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ABSTRACT

Along the west coast of North America, the response of sea level to fluctuations in alongshore wind stress
at large alongshore scales (>1000 km) accounted for a substantial fraction of the total sea level variance during
summer 1973. Space-time contour plots of sea level and alongshore stress show that the response of sea level
to poleward propagating wind stress events was generally stronger than the response to equatorward propagating
events. Atmospheric forcing was most effective in two regions along the coast, with relatively strong forcing
and response along northern California and Oregon, and somewhat weaker forcing and response along northern
Baja California. The forced fluctuations in sea level propagated poleward away from these forcing regions,
causing local sea level to be most correlated with alongshore wind stress earlier in time and at a distant
equatorward location. Along the southern and central California coast, fluctuations in sea level were partly
forced along northern Baja California, although some of the energy may have entered the domain from the
south, Poleward of Crescent City, fluctuations in sea level were dominated by the response to alongshore stress
in the northern forcing region, and were therefore poorly correlated with sea level to the south. Most of the
sea level energy was contained in two frequency domain modes representing the northern and southern
fluctuations in sea level. The southern mode had proportionally more energy than the northern mode at a
frequency of 0.043 cpd, while the opposite was true for frequencies between 0.086 and 0.22 cpd. Sea level
apparently responded more effectively in frequency bands where fluctuations in wind stress propagated poleward
and acted over a longer alongshore distance. Along the British Columbia coast, local atmospheric forcing was
relatively ineffective, and fluctuations in sea level were apparently dominated by free wave energy propagating
poleward from the northern forcing region. Predictions of sea level response made from simple theory of wind-
forced coastal-trapped waves were similar to the observed response, and accounted for up to 70% of the total
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variance along Oregon and Washington, poleward of the northem forcing region.

1. Introduction

Theoretical models for wind-driven shelf currents
(e.g., Gill and Schumann, 1974) illustrate the nature
of the response to atmospheric forcing at large along-
shore scales; i.e., at scales much larger than the width
of the continental margin. In these models, the along-
shore component of wind stress is the dominant forcing
mechanism. Since midlatitude atmospheric systems
typically have spatial scales of several hundred to sev-
eral thousand kilometers and time scales of 2 days to
about 2 weeks, large-scale perturbations driven by
coastal atmospheric forcing should be an important
component of the variability of coastal currents at these
time scales. In addition, a continental margin theo-
retically acts as a waveguide for subinertial frequency
coastal-trapped waves, which are nondispersive for
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large alongshore scales and propagate poleward along
eastern boundaries. Thus, large-scale current fluctu-
ations at a given location along a continental margin
can be partly or totally forced at distant locations, and
the possibility of resonant forcing exists if a wind stress
perturbation propagates along the coast at the free wave
velocity of a coastal-trapped wave mode. These theo-
retical results indicate the importance of resolving large-
scale forcing and response in order to understand the
behavior of currents measured at any particular geo-
graphical location during shelf dynamics field exper-
iments.

A primary objective of the Coastal Ocean Dynamics
Experiment (CODE) is to determine the dynamics of
wind-driven coastal currents along a 100 km segment
of the California coast centered near 38°42'N (Fig. 1)
during two time intervals: April through August 1981
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F1G. 1. Coastal meteorological stations available during summer
1973. If more than one station is present at a given location, the
other station abbreviations are shown in parentheses. The location
of the CODE experimental site, centered near latitude 38°41’N, is
shown. Station information is summarized in Table 1.

(CODE-I) and April through August 1982 (CODE-II)
(Allen et al., 1983). As part of CODE, a large-scale
study has been designed to determine the nature of
the large-scale forcing and response along a 3600 km
section of the coast from central Baja California to
northern British Columbia (26-54°N) for the three-
year interval April 1980 through March 1983, and to
determine the influence of large-scale processes on
- currents observed at the CODE site. In the large-scale
study, atmospheric forcing is represented by wind and
pressure measured at continental United States and
Canadian coastal stations and buoys, and by alongshore
wind stress calculated from Fleet Numerical Ocean-
ography Center (FNOC) atmospheric pressure analyses.
Coastal sea level measurements from all available con-
tinental United States and Canadian stations are used
to represent the response of coastal currents, based on
the generally high correlation of sea level and along-
shore currents established by previous observations
(e.g., Smith, 1974). The use of sea level as the
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response variable in place of currents is discussed in
Appendix A.

