- 
fore the end of the record. 

To look at the seasonal variations in more detail, we filled 

the gaps in the 80-m record before further filtering to remove 
the wind-induced fluctuations. The first gap in the 80-m rec- 
ord, a 14-day gap beginning on March 26, 1973, was filled by 
artificial data obtained by extending the previous record for- 
ward and the subsequent record backward [Ulrych et al., 
1973]. To fill the second (6-week) gap, we used data from 80 
m at Carnation [Pillsbury et al., 1974], a mooring over the 
same isobath but about 55 km further north (Figure 1); be- 
cause of the high alongshore coherence over the shelf [Huyer 
et al., 1975a; Kundu and Allen, 1976], this data record is prob- 
ably a very good estimate of the currents at Poinsettia. A very 
low pass filter (half-power point of about 50 days) was applied 
to the long low-passed time series. The very low frequency 
(VLF: 0-0.02 cpd) time series passed by this filter are shown 
in Figure 3. The residual (ILF: 0.02-0.6 cpd) time series, 
which exclude periods longer than 50 days and shorter than 1 
day, are shown in Figure 4. 

The VLF time series (Figure 3) show a definite seasonal sig- 
nal in the sea level and the alongshore currents at 23 and 40 
m, with apparent annual ranges of about 35 cm in sea level 
and 60 cm s-' in currents. Weaker seasonal cycles are also ap- 
parent in the 80-m current, and the wind, with ranges of about 
20 cm s-' and 8 ms-', respectively. There is a high degree of 

the maximum southward wind. The difference between the 

alongshore velocity at the top and bottom current meters, 
which is a measure of the depth-averaged vertical shear, 
seems to be almost constant at 25 cm s -• in spring and early 
summer, and about zero in winter; the magnitude of the shear 
increases very quickly in early spring and decreases slowly in 
late summer and fall. Linear correlation coefficients computed 
among the VLF time series (Table 2) show that the along- 
shore currents at 23 and 40 m are significantly correlated with 
sea level at the 99.9% level but are not as well correlated with 

the wind; the 80-m current is not significantly correlated at the 
95% level with either the sea level or the wind. 

In the residual (ILF) time series, which contain signals with 
periods between 2 and 50 days, almost all of the wind varia- 
tions are reflected in changes in sea level and currents (Figure 
4). Linear correlation coefficients between the ILF series 
(Table 3) show that the wind, sea level, and currents are sig- 
nificantly correlated with each other at the 99.9% level. This 
strong relationship between mid-shelf currents, sea level, and 
wind is consistent with the results of Huyer et al. [1978], who 
showed seasonal variations in the structure of the low-fre- 

quency current fluctuations but not in the ratio between wind 
and current fluctuations. 

THE 7-MONTH RECORD: SUNFLOWER, 1975 

Measurements designed to observe the 1975 spring transi- 
tion in detail began at the end of January 1975. The mid-shelf 
mooring, Sunflower (Figure 1), was replaced in April and 
again in July and was finally recovered in September 1975 
[Gilbert et al., 1976]. The successive Sunflower records were 

similarity between the seasonal cycles of the sea level and the joined to provide continuous time series from the end of Janu- 
alongshore currents at 23 and 40 m. The lowest sea level and ary to mid-September at 26, 76, and 92 m and to the end of 
the maximum southward current occur several months before July at 52 m. Although these observations do not span an en- 
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tire seasonal cycle, they do allow us to check the validity of 
some of the conclusions based on the Poinsettia data. 

The data series from the Sunflower current meters (rotated 
8 ø clockwise) and the wind and adjusted sea level data from 
Newport were filtered in the same way as the Poinsettia data, 
yielding LLP (0-0.6 cpd), ILF (0.02-0.6 cpd), and VLF (0- 
0.02 cpd) data series. Daily values of the LLP Sunflower cur- 
rent vectors (Figure 5) show variations similar to those in the 
Poinsettia data (Figure 2): in February and March the along- 
shore currents reverse with the wind; in April, May, and June 
the near-surface currents remain generally southward, al- 
though the near-bottom current continues to oscillate with the 
wind. The ILF time series (Figure 5), from which periods 
longer than 50 days have been removed, show that current 
fluctuations at all depths are closely related to fluctuations in 
wind and sea level. Correlation coefficients among the Sunflo- 
wer ILF time series (Table 4) are very similar to those for 
Poinsettia (Table 3). Combining ILF current data from all 
depths, the regression coefficients of alongshore current as a 
function of sea level are nearly the same for the two data sets: 
1.7 s-' for Poinsettia and 2.0 s-' for Sunflower. 

