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We investigated sea level fluctuations at seven locations from San Francisco to Torino, British 
Columbia, during a 2-year period beginning in August 1973. Using overlapping 2-month periods, we 
found the alongshore correlation to vary with time and with location along the coast. In winter the 
flfiCtuations are correlated along the entire coast from San Francisco to Torino; at intermediate locations 
the correlation is higher with Torino than with San Francisco. In summer, sea level variations at San 
Francisco and Crescent City are not correlated with those farther north; there is still high alongshore 
correlation among the stations to the north and also between Crescent City and San Francisco. In all 
seasons thee sea level fluctuations propagate northward, although variations in the wind stress propagate 
southward. At each location the sea level is usually also correlated with the local wind stress, the wind 
stress leading by about a day. 

INTRODUCTION 

Sea level fluctuations with periods of several days have 
amplitudes of the order of 10 cm along the west coast of North 
America. The fluctuations in sea level seem to be coherent with 

fluctuations in the wind and current [Cutchin and Smith, 1973; 
Smith, 1974]. They are also highly coherent over alongshore 
separations of a few hundred kilometers [Hu•Jer et al., 1975]. 
There is some evidence that the sea level fluctuations propa- 
gate northward in summer [Clarke, 1977; Wang and Mooers, 
1977] but southward in winter [Mooers and Smith, 1968]; Ma 
[1970] found northward propagation in both summer and 
winter but at different phase speeds. 

Two years of sea level and wind stress data from seven 
locations between San Francisco and Torino, British Colum- 
bia, were examined in a recent paper [Osmer, 1978]. As part of 
that study we calculated lagged and unlagged correlation coef- 
ficients between wind and sea level data at the same location 

and at different locations and for different periods to deter- 
mine if the correlation between sea level and wind was the 

same at different locations and at different times of the year 
and if the correlation between sea level at different locations 

was independent of location and of season. 

OBSERVATIONS 

Hourly tide gage data were available for San Francisco, 
Crescent City, Charleston, Newport, Toke Point, Neah Bay, 
and Torino (Figure 1) for the period from August 1, 1973, to 
September 9, 1975. The hourly data were low passed to remove 
tidal oscillations by using a filter designed by Godin [1966, 
1972], which has a half-power point of 95 hours. The low- 
passed time series were decimated to a &hour data interval 
with 3080 points. 

Estimates of the 6-hour atmospheric pressure and wind 
stress at each tide gage location were supplied by Andrew 
Bakun of the National Marine Fisheries Service, Monterey; 
these estimates were computed from the large-scale synoptic 
pressure charts as described by Bakun [1973, 1975]. These 
times series of atmospheric pressure and wind stress were not 
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filtered, but they were implicitly smoothed over both time and 
space in the computation process. 

The 6-hour time series of atmospheric pressure were used to 
correct for the 'inverted barometer effect' on sea level. To 

obtain the 'adjusted sea level' in centimeters for each station, 
we removed a 2-year mean (computed for the period from 
August 1, 1973, to July 31, 1975) and added the atmospheric 
pressure (in millibars minus 1000). The time series of adjusted 
sea level at the different locations (Figure 2) show that the sea 
level fluctuations are larger in winter than in summer. In 
winter the fluctuations are larger at the northern stations, but 
in summer they are somewhat larger at the southern stations. 
The time series of the northward component of the wind stress 
(Figure 3) show similar patterns: fluctuations are larger in 
winter than in summer; in winter, they are largest at the 
northern stations, and in summer they are largest off southern 
Oregon and northern California. 

ANALYSIS 

We computed linear correlation coefficients among the sea 
level and wind stress records, both for the entire time period 
and for overlapping 2-month periods. The usual formulas for 
computing the significance levels for correlation coefficients 
assume that all data pairs are independent. In our data, how- 
ever, a single event lasts a few days, while our samples are 
separated by only 6 hours; clearly, these pairs are not inde- 
pendent. To determine how many independent sample pairs 
there were (and hence the significance level), we computed the 
integral time scale from the autocorrelation functions and 
divided our total record length by this integral time scale 
[Allen and Kundu, 1978; Bendat and Piersol, 1971, p. 183]. 