Prior to analyzing the large-scale response during
CODE, it was deemed useful to perform a similar study
for the United States west coast during the summer
of 1973 to test the assumptions and analysis procedures.
Summer 1973 was chosen because the Coastal Up-
welling Experiment (CUE-II) was performed off Oregon
(near 45°N) during July and August 1973, providing
a well studied set of current measurements at one lo-
cation along the coast. Also, limited aspects of the
large-scale response during that time interval have been
studied by Wang and Mooers (1977). Our more ex-
tensive analyses of data spanning longer space and
time scales enable us to present many new results con-
cerning the large-scale nature of the atmospheric forc-
ing and response along the west coast of North America
during summer 1973. Our primary purpose in this
paper is to characterize statistically the nature and in-
terrelationship of the forcing and response independent
of any dynamical models (Sections 4-6). We then
briefly show that a simple linear model of wind-driven
coastal-trapped waves qualitatively predicts the ob-
served statistical relationship between the forcing and
response (Section 7).

2. The data set

In the following analyses, we use a right-handed
curvilinear coordinate system with y parallel to the
coast, increasing in the poleward direction, and x nor-
mal to the coast, increasing onshore. The alongshore
direction at a given location along the coast is estimated
by visually smoothing the coast over a sufficiently long
segment to eliminate the irregularities due to small
headlands and bays (typically 10 to 20 km). The origin
is on the coast at the latitude of the central line of the
CODE experiment (38°42’N). The time variable is .

a. Atmospheric forcing

Atmospheric forcing is represented by measured data
at selected coastal meteorological stations (Table 1,
Fig. 1) and by analyzed fields obtained from FNOC
(Bakun, 1973) that have been interpolated to coastal
points of the CODE analysis grid (Table 2, Fig. 2).
The 20 coastal CODE grid points are separated by 180
km,! with grid point 7 located at the origin of the
coordinate system, y = 0. Surface atmospheric pressure
(p) and wind components along the east-west and
north-south axes (u, v) are obtained from the coastal

! This spacing is used because analyzed variables from the National
Weather Service LFM-II forecast model are available on a grid with
similar spacing at middle latitudes. LFM data are not used for summer
1973 because of substantial gaps.
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TABLE 1. Meteorological station information and basic statistics of measured 7.

Measured 7
Geographical Stations statistics
Latitude coastt Variables selected (dyn cm™?)
: (deg Longitude y* orientation — for —_— .
Station Symbol min) (deg min) (km) (deg) P Wind analyses Mean Std dev

Quillayute, WA QUI 4757TN  12332W 1055 110 Yes  Yes X 001  0.08
Hoquiam, WA HOQ 46 58 123 56 942 95 Yes Yes
Westport, WA WSP 46 55 124 06 935 95 No Yes
Columbia River

Lightship CLL 46 11 124 11 854 90 Yes No X 0.03 0.56
Astoria, OR AST 46 09 123 53 850 90 Yes  Yes
Newport, OR NEW 44 38 124 03 683 82 Yes Yes X -0.05 0.53
North Bend, OR NOB 43 25 124 15 547 73 Yes  Yes X -0.02 0.37
Crescent City, CA CCYy 41 47 124 14 362 103 No Yes X -0.09 0.34
Arcata, CA ACA 40 59 124 06 270 75 No Yes
Humboldt Bay, CA HUM 40 46 124 14 246 75 No Yes X -0.12 0.07
Bodega Marine Lab, CA BML 3820 123 04 —46 133 No  Yes X -0.23 035
Bodega Bay, CA BDB 3819 123 04 —48 ° 133 No Yes
San Francisco, CA SFO 37 37 122 23 —142 105 Yes No
Pillar Point, CA PIL 37 30 122 30 —156 105 No Yes X —0.15 0.34
Fort Ord, CA FOR 36 41 121 46 —264 110 No Yes :
Monterey, CA MRY 36 35 121 51 —278 110 No Yes
Point Piedras Blancas, CA PPB 3540 121 17 —401 130 No Yes
Diablo Canyon, CA DIA 3514 120 50 —464 120 No Yes X -0.39 0.40
Vandenberg AFB, CA VAN 34 43 120 52 —528 90 No Yes
Point Mugu, CA MUG 34 07 119 07 —678 155 Yes Yes X -0.03 0.05
Los Angeles, CA LOS 33 56 118 24 =757 150 Yes Yes
Long Beach, CA LBC 3349 118 09 —785 150 Yes Yes X 0 0.04
San Diego, CA SDO 32 44 117 10 -936 105 Yes Yes X -0.02 0.12
Imperial Beach, CA IMP 32 34 117 07 —954 105 Yes Yes