The VLF Sunflower series (Figure 6) are also similar to the 
Poinsettia VLF files: sea level is high in late winter and low in 
spring and summer; the near-surface currents are nearly zero 
in late winter, strongly southward in spring and early summer, 
and weakly northward in late summer; the difference between 
the near-surface and near-bottom alongshore currents is 
nearly zero in late winter but quite strong (about 30 cm s-') in 
spring and early summer. The magnitude of the mean shear 
increases very quickly in early spring, and its final value 
(0.0045 s-') at Sunflower is very nearly identical to its value at 
Poinsettia. Thus the Sunflower observations support the con- 
clusions based on the Poinsettia data. 

The Sunflower observations provide some information not 
available from the Poinsettia data. Since the Sunflower obser- 

vations were essentially continuous, it is possible to compute 
the low-passed velocity difference between the top and bottom 
current meters (Figure 7); this time series shows that the per- 
sistent mean shear is established very quickly (within I or 2 
weeks) in early spring, more quickly than one might guess 
from the VLF time series. Since some of the Sunflower cur- 

rent meters also recorded conductivity, it was possible to com- 
pute time series of sigma-t. Figure 7 shows that the near-bot- 
tom sigma-t was highly variable in February and March but 
constant within about +_0.1 from April on. This suggests that 
the transition in currents and sea level is associated with a 

change in the density field over the continental shefl. 

THE OFFSHORE SECTION AT 45 øN, FEBRUARY-APRIL 
1975 

From late January to mid-April 1975 we made intensive ob- 
servations of the currents and hydrography along 45øN. 
Three current meter arrays, including Sunflower, were 
moored over the shelf (Figure 1) with a total of 11 current me- 
ters [Gilbert et al., 1976]; each current meter recorded temper- 
ature and pressure as well as speed and direction, and all but 
one recorded conductivity, so we were able to compute time 
series of sigma-t. The duration of these records is not long 
enough to warrant calculating very low frequency (VLF) time 
series; instead, we shall examine the offshore structure of the 
mean winter and spring conditions, i.e., before and after the 
spring transition as defined by the Sunflower data. 
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Fig. 2. Daily values of low-passed (LLP) time series of the currents of Poinsettia and of wind and adjusted sea level at 
Newport. The coordinate system for the current vectors have been rotated 20 ø clockwise from north. Sea level is referred to 
its 1973 mean. 

Offshore Structure 

Distributions of the means and standard deviations of the 

low-passed alongshore current and the density (Figure 8) 
show that there are significant differences in the offshore 
structure before and after the transition. In winter the mean 

alongshore current is northward over the entire shelf, but the 
mean is everywhere smaller than the standard deviation; both 
the mean and the standard deviation are greatest near shore 
and smaller over the outer shelf. In spring the mean along- 
shore current is southward almost everywhere, and near the 
surface it is larger than the standard deviation, i.e., the surface 
current over the mid-shelf and outer shelf is persistently 
southward. Whereas mean isotachs in winter are generally 
vertical (i.e., the northward current decreases primarily with 
distance from shore), the mean isotachs in spring are generally 
lateral (i.e., there is significant vertical shear over the inner 
shelf and the outer shelf as well as over the mid-shelf). In 
spring the mean alongshore current at each depth on all 
moorings is southward relative to the near bottom current, i.e., 
the tendency toward southward flow penetrates most of the 
water column. The change between seasons in mean currents 
is greatest near the surface and over the mid-shelf; near the 
bottom the change is about the same size as the standard de- 
viations in either season. 

The mean isopycnals are nearly level with a slight down- 
ward slope toward shore in winter; in spring they slope up- 
ward toward the coast, with the steepest slopes near the bot- 
tom over the inner shelf (Figure 8). In winter the lightest 
surface water is observed at the most inshore mooting; in 
spring it is observed at the most offshore mooting. The change 
in mean density distribution is greatest near the bottom over 

the inner half of the shelf; this change is more than twice as 
large as the greatest standard deviation in either season. There 
is almost no change in density near the surface over the outer 
half of the shelf or in the deep water at the most offshore 
mooring. 

The distributions of the standard deviations of alongshore 
current and density (Figure 8) also change significantly from 
winter to spring. In winter the variability in velocity decreases 
with increasing depth at each mooting; in spring the variabil- 
ity is almost constant with depth over the mid-shelf and outer 
shelf. The variability decreases with distance from shore, 
rather weakly in winter but strongly in spring. The variability 
in the density is greatest near the bottom at mid-shelf in win- 
ter and near the surface over the inner shelf in spring. In both 
cases the density variability seems to be greatest where the ve- 
locity variability decreases most strongly with depth, suggest- 
ing that the density variability is an integral part of the veloc- 
ity variability. This variability and the difference in its 
character in winter and spring have been discussed in detail in 
an earlier paper [Huyer et al., 1978]. There, we found that the 
variability is due to low-frequency fluctuations induced by the 
local wind in both seasons; the amplitude of the fluctuations is 
a function only of the wind stress; the vertical structure of the 
fluctuations is more strongly baroclinic in winter and more 
nearly barotropic in spring; the offshore length scale is about 
the same as the shelf width in winter and about half the shelf 

width in spring; in both seasons the velocity fluctuations are 
highly correlated with coastal sea level, and vertical velocity 
gradients are balanced by lateral density gradients. We specu- 
lated that the change in the structure of the wind-induced 
fluctuations was related to the change in the mean alongshore 
currents. 
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Fig. 4. Daily values of the 'intermediately low' frequency (ILF) currents at Poinsettia, with ILF wind and adjusted sea 
level at Newport. 