Correlation coefficients for the entire period. We computed 
both lagged and unlagged alongshore correlation coefficients 
for the adjusted sea level and the wind stress and also the 
correlation coefficients between sea level and wind stress at 

each location. For sea level we found that the alongshore 
correlation was maximum at zero lag for almost every case; in 
no case did the maximum correlation exceed the zero lag 
correlation coefficient by more than 0.03. At intermediate 
locations the sea level is more highly correlated with Torino 
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Fig. 1. Locations of the sea level observations. 

than with San Francisco (Figure 4a), i.e., there is a definite 
asymmetry in the alongshore correlation function of sea level. 
For wind stress, too, the correlation coefficient was maximum 
at zero lag in almost every case, and in no case did the 
maximum correlation exceed the zero lag correlation by more 
than 0.05. The wind stress at intermediate locations is as well 

correlated with San Francisco as with Torino (Figure 4b); 
there is no asymmetry in the alongshore correlation function 
of the wind stress. At each location, sea level and wind stress 
are significantly correlated (Figure 4c), and the correlation co- 
efficient is maximum at about 5 lags (30 hours), the wind stress 
leading the sea level. 

These correlation coefficients were computed from the entire 
records of 3080 points each. In this calculation we made no 
attempt to remove the seasonal cycles apparent in Figures 2 
and 3. Hence the correlation coefficients in Figure 4 reflect the 
coherence of the seasonal cycles as well as the coherence of the 
shorter-period fluctuations. 

Correlation coefficients for 2-month segments. We com- 
puted similar correlation coefficients for 24 overlapping 2- 
month periods, starting with August-September 1973 and ex- 
tending through July-August 1975. Each 2-month data seg- 
ment was linearly detrended before correlation coefficients 
were computed; this detrending effectively removes the sea- 
sonal variation from.the data. 

Table 1 shows the alongshore correlation coefficients of sea 

level at each location relative to Torino and San Francisco. 

During every period, the sea level at the southern locations 
leads the sea level at the northern locations; between Crescent 
City and Torino the lag is about 1 day. The alongshore correla- 
tion varies a great deal during the 2-year period. In winter the 
sea level fluctuations are correlated along the entire coast from 
Torino to San Francisco, a distance of about 1260 km. In 
summer the alongshore coherence is generally lower, and there 
seem to be two domains: sea level fluctuations along the coast 
between Charleston and Torino are correlated, and sea level 
fluctuations are also correlated between Crescent City and San 
Francisco. In summer there is no significant correlation be- 
tween Charleston and San Francisco (620 km) or between 
Crescent City and Torino (820 km). The boundary between 
these two domains seems to be quite sharp: Figure 5 shows 
that in summer there is no significant correlation between 
Charleston and Crescent City, although they are only 180 km 
apart; at the same time the sea level at Charleston is very well 
correlated with Newport, and Crescent City is well correlated 
with San Francisco. Poor correlation between Crescent City 
and Torino occurs in spring and fall, just before and after the 
period of very poor correlation between Crescent City and 
Charleston. We can think of a moving boundary between two 
domains: in winter it is south of San Francisco; in spring it 
moves northward, between San Francisco and Crescent City; 
in summer it lies between Crescent City and Charleston; and in 
fall it again moves southward between Crescent City and San 
Francisco to take up its winter position south of San Fran- 
cisco. 

Table 2 shows the alongshore correlation coefficients for 
wind stress at each location relative to Torino and San Fran- 

cisco. Wind stress, like sea level, has the highest alongshore 
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Fig. 2. Time series of the adjusted sea level (in centimeters) at each 
location, August 1, 1973, to September 9, 1975. 
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Fig. 3. Time series of the northward component of the wind stress 
(in dynes per square centimeter) at each location as computed from 
the large-scale synoptic pressure charts [Bakun, 1973], August 1, 1973, 
to September 9, 1975. 

correlation coefficients in late winter and the lowest values in 
summer and fall. Unlike sea level the wind stress at the north- 

ern locations tends to lead (although only by several hours) the 
wind stress at the southern locations. In winter the wind stress 

is correlated along the entire coast from San Francisco to 
Torino. In summer the wind stress at San Francisco is not 

significantly correlated with the wind stress at Torino, and the 
wind stress at Crescent City is more highly correlated with San 
Francisco than with Torino. This again suggests the presence 
of two domains in summer. We were not able to establish 

whether there really are two domains in the wind stress or to 
investigate the boundary between them: the wind stress esti- 
mates at neighboring stations are not independent, since the 
original atmospheric pressure data are stored on a 3 ø grid 
[Bakun, 1973, 1975]. Because of this, correlation coefficients 
between wind stress at locations less than 3 ø (330 km) apart 
are very high, e.g., over 0.95 for Newport and Charleston (140 
km) and over 0.8 for Charleston and Crescent City ( 180 km). 