* The CODE central line (38°42'N) is at y = 0 km.
t Geographical orientations are 0 degrees for due east, 90 degrees for due north, etc.

TABLE 2. Coastal points of the CODE analysis grid and basic statistics of calculated 7.

Calculated 7 statistics

Geographical coast} (dyn cm™?)
Grid ) Latitude Longitude »* orientation
point (deg min) (deg min) (km) (deg) Mean Std dev
16 52 10N 128 19 W 1620 115 0.04 0.40
15 50 32 127 13 1440 100 ) 0.08 0.47
14 49 23 126 06 1260 125 -0.07 0.39
13 48 11 124 42 1080 115 —-0.09 0.27
12 46 36 124 05 900 95 -0.12 0.28
11 44 58 124 03 720 85 -0.23 0.42
10 43 12 124 20 540 73 —0.35 0.58
9 41 46 124 12 360 103 —0.82 0.90
8 40 12 124 18 180 130 -1.20 1.12
7 38 41 123 27 0 133 -1.09 0.85
6 37 18 122 24 —180 102 -0.50 0.35
5 3559 121 3t -360 128 -0.74 0.42
4 -~ 3435 120 39 —540 90 -0.72 043 °
3 34 01 118 53 =720 150 -0.94 0.49
2 3300 117 21 —900 110 -0.45 0.22
1 3127 116 44 —1080 110 —-0.42 0.22
35 30 00 115 54 —1260 115 —0.33 0.23
34 28 47 114 51 —1440 130 -0.35 0.24
33 27 20 . 113 52 -1620 130 —-0.24 ‘0.19
32 26 07 112 40 —1800 130 -0.18 0.16

* The CODE central line is located at y = 0 km.
+ Geographical orientations are 0 deg for due east, 90 deg for due north, etc.
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F1G. 2. Coastal points of the CODE large-scale analysis grid (tri-
angles) and sea level stations (circles). Grid points 17 through 31,
most of which are located offshore, are not shown. Grid point in-
formation is summarized in Table 2, and the sea level station in-
formation is summarized in Table 3.

meteorological stations. Analyzed fields of p, « and v
are obtained at the CODE grid points. The variables
obtained from FNOC will hereafter be referred to as
calculated variables. Alongshore positions (y coordi-
nates) of all meteorological stations and grid points
are presented in Tables 1 and 2.

Calculated winds are obtained from the six-hourly
FNOC pressure fields by the methods described by
Bakun (1973). Pressures are interpolated to grid points
separated by three degrees of latitude and longitude,
resulting in a north-south spatial resolution of about
300 km at all latitudes, and an east-west resolution
of about 240 km at the latitude of the CODE site.
Geostrophic winds are calculated from these gridded
pressures. To obtain estimates of surface winds, a sim-
ple boundary layer correction is applied by reducing
wind speed by 30% and rotating wind vectors 15 degrees
counterclockwise (Bakun, 1973).