Relationships •4mong Variables 

The effects of the spring transition are most clearly mani- 
fested in the adjusted sea level, the near-surface alongshore 
currents, the near-bottom density, and in the difference be- 
tween near-surface and near-bottom currents over the mid- 

shefl. In this section we shall use hourly time series to examine 
a few of the relationships among these variables. 

Hourly time series of all the current and density data have 
been presented by Gilbert et al. [1976]. Selected time series are 
shown with hourly northward wind and adjusted sea level in 
Figure 9. Hourly time series of sea level are strongly domi- 
nated by the semidiurnal tides, which have a much larger am- 
plitude than the changes in sea level associated with changes 
in wind, currents, and the density of the water, but it is only 
the sea level 'anomalies' from the regular tidal variations that 
are of interest here. We computed the hourly time series of 
adjusted sea level by subtracting the predicted sea level data 

for Newport from the observed hourly data, adding the hourly 
atmospheric pressure to adjust for the inverted barometer ef- 
fect, and adding the annual and semi-annual cycles to com- 
pensate for their inclusion in the predicted sea level. (The pre- 
dicted sea level data were provided by National Ocean 
Survey; tidal constants for terms with periods of a month or 
less were based on 1971 observations, and the constants for 
the annual and semi-annual terms were based on observations 

from 1967 through 1971.) Although this process does not en- 
tirely remove the diurnal and semi-diurnal tides, it does re- 
duce their amplitude to about 5 cm, and nontidal variations in 
sea level become dominant (Figure 9). 

Current versus sea level. Earlier work [e.g., Collins and Pat- 
tullo, 1970; Smith, 1974; Huyer et al., 1978] has shown that 
low-passed variations in near-surface currents and adjusted 
sea level are very well correlated and that the regression equa- 
tion between them can be used to estimate the width of the 

current fluctuations. In other words, it has been shown that 

TABLE 2. Linear Correlation Coefficients (CC) Between Linearly Detrended VLF Time Series of 
Alongshore Currents at Poinsettia, Northward Wind and Adjusted Sea Level, Using 323 Daily Values 

Depth, m CC t, CR95% CR99• CR99.9• 
Current Versus Wind 

23 0.79 7 0.67 0.80 0.90 
40 0.71 7 0.67 0.80 0.90 
80 0.46 8 0.55 0.76 0.87 

Current Versus Sea Level 

23 0.96 6 0.71 0.83 0.92 
40 0.93 6 0.71 0.83 0.92 
80 0.64 7 0.67 0.80 0.90 

Degrees of freedom (t,) were computed following Davis [1976], and critical correlation coefficients (CR) 
at different significance levels were obtained from Pearson and Hartley [1970, Table 13]. 
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TABLE 3. Linear Correlation Coefficients (CC) Between Linearly 
Detrended ILF Time Series of Alongshore Currents at Poinsettia, 

Northward Wind and Adjusted Sea Level, Using 323 Daily Values 

Depth, m CC v CR99.9 % 

Current Versus Wind 

23 0.53 160 <0.32 
40 0.55 160 <0.32 
80 0.61 160 <0.32 

Current Versus Sea Level 

23 0.84 80 0.36 
40 0.84 80 0.36 
80 0.76 105 0.30 

Wind Versus Sea Level 

0.56 160 <0.32 

Degrees of freedom (v) and critical correlation coefficients (CR) 
were obtained as in Table 2. 

low-frequency near-surface alongshore currents are approxi- 
mately in balance with the offshore sea-surface slope. Figure 9 
shows there is also good correlation between the hourly along- 
shore current at 26-m Sunflower and sea level: even very rapid 
changes generally occur in both records. The correlation coef- 
ficient between these hourly time series is 0.86, essentially the 
same as for the low-passed data (Table 4). 

Thermal wind balance. Earlier work [Huyer et al., 1978] 
has also shown that the 'thermal wind' equation holds for the 

low-passed current and density data, i.e., the vertical gradient 
of the alongshore current is approximately balanced by the 
offshore density gradient. Figure 10 shows time series of the 
hourly velocity difference between 26 and 53 m at Pikake and 
the density difference between 53-m Pikake and 52-m Sunflo- 
wer; these time series are very well correlated, even during pe- 
riods of rapid change. The linear correlation coefficient be- 
tween them is -0.72. Since the thermal wind equation is a 
local relationship between local gradients, it is remarkable 
that there is such good agreement with finite differences which 
are not centered about the same point and which were com- 
puted from density observations separated by 5 kin. The fact 
that such good agreement can be found for even one pair of 
difference time series (and in particular for such a shallow-wa- 
ter, near-shore pair) suggests strongly that the thermal wind 
equation holds for almost all the water over the shelf, except 
perhaps the surface mixed layer. 