Table 3 shows the correlation coefficients between the north- 

ward component of wind stress and the sea level at each 
location. In general, wind stress leads sea level at the same 
location by about 1 day. There is no o'bvious seasonal varia- 
tion in the correlation between wind stress and sea level. At the 

three central locations, Charleston, Newport, and Toke Point, 
the wind stress and sea level are almost always correlated at 
the 1% level. 

DISCUSSION 

Beginning with Mooers and Smith [1968] there have been 
several attempts to account for the nature of the sea level 

fluctuations along the North American west coast in terms of 
coastally trapped long waves. These models can account for 
the northward propagation of sea level and current fluctua- 
tions [Mooers and Smith, 1968; Cutchin and Smith, 1973; Wang 
and Mooers, 1977] and also for the high alongshore correlation 
[Huyer et al., 1975; Kundu and Allen, 1976]. Gill and Schumann 
[1974] devised a model for the generation of long shelf waves 
by the wind; Clarke [1977] used this model to compute sea 
level at Newport from wind stress at several locations south of 
Newport and obtained reasonable agreement with the ob- 
served sea level; he also obtained reasonable agreement assum- 
ing purely local generation. 

Our observation that sea level fluctuations propagate north- 
ward, while wind stress fluctuations propagate southward, 
strongly suggests that the response to the wind is pre- 
dominantly in free, rather than forced, shelf waves. Forced 
shelf waves would propagate in the same direction as that of 
the forcing mechanism, i.e., the wind stress [Gill and Schu- 
mann, 1974]. 

We found that the sea level is almost always significantly 
correlated with the local wind stress. We also found that the 

lag between wind stress and sea level at the same location is 
about a day, regardless of the location. Together these obser- 
vations suggest that at each location a significant portion of 
the sea level fluctuations is generated locally by the wind stress. 

The properties of free barotropic continental shelf waves 
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Fig. 4. Correlation coefficients calculated for the entire period: (a) 
Maximum correlation coe•cients as a function of alongshore separa- 
tion for sea level at each location relative to Torino and San Francisco. 

(b) Maximum correlation coefficients as a function of alongshore 
separation for the northward component of wind stress at each loca- 
tion relative to Torino and San Francisco. (c) Unlagged and maximum 
correlation coe•cients between the adjusted sea level and the north- 
ward component of the wind stress at each location, plotted as a 
function of distance from Torino. The dashed line in each case repre- 
sents the 1% significance level. 
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depend only on the bathymetry of the continental shelf and 
slope region. Hence the alongshore correlation would not vary 
seasonally. There are more complex theories [e.g., Allen, 1975] 
in which the nature of coastally trapped waves depends on the 
stratification as well as on the bathymetry. It is conceivable 

that the seasonal change in stratification might be suitable, 
along part of the coastline, for the presence of internal Kelvin 
waves during part of the year and of barotropic continental 
shelf waves during the remainder of the year. Such a change in 
stratification would result in quite different propagation veloc- 
ities but would probably not affect the alongshore correlation 
of coastal sea level. 

If local generation by the wind stress is important in deter- 
mining the character of the shelf waves, we might expect 
alongshore and seasonal variations in the wind stress field to 
affect the sea level. We saw earlier that in winter, wind stress 
fluctuations are correlated along the entire coast. In summer 
the wind stress at San Francisco is not significantly correlated 
with the wind stress at Torino. We were unable to determine 

whether there is a narrow boundary between two domains in 
the wind stress field, as there appears to be in the coastal sea 
level fluctuations. There is a suggestion that such a boundary 
may indeed exist: the latitude of the center of the North Pacific 
high-pressure cell varies from about 30øN (well south of San 
Francisco) to about 40øN (about the latitude of Crescent City) 
in summer. It may be that there is some feature in the atmo- 
sphere associated with this high that acts as a barrier to the 
propagation of fluctuations in the wind stress. 

CONCLUSIONS 

Sea level fluctuations along the Pacific Northwest coast tend 
to propagate northward in all seasons, although fluctuations in 
the wind stress tend to propagate southward. Hence a signifi- 
cant portion of the sea level fluctuations is probably associated 
with free, as opposed to forced, coastally trapped long waves. 
Sea level fluctuations are significantly correlated with local 
variations in the wind stress and lag the wind stress by about 1 
day. 