The measured meteorological data are obtained from
several sources at sampling rates between one and six
hours. The data sources and editorial procedures are
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discussed by Halliwell and Allen (1983, 1984). After:
editing, the following major steps are performed on
all measured and calculated time series: 1) gaps less
than 24 h in length within the time series are filled by
linear interpolation; 2) measured wind speed is adjusted
to an anemometer height of 10 m assuming a loga-
rithmic velocity profile (neutral stability) (calculated
winds are assumed to represent 10 m winds); and 3)
time series are low-pass filtered using a Cosine-Lanzcos
filter with a 40 h cutoff and subsampled to 6 h when
necessary (Pittock ef al., 1982). The filtered time series
start at 0000 PST 4 June and end at 0600 PST 27
September 1973 and have a sampling rate of 6 h. We
compute wind stress for both calculated and measured
winds prior to filtering by using the bulk aerodynamic
equation with a drag coefficient given by (Large and
Pond, 1981):

1.2,
0.49 + 0.065|V ol

3 - |V10| <llm S_I
10°C { [Viol> 11 ms™".
The axes are then rotated to compute stress compo-
nents in the curvilinear coordinate system (Section 3).
The alongshore component of stress is used as a forcing
function, and hereafter referred to as 7.

b. Adjusted coastal sea level

Coastal sea level data are obtained from the National
Ocean Survey and the Canadian Marine Environment
Service (Table 3). These data are checked for datum
shifts (Pittock et al., 1982), then subjected to essentially
the same editorial procedure as meteorological data
(Halliwell and Allen, 1983). Adjusted sea level (¢), cor-
responding to pressure beneath the sea surface, is
formed by adding the equivalent of atmospheric pres-
sure to the sea level data (in cm). The p time series
used in this adjustment are listed in Table 3. In cases
where p is not available within about 50 km of the sea
level station, it is estimated by linear interpolation
using the two nearest p stations of the same type (i.e.,
both calculated or both measured), one equatorward
of, and one poleward of, the { station. The mean values
of ¢ are then removed. The start and end times are
the same as for the meteorological data. Time series
of {are linearly interpolated to the coastal CODE anal-
ysis grid (points 2-16) with allowances made for time
lags between the input time series of measured { caused
by propagating disturbances. These lags are objectively
determined using lagged cross-correlation analysis.
Details of the interpolation procedure are presented
by Halliwell and Allen (1983).

3. Comparison of calculated and measured wind

Calculated winds form an attractive data set for
analysis because they are spatially complete, available
on a regular grid, and derived by uniform procedures
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TaBLE 3. Coastal sea level station information and standard deviation of {.
Stations or grid point numbers Standard
Latitude Longitude y for atmospheric pressure used deviation of ¢

Station Symbol " (deg min) (deg min) (km) in forming adjusted sea level (cm)
Bella Bella, BC BBL 52 10N 128 08 W 1608 CGl16 5.08
Tofino, BC TOF 49 09 125 55 1232 CGl14 4.83
Neah Bay, WA NBA 48 22 124 37 1100 CG13 5.30
Toke Point, WA TKP . 46 42 123 58 911 CG12 7.57
Astoria, OR AST 46 10 123 46 852 Astoria 6.45.
Garibaldi, OR GAR 45 25 123 55 770 Astoria-Newport* 6.99
South Beach, OR SBC 44 38 124 03 678 Newport 5.80
Umpqua River, OR UMP 43 42 124 10 579 North Bend 5.94
Port Orford, OR POR 42 45 124 30 469 North Bend 5.40
Crescent City, CA CCY 41 45 124 11 359 CG9 4.61
San Francisco, CA SFO 37 48 122 28 —-126 San Francisco 3.87
Monterey, CA MRY 36 36 " 121 53 -276 CG5-CG6* 2.84
Port San Luis, CA PSL 3510 120 45 —473 Calculated** 3.51
Rincon Island, CA RIS 34 2] 119 27 ~650 Pt. Mugu 344
Long Beach, CA LBC 3345 118 13 —785 Long Beach 3.54
San Diego, CA SDO 3245 117 10 - -938 San Diego 3.44

* Linearly interpolated.

** Calculated pressure was also obtained at Port San Luis.

TABLE 4. Summary of the two comparisons of calculated and measured vector winds: 1) the inner correlation and phase, and 2)
comparison of both wind sets to sea level. Since integral correlation time scales vary for different time series, statistically significant
correlations range between 0.31 and 0.38 to a 95% level of confidence.