Density and sea level. It is generally believed that geostro- 
phic readjustment is mostly barotropic for the first few days of 
a sudden and major change in flow and that the baroclinic re- 
sponse, including changes in the density field, takes sub- 
stantially longer [e.g., Reid and Mantyla, 1976]. The hourly 
time series of sea level and near-bottom sigma-t over the inner 
shelf and over the mid-shelf (Figure 9) suggest that density 
changes over the shelf have essentially the same time scale as 
sea level changes, regardless of season. Comparing hourly 
time series of vertically averaged sigma-t at Pikake (28 and 53 
m) and at Sunflower (26, 52, 76, and 92 m) with sea level, we 
obtain correlation coefficients of-0.54 and -0.61 at zero lag; 
the maximum correlation coefficients are slightly greater 
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Fig. 5. Daily values of LLP (left) Sunflower currents with Newport wind and adjusted sea level, and of ILF (fight) 
Sunflower currents with ILF Newport wind and sea level. Coordinates for currents are rotated 8øclockwise from north. Sea 
level is referred to its 1975 mean. 
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TABLE 4. Linear Correlation Coefficients (CC) Between Linearly 
Detrended ILF Time Series of Alongshore Currents at Sunflower, 
Northward Wind and Adjusted Sea Level, Using 134 Daily Values for 

52 m, and 184 Daily Values for All Other Pairs 

Depth, m CC v CR99.9• 

Current Versus Wind 

26 0.47 65 0.40 
52 0.53 48 0.44 
76 0.58 70 0.38 
92 0.63 87 0.34 

Current Versus Sea Level 

26 0.84 42 0.48 
52 0.85 32 0.55 
76 0.85 48 0.44 
92 0.80 56 0.42 

Wind Versus Sea Level 

0.54 65 0.39 

Degrees of freedom (v) and critical correlation coefficients (CR) 
were obtained as in Table 2. 

(-0.60 and -0.66), with sea level leading density by about 17 
hours. What differences there are between the variations in 
sea level and density can probably be explained by the poor' 
vertical sampling of the density, and by the fact that there 

may also be density changes in the deeper water farther from 
shore. 

Computations of the steric height of the sea surface relative 
to 600 db from hydrographic sections [Gilbert et al., 1976] 
show very good agreement with the low-passed sea level data 
(Figure 11). Steric height at the coast was calculated from the 
hydrographic sections using Montgomery's method [Reid and 
Mantyla, 1976] of extrapolation for water shallower than 600 
db. Similar calculations using a shallower reference level of 
400 db show a smaller range (19 cm instead of 29 cm) and 
therefore indicate that there are significant density changes 
below 400 m. This may explain the poor agreement which 
Reid and Mantyla [1976] found between coastal sea level and 
steric height variations off Oregon during the summer of 1972: 
most of the repeated hydrographic sections they used ex- 
tended only deep enough to directly compute steric height to 
200 db. 

DETAILS OF THE 1975 SPRING TRANSITION 

The transition is identified clearly not so much by anything 
that occurs during the period of transition but rather by the 
dramatic difference between the oceanographic regimes be- 
fore and after it. Nevertheless, a close examination of the 
transition period might reveal one or more distinctive charac- 
teristics that cause this change in the oceanographic regime. 

In 1975 the spring transition occurs between mid-March. 
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Fig. 6. Time series of the VLF alongshore currents at Sunflower, with VLF adjusted sea level and northward wind at 
Newport, and the difference between the 26 and 92 m alongshore current. 
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Fig. 7. LLP time series of the difference in the alongshore velocity between 26 and 92 m, Sunflower, and of the density 
anomaly (sigma-t) at 92 m, Sunflower. 

and mid-April (Figure 6). The LLP time series (Figures 5 and 
7) indicate that the transition occurs within a 10-day period 
near the end of March. In particular, the transition apparently 
begins with the drop in sea level on March 25; we shall exam- 
ine the period around this date in detail. There is no obvious 
change in the onshore component of the wind during this pe- 
riod-it is generally onshore both before and during the tran- 
sition event. The southward wind during this event is stronger 
than in any previous event, but the difference is not particu- 
larly obvious in the LLP data (Figure 6). Similarly, the ad- 
justed sea level is lower, and the southward currents are 
stronger than in any previous event. However, the hourly data 
(Figure 9), which retain all frequencies lower than 12 cpd, 
show that lower values of adjusted sea level occurred at least 
once (about March 15) before the transition, and the near-sur- 
face current was more strongly southward on February 25 
than during the first few days after the start of the transition 
event. The LLP mean vertical shear and the bottom density 

also have very high values during this period (Figure 7), but 
they do not exceed, or barely exceed, values that occurred ear- 
lier. Although all of these changes are associated with the 
transition, they do not seem to be the distinguishing charac- 
teristics, since they are also associated with previous events. 