We have shown that the alongshore correlation coefficients 
of sea level along the Pacific Northwest coast vary with season 

TABLE 3. Maximum Lagged Correlation Coefficients CCr• Between the Sea Level and the Northward Component of Wind Stress at Each 
Location for 24 Overlapping 2-Month Periods 

CCm 

Period Torino Neah Bay Toke Point Newport Charleston Crescent City San Francisco 

A73-S73 0.31 (+5) 0.41 (+4) 0.48(+4) 0.50(+4) 0.43(+4) 0.44(+4) 
S73-O73 0.44(-2) 0.46(+4) 0.48(+4) 0.65(+5) 0.62(+5) 0.67(+4) 0.44(+4) 
O73-N73 0.35(-1) 0.33(+5) 0.49(+4) 0.53(+4) 0.52(+5) 0.64(+4) 0.59(+4) 
N73-D73 0.34(+4) 0.45(+5) 0.56(+4) 0.50(+5) 0.54(+5) 0.58(+5) 0.66(+4) 
D73-J74 0.38(+4) 0.50(+5) 0.54(+4) 0.61 (+8) 0.67 (+7) 0.71 (+5) 0.59(+6) 
J74-F74 0.46(-2) 0.51 (+6) 0.53(+4) 0.64(+7) 0.70(+7) 0.69(+3) 0.42(+4) 
F74-M74 0.43(+3) 0.48(+5) 0.55(+4) 0.54(+5) 0.60(+5) 0.61 (+4) 0.56(+4) 
M74-A74 0.41 (+5) 0.47(+6) 0.60(+4) 0.53(+6) 0.61 (+6) 0.65(+6) 0.54(+4) 
A74-M74 0.41 (+5) 0.40(+8) 0.58(+5) 0.53(+5) 0.54 (+6) 0.32(+4) 
M74-J74 0.37 (+4) 0.47 (+5) 0.51 (+4) 0.56(+2) 0.56 
J74-J74 0.40(+5) 0.50(+5) 0.60(+4) 0.63(+4) 0.58(+3) 0.49(+1) 
J74-A74 0.38(+1) 0.50(+5) 0.64(+4) 0.64(+4) 0.55(+4) 0.41 (+4) 
A74-S74 0.42(+4) 0.37(+8) 0.41 (+4) 0.46(+4) 0.38(+4) 0.49(+4) 
S74-O74 0.37(+5) 0.41(+8) 0.47(+8) 0.51(+6) 0.53(+6) 0.58(+4) 
O74-N74 0.39(+6) 0.40(+8) 0.34(+6) 0.55(+6) 0.37 (+4) 
N74-D74 0.33(-2) 0.33(+5) 0.41 (+8) . 0.37(+5) 0.39(+5) 0.44(+5) 0.55(+3) 
D74-J75 0.36(-1) 0.33(+4) 0.32(+4) 0.33(+5) 0.31 (+5) 0.48 
J75-F75 0.35(+9) 0.36(+4) 0.41 (+4) 0.44(+6) 0.51 (+4) 0.67 (+4) 
F75-M75 0.37(+7) 0.43(+4) 0.44(+4) 0.47(+6) 0.47(+6) 0.59(+4) 
M75-A75 0.58(+4) 0.58 (+7) 0.60(+5) 0.59(+4) 0.56(+6) 0.55(+6) 0.61 (+4) 
A75-M75 0.50 (+12) 0.48(+5) 0.57(+6) 0.58(+5) 0.56(+4) 0.38 
M75-J75 0.34 0.49 (+5) 0.58(+4) 0.64(+5) 0.68(+5) 0.38(+6) 0.45(+4) 
J75-J75 0.52(+5) 0.63(+5) 0.66(+6) 0.32 
J75,A75 0.39(+4) 0.59(+4) 0.65(+4) 0.69(+4) 0.3• (+4) 0.37 

The lag L, in multiples of 6 hours, is shown (in parentheses) if it is different from zero. A positive lag indicates that the wind stress leads 
the sea level. The 5%, 1%, and 0.1% significance levels are 0.30, 0.38, and 0.48, respectively. Correlation coefficients less than 0.30 are not shown. 
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and with location along the coast. In winter the alongshore 
correlation is highest, and sea level fluctuations are correlated 
along the entire stretch of coast from San Francisco to Torino. 
In summer there is poor alongshore correlation between Char- 
leston and Crescent City, although there is high alongshore 
correlation both north and south of this apparent boundary. 
We suggest that there may be two domains of coastal sea level 
fluctuations year-round: in winter the boundary between them 
is south of San Francisco, in spring it moves northward to its 
summer position between Crescent City and Charleston, and 
in fall it returns to its winter position south of San Francisco. 

We are unable to account in detail for the seasonal variation 

in the alongshore correlation of sea level fluctuations. How- 
ever, the alongshore correlation of wind stress shows a similar 
seasonal variation. There might well be a seasonally migrating 
barrier to the alongshore propagation of fluctuations in the 
wind stress. 
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