Inner correlation and phase
(calculated minus measured)

Geographical wind orientations most correlated with {

Grid Measurement Phase Measurement station Orientation
point station Correlation (deg) or grid point ¢ station (deg)t Correlation

2 IMP 0.77 60 1 SDO 74 0.42
2 SDO 0.69 53 5 MRY 65 0.57
3 LBC 0.65 59 6 SFO 37 0.55
3 LOS 0.86 76 PIL SFO 85 0.59
3 MUG 0.74 58 7 CCY } 48 0.56
4 VAN 0.88 -11 BDB CCY 115 0.54
4 DIA 0.88 12 BML CCY 115 0.54
) PPB 0.48 19 8 CCYy 22 0.58
) MRY 0.86 50 HUM CCY 92 0.55
6 MRY 0.85 59 9 CCY 35 0.57
6 FOR 0.90 70 ARC CCY 89 0.54
6 PIL 0.68 41 CCY CCY 103 0.59
7 BDB 0.79 40 10 UMP 42 0.79
7 BML 0.80 47 NOB UMP 66 0.71
8 HUM 0.70 68 | 5 . SBC 44 0.79
9 ARC 0.58 57 NEW SBC 62 0.74
9 CCYy 0.60 67 12 AST 45 0.78

10 : NOB 0.89 19 AST AST 68 0.50

11 NEW 0.75 23 CLL AST 70 0.51

12 AST 0.66 56 WSP "AST 86 0.47

12 CLL 0.83 35 13 NBA 73 0.42

12 WSP 0.80 45

12 HOQ 0.87 60

13 QUI 0.76 57

t Geographical orientations are 0 deg for due east, 90 deg for due north, etc.



MAY 1984

over that grid. In contrast, available coastal measured
winds have irregular spacing alongshore and are of
variable quality because of differences in local topog-
raphy, instrument location, etc. For these reasons, cal-
culated winds are used extensively in the following
analyses. A thorough comparison between calculated
and measured winds is given by Halliwell and Allen
(1984). Several aspects of the comparison are important
* for the present study and are discussed here. We first
compare fluctuations in calculated vector winds to
fluctuations in measured vector winds, then quantify
" an additional rotation that must be performed on the
calculated winds to bring their fluctuations into align-
ment with those of the measured winds. In Appendix
B, we compare some of the analyses in Section 6 per-
formed using calculated 7 with similar analyses using
measured 7 and show that reliable results are obtainable
with calculated 7.

At each grid point, the inner correlation and phase
between calculated vector winds and all measured vec-
tor winds within 90 km (Table 4) show that the winds
are rather well correlated in most cases, being greater
than 0.7 for 17 out of the 24 cases. The inner phase
gives the difference in angular orientation between the
fluctuations that is weighted by the amplitude of the
instantaneous vectors (Kundu, 1976). All inner phases
except one are positive, and the largest is 76°. Positive
inner phase means that calculated vector winds must
be rotated counterclockwise to bring their fluctuations
into alignment with the measured winds. The inner
phase varies along the coast, being relatively small
(<25°) near Point Conception (grid point 4) and along
the Oregon coast (grid points 10 and 11), and larger
elsewhere.

Because of the possible influence of local topography
on measured winds, we cannot assume that they ac-
curately represent the orientation of wind fluctuations
over the shelf. Therefore, we cannot assume that the
inner phase between calculated and measured winds
provides an accurate estimate of the rotation error in
calculated winds. An independent estimate of the ro-
tation error is obtained by comparing the relation of
both calculated and measured vector winds to {. The
orientations of the components of these winds most
correlated with { are estimated by regressing sea level
on wind components in the time domain, then using
the regression coeflicients to calculate the orientations
(Garrett and Toulany, 1982). The results are presented
in Table 4 for all measurement stations and grid points
where the vector winds explain a statistically significant
fraction of the { variance to 95% confidence. The max-
imum-correlation orientations for the calculated winds
are typically smaller than (rotated clockwise from) the
orientations of the measured winds. This misalignment
becomes very clear by inspecting the basic statistics of
the difference between these computed orientations
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and the corresponding geographical alongshore ori-
entations. For the eleven measured wind orientations
listed in Table 4 this difference is —9° + 14°, and for
the ten calculated wind orientations it is —54° + [7°.
Thus, it is roughly the geographical alongshore com-
ponent of measured wind that is most correlated with
sea level, but a component of calculated wind that is,
on average, more than 50° clockwise from the geo-
graphical alongshore orientation is most correlated with
§. We therefore conclude that local topography does
not seriously change the orientation of the fluctuations
in measured wind and that the inner phase provides
a reasonably good estimate of the rotation error. Cal-
culated winds (and wind stress) must therefore be ro-
tated counterclockwise to best represent the true coastal
winds.