The feature that distinguishes the spring regime from the 
winter regime most clearly is the peristent vertical shear, 
which is present in spring but not in winter (Figures 3, 6, and 
8). Since the vertical shear is balanced by an offshore density 
gradient, the transition must include a major change in the 
offshore density gradients over the shelf. Figure 10 indicates 
that such a change actually occurred: by March 26, within a 
day of the drop in sea level, the difference in sigma-t between 
53 m at Pikake and 52 m at Sunflower exceeded the sigma-t 
difference of any previous event. Although the sigma-t differ- 
ence between these two instruments subsequently became 
negative again (e.g., on April 26), positive horizontal density 
gradients persisted over the continental shelf: certainly at 
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Fig. 8. Distributions of the mean and standard deviation of the alongshore velocity and the sigma-t, for periods repre- 
sentative of winter (February 1, to March 24, 1975) and spring (March 26, to April 25, 1975), and the distribution of the 
differences between winter and spring mean values of the alongshore current and density. 
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Fig. L0. Hourly time series of the vertical velocity differences between 28 and 53 m at Pikake, and the lateral density 
difference between 53 m at Pikake and 52 m at Sunflower. 

about 100 m between Sunflower and Wisteria (Figure 12), and 
probably also at about 55 m between Sunflower and Wisteria, 
where there is a persistently positive temperature gradient af- 
ter the transition [Gilbert et aL, 1976, p. 68]. Horizontal den- 
sity gradients also occurred during earlier southward events, 
but they did not reach such a large, apparently critical, value 
over the inner shelf. We conclude that the change from the 
winter to the spring regimes occurs when the horizontal den- 
sity gradients over the shelf reach some critical positive value. 
At about 50 m, this critical value seems to be at least about 1- 
2 x 10 -9 g cm -4 (between 0.5 and 1 unit of sigma-t over 5 km, 
the distance between Pikake and Sunflower). 

It seems possible that the critical density gradient is set up 
locally by southward winds which are sustained for at least 
several days. To obtain a measure of the effectiveness of each 
wind event, we computed the cumulative onshore Ekman 
transport (CET) for each event, beginning when the along- 
shore component changed sign and terminating when it 
changed sign again, i.e., CET(t) = f,o' f-'•Y(t) dt, where to is 
the time the alongshore component of the wind stress M y goes 
through zero at the beginning of a wind event. This results in 
a sawtoothlike curve, which starts from zero whenever the 

wind changes direction (Figure 12). At any point in time the 
value is proportional to the Ekman transport since the begin- 
ning of this event. This measure of the wind stress clearly dis- 
tinguishes the transition event from previous southward 
events: the cumulative offshore transport is 5 times greater 
than during any previous event (Figure 12). This suggests the 
transition may be the result of a sufficiently strong local wind 
event. 

To determine whether the wind stress alone could account 

for the observed change in the density distribution over the 
shelf, we computed some simple volume budgets. The Ekman 
transport computed from the alongshore component of the 
wind stress gives the mass flux normal to the coast, f-•Y. Mass 
must be approximately conserved over the continental shelf, 
or large deep pressure gradients would develop. Thus an off- 
shore directed Ekman transport will be balanced by an on- 
shore transport of deeper water which is transported to the 
surface near the coast. The offshore moving water in the sur- 
face layer is less dense than the onshore and upward moving 
deep water, and the net volume (but not the mass) of water 
over the continental shelf and slope will be smaller after a pe- 
riod of southward winds. The rate of change in volume will be 

70 
-20 

t t t t t t 

Fig. 11. Steric height of the sea surface relative to 600 db, with LLP adjusted sea level at Newport, January-September 
1975. 
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Fig. 12. Hourly values of lateral density differences between 53 m Pikake and 52 m Sunflower, and between 92 m Sun- 
flower and 106 m Wisteria, with cumulative onshore Ekman transport for each wind event; the integral is set to zero when- 
ever the low-passed alongshore wind changes sign. 

proportional to the difference in density between the offshore 
moving surface water and the onshore moving deeper water: 

AV I ?Y I ?Y ?Y p•-p• 

At P l f P: f f PIP2 

The difference in volume can be estimated independently 
from the offshore profile of the sea surface. From hydro- 
graphic sections on March 19 and April 1-2 we computed the 
offshore profiles of the steric height of the surface relative to 
400 db. The steric height remained about the same between 20 
and 30 km offshore but decreased significantly within 20 km 
of the coast. The change in volume between these dates was 
1.27 x 10 7 cm 3 per centimeter of coastline. Using the mean 
southward wind stress (computed from the Newport wind) for 
the 14-day period between these hydrographic sections (0.116 
dynes cm -2) and a mean sigma-t difference of 1.5, we obtain a 
volume change due to Ekman transport of 2.1 x 10 6 cm 3 per 
centimeter of coastline, about one sixth of the change esti- 
mated from the steric height profiles. If, however, the north- 
ward wind stress at the beginning of this period had little fur- 
ther effect on decreasing the density over the shelf and upper 
slope, the steric height profile might remain approximately the 
same during March 19-23; indeed, sea level at the coast (Fig- 
ures 9 and I l) has about the same value on March 19 and 23. 
It is therefore more appropriate to use the mean wind stress 

for the 8-day period beginning on March 24, in order to com- 
pute the change induced by the southward wind event. The 
mean southward wind stress for this period is 0.670 dynes 
cm-2; the change in volume due to the Ekman transport for 
this period is thus 6.95 x 106 cm 3 per centimeter of coastline. 
This value is 55% of the change calculated from the steric 
height profile. The winds over the water may well be stronger 
than over the Newport jetty: Bakun's coastal upwelling in- 
dices for 45øN, which are computed from 6-hourly synoptic 
pressure charts, account for a larger fraction (75%) of the 
change observed in steric height profiles. The density differ- 
ences between the offshore and onshore flowing waters may 
also be underestimated. We conclude that the local wind 

stress is probably sufficient to account for the change in the 
density distribution over the shelf. 

Recent theoretical work has suggested alternative hypothe- 
ses for the cause of the spring transition: a change in current 
and density regime might be a propagated effect generated by 
winds south of the region [Allen, 1976; Gill and Clarke, 1974], 
or major changes in the current may propagate poleward 
along eastern ocean boundaries as internal Kelvin waves 
[McCreary, 1976; Hurlburt et al., 1976]. Since the transition 
event is clearly associated with a change in the current regime, 
it seems particularly appropriate to examine the evidence for 
alongshore propagation of this event. Current observations 
were available during the transition event at two other 1oca- 
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tions over the continental shelf, at 46ø09'N, 124 ø 15'W [Hickey 
et al., 1979], and at 49ø02'N, 126 ø 14'W [Huyer et al., 1976]. At 
both these locations the total water depth was between 90 and 
100 m, i.e., about the same as at Sunflower. The currents at 

the three locations have very similar fluctuations [Hickey et 
al., 1979]. Figure 13 shows hourly values of the alongshore 
component of the near-surface current at each location for the 
March 21-31 period which spans the transition at Sunflower; 
it shows the general similarity of the currents but also shows 
there are large diurnal variations at the northern location. The 
data from both of the southern locations show a clear change 
in direction of the alongshore current on March 25, which oc- 
curs earlier at 46ø09'N than at 45ø00'N. The data from 

49ø02'N also change sign at about this time, apparently at the 
same time as at 46ø09'N. Thus there is no lag between 46009 ' 
and 49ø02 ', a distance of 300 km, and the currents at both 
these locations reverse earlier than the current at 45 øN. 

A drop in sea level associated with this transition event oc- 
curs along the entire coast from San Francisco to Torino, Brit- 
ish Columbia [Osmer and Huyer, 1978]. The drop in sea level 
occurs very early on March 25 at San Francisco, and several 
hours later at Crescent City; the lag between San Francisco 
and Newport (a distance of about 750 kin) is no more than 6 
hours. Phase speeds for first-mode barotropic shelf waves vary 
along the coast from 95 to 330 km day-' [Clarke, 1977]; if the 
drop in sea level propagated northward as a shelf wave, the 

lag between San Francisco and Newport would be more than 
2 days; baroclinic coastal-trapped waves have even slower 
phase speeds. Along the entire coast the almost simultaneous 
drop in sea level is associated with strong southward winds. 
Sobey [1977] examined the hypothesis that the sea level fluc- 
tuations, including the transition event, are forced by varia- 
tions in the wind field south of the region; he concluded that 
the local wind accounts for the changes about as well as the 
Gill and Schumann [1974] model using winds from locations 
farther south. Thus the transition is probably generated by the 
action of the local wind, though it must be remembered that 
the wind is coherent over scales approaching or exceeding 
1000 kin. 

If the transition from winter to spring regimes is truly gen- 
erated by the local wind (as suggested by the rough agreement 
in volume estimates and the lack of evidence for northward 

propagation), the event beginning on March 25 is a classical 
example of wind-driven coastal upwelling. Unlike the up- 
welling events observed during CUE I and CUE II [Huyer et 
aL, 1974; Halpern, 1976], this event occurs with a prior situa- 
tion of approximately level isopycnals; it is therefore more 
suitable for comparison with numerical and analytical models 
of time-dependent coastal upwelling such as those by O'Brien 
and Hurlburr [1972], Thompson and O'Brien [1973], and Allen 
[1973]. Figure 14 shows time series of selected variables on an 
expanded time scale for the period March 21-30, 1975. The 
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Fig. 13. Hourly time series of the alongshore current Torino (at 49ø02'N), off the Columbia River (at 46ø09'N), and at 
Sunflower (at 45ø00'N), March 21-31, 1975. 
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Fig. 14. Hourly time series of selected parameters for the period surrounding the transition, March 21-31, 1975: north- 
ward wind; adjusted sea level; alongshore current, 26 m Sunflower; sigma-t at near-bottom current meters; sigma-t differ- 
ence between Pikake and Sunflower; and the velocity difference between the top and bottom instruments at Sunflower. 
Dotted curves for March 24-27 are repeated from upper panels to show the time lags between variables. The dashed lines 
in the bottom panel were sketched to show the gradual increase of the vertical shear from March 25 to March 30 to its 
stable value. 
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Fig. 15. The cumulative onshore Ekman transport for each wind event, 1973-1976, and adjusted sea level at Newport, 
1976. The cumulative Ekman transport is set to zero each time the LLP alongshore wind changes sign. 

drop in sea level lags the southward wind by only 2 hours. 
The change to southward current at Sunflower lags the drop 
in sea level by another 7 hours (and therefore the change in 
wind by about 9 hours). The increase in density occurs first in 
the bottom water over the mid-shelf (where it lags the drop in 
sea level by about 15 hours) and later in the bottom water 
over the inner shelf (where it lags sea level by about 30 hours). 
The sudden increase in the lateral density gradient at 52 m be- 
tween Pikake and Sunflower also lags sea level by 30 hours; 
this increase in density gradient is due almost entirely to the 
rapid density increase at Pikake. The difference between the 
near-surface and near-bottom currents has strong tidal oscilla- 
tions which make it more difficult to estimate the lag, but it is 
clear that the shear begins to develop very soon after the 
change in surface current (within 12 hours) but it does not 
reach its final stable value until about 5 days later, on March 
30. Already on March 26, the southward surface current is 
stronger at Pikake and Sunflower than at Wisteria; in this 
sense a southward 'coastal jet' is established within a few 
hours. The 'baroclinic coastal jet' also begins to develop very 
quickly, but its development probably cannot be said to be 
complete until the mean vertical shear has reached its final 
value 5 days after the beginning of the event. This time scale 

is consistent with the values predicted by the numerical mod- 
els of O'Brien and Hurlburt [1972] and Thompson and O'Brien 
[1973], and by Allen's [1973] analytical model. 

Vertical velocities during this upwelling event were esti- 
mated from the change in isopycnal depths. From 12-hourly 
vertical sections obtained from the hourly sigma-t time series, 
we found that the largest change in isopycnal depth seems to 
be about 40 m in a 12-hour period, corresponding to a mean 
vertical velocity of 0.09 cm s -• for this period. This is about 
the same order as the maximum vertical velocities estimated 

for other upwelling regions [e.g., Barton et al., 1977]. 

SPRING TRANSITIONS IN OTHER YEARS 

The 1975 data clearly suggested that there is a transition 
from the winter regime with no mean offshore density gradi- 
ents to the spring regime, with strong offshore density gradi- 
ents whenever the offshore Ekman transport exceeds some 
minimum value (Figure 12). If such an event is followed by 
very strong northward winds, the winter regime can perhaps 
be re-established; otherwise, the spring regime would persist 
through spring and into early summer. Figure 15 shows time 
series for several years of the cumulative onshore Ekman 
transport for each wind event: the integration begins again 
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from zero each time the low-passed alongshore wind stress 
changes sign. The height of the peaks is a measure of the total 
Ekman transport resulting from each event; the time series 
thus readily shows which events have the greatest effect. 

In 1973 the first major southward event began about March 
23; its total offshore Ekman transport was 2.7 x 109 gcm -I, 
and it was not followed by any major northward wind events. 
The data from Poinsettia (Figure 2) show that southward sur- 
face currents and low sea level persisted after this event, 
through spring and early summer 1973. Data from the south- 
ern Washington shelf [Smith et aL, 1976, p. A-88] show that 
persistent southward surface currents there also began on 
March 23, 1973. 

In 1974, southward events with more than 1.3 x 109 gcm -I 
of offshore Ekman transport began on February 5, March 18, 
and April 15. The two earlier events were succeeded by very 
strong northward events whose onshore Ekman transport ex- 
ceeded 5.4 x 109 gcm -I. The Poinsettia data indicate that the 
effect of the two earlier southward events was destroyed by 
the very strong northward events but that the effects of the 
third southward event persisted. 

In 1975 the first major southward event began on March 25; 
its total offshote Ekman transport exceeded 5.4 x 109 gcm -I. 
Although it was later followed by two strong northward 
events, with onshore transports exceeding 2.5 x 109 gcm -I in 
one case and 3.5 x 109 gcm -I in the other, these were appar- 
ently not strong enough to re-establish the winter regime (Fig- 
ure 5). 

From these 3 years we estimate that the minimum offshore 
transport to set up the spring regime is only 1.3 x 10 9 gcm -I 
but that the onshore transport required to destroy the spring 
regime and re-establish the winter regime is about 4 x 10 9 g 
cm -I. Applying these results to the 1976 data, we would guess 
that the southward event in March would be offset by the sub- 
sequent strong northward event. It is not immediately obvious 
whether the southward event of early April is strong enough 
to establish the spring regime, or whether this was delayed un- 
til the southward event beginning on May 6, 1976. The sea 
level data from 1976 (Figure 15) is somewhat ambiguous, but 
persistently low sea level did certainly not begin in early 
April: it seems to begin with the rather weak southward event 
near the end of April. At first, this seems inconsistent with the 
results of previous years, but the northward winds at the end 
of April are so weak that the period from about April 25 
through the first week of May should probably be considered 
as a single southward event. We conclude that southward 
wind events with offshore Ekman transports greater than 109 g 
cm -I are sufficient to set up the spring regime. 

The asymmetry in the amount of Ekman transport needed 
to establish the spring regime with upward-sloping isopycnals 
and mean vertical shear, compared to the amount needed to 
re-establish the winter conditions with no mean shear, in- 
dicates a difference in the essential dynamics of the two re- 
gimes. The presence of upward-sloping isopycnals seems to 
add to the stability of the system. Models of coastal upwelling 
events in summer should therefore begin with upward-sloping 
rather than level isopycnals. 

DISCUSSION 

We have shown that the transition from the winter oceano- 

graphic regime (with generally level isopycnals and variable 
but predominantly northward currents with little or no mean 

vertical shear) to the spring oceanographic regime (with iso- 
pycnals sloping upward toward the coast, southward surface 
currents, and significant vertical shear) occurs very rapidly, 
within a period of several days. Before the transition, wind-in- 
duced current fluctuations are significantly baroclinic and 
have an offshore length scale about the same as the shelf 
width; after the transition, the fluctuations are more nearly 
barotropic and confined to about the inner half of the shelf 
[Huyer et al., 1978]. The transition seems to be the result of a 
single coastal upwelling event (driven by the local wind) 
whose cumulative offshore Elanan transport has some mini- 
mum value (probably about 10 9 gcm -I) sufficient to establish 
strong lateral density gradients (at least 1-2 x 10 9 gcm -4) 
over the shelf. The lateral density gradients can be destroyed 
by very strong unfavorable winds, but they persist through pe- 
riods of moderate northward wind stress (with total onshore 
Ekman transports of up to about 4 x 10 9 g cm-I). These per- 
sistent lateral density gradients are associated with a persistent 
southward surface current: this current is initially generated 
by a southward wind event, but its persistence does not de- 
pend on continued southward winds. Although in the very 
low frequency data (e.g., Figure 3) the maximum southward 
surface current leads the maximum southward wind by sev- 
eral months, this southward current is apparently generated 
entirely by the local wind. J 

The persistence of the density gradients, the southward cur- 
rents, and the vertical shear after this first strong upwelling 
event is puzzling. There is indirect evidence that the vertical 
shear reduces the effectiveness of events with offshore Elanan 

transport as well as those with onshore Elanan transport: the 
southward surface current does not get appreciably stronger 
with subsequent upwelling events. Why should an ocean with 
sloped isopycnals apparently respond differently to the same 
wind stress than one with level isopycnals? We know of no 
theoretical studies that directly address this problem, though 
the potential importance of a mean shear in modifying the dy- 
namics of shelf waves is discussed by Mysak [1979]. 

Since the rapid transition in the currents seems to be a di- 
rect response to the local winds, one might also expect that 
there is a rapid transition in the atmosphere. The seasonal 
variation of the very low frequency wind (Figures 2 and 6) 
does not sho• any rapid changes. Rather, the wind changes 
slowly from its northward mean in winter to its southward 
mean in summer; in spring the mean wind is very weak. On 
the event timescale, however, there seems to be a clearer dis- 
tinction between winter and spring (Figure 15): in winter there 
is a series of strong northward events with very strong onshore 
Ekman transport; in spring these strong northward events are 
absent. In some years (e.g., 1974-1976) the strong northward 
events cease quite abruptly in early spring (Figure 15). Bryson 
and Lahey [ 1958] attributed the abrupt onset of spring in Wis- 
consin to the decreasing wave number of the atmosphere: 
since the number of waves around the earth is an integer less 
than 10 or so, the changes from one seasonal regime to the 
next could be abrupt. 

In summary, the transition from winter to spring oceano- 
graphic conditions occurs very rapidly over the Oregon shelf. 
The transition seems to be the result of a wind-generated 
coastal upwelling event which results in upward-sloping iso- 
pycnals and strong lateral density gradients. For some reason 
that is not understood, these lateral density gradients and the 
associated vertical current shear tend to persist in spite of sub- 
sequent moderately unfavorable wind events. The chief result 
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of the transition is a baroclinic southward coastal current 

which persists through spring and summer. 
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