We emphasize that this correction may only apply
to winds measured at or near the coast. The 15° coun-
terclockwise rotation of the calculated winds performed
during the boundary layer correction may be sufficient
to best represent the true surface wind over the open
ocean, but the marine coastal boundary layer is influ-
enced by other factors, such as the presence of coastal
mountains, surface horizontal temperature gradients,
and diurnal wind fluctuations. These additional influ-
ences may substantially affect the veering of the wind
vertically through the marine boundary layer near the
coast and change the rotation required to align the
calculated winds with the measured winds at the sur-
face. Our results indicate that along most of the coast,
a 15° counterclockwise rotation is insufficient to.correct
for wind veering in the coastal marine boundary layer.
Similar misalignments between calculated winds and
coastal measured winds are also observed in the CODE
large-scale data set (Halliwell and Allen, 1984). Also,
Thomson (1983), in a comparison of calculated winds
to measured winds from two meteorological buoys
along the British Columbia coast during two summer
seasons 1979 and 1980, found that calculated wind
vectors had to be rotated an additional 20° counter-
clockwise to be aligned properly with the measured
wind.

The correlation coefficients between these compo-
nents of calculated and measured winds and the nearby
{ measurements are also presented in Table 4. The
calculated winds are slightly better correlated with ¢
than the measured winds along most of the coast be-
tween grid points 5 and 12. The measured winds may
be substantially affected by factors such as small-scale
wind fluctuations and local topography. Calculated
winds apparently represent the large-scale wind fluc-
tuations that drive oceanic response with enough ac-
curacy to be an adequate forcing function for the pur-
pose of this study. This conclusion is supported by the
analyses presented in Appendix B.

Since the rotation correction is apparently a function
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TABLE 5. Computation of the alongshore component of calculated wind stress. The average inner phase difference and the average
difference between wind orientations most correlated with sea level are computed from the data in Table 4.

Average difference between

Difference (calculated minus
measured) between
inner phases

wind orientations most
correlated with { (calculated
minus measured)

Computation of the “alongshore”
calculated wind stress

Number Number Geographical Estimated correction angle
of wind Difference of wind orientation to align calculated wind
Grid Average measurement in angles measurement of the coast with the true wind at the

point (deg) stations (deg) stations (deg)t coast
1 — 0 — 0 110 60

2 57 2 —_ 0 110 , 60

3 64 3 — 0 150 60

4 0 2 — 0 90 0

5 35 2 — 0 128 : 38

6 57 3 48 1 102 : 52

7 44 2 67 2 133 : 58

8 68 1 70 1 130 70

9 62 2 61 2 103 58
10 19 1 24 1 73 18
11 23 1 18 1 85 20
12 49 4 30 3 95 40
13 57 1 — 0 115 55
14 — 0 — 0 125 55
15 — 0. — 0 100 55
16 — 0 — 0 115 55

t Geographical orientations are 0 degrees for due east, 90 degrees for due north.

of alongshore position, we estimate a separate correc-
tion at each grid point. We use both the inner phase
and the differences in wind orientation most correlated
with { to estimate these corrections, since very few
estimates of the inner phase exist at each grid point
and therefore they alone cannot provide a good esti-
mate of the rotation correction. Average values of the
differences between measured and calculated winds in
inner phase and in the wind orientation most correlated
with {are presented in Table 5. At grid points 6 through
12, where both could be computed, they have similar
values, which increases our confidence that they both
approximately measure the misalignment between
fluctuations in calculated and measured winds.
We therefore estimate 7 in the following manner:
For measured 7, we simply compute the alongshore
component of the measured vector stress. For calcu-
lated r, we first rotate the calculated vector stress at
each grid point by an amount determined by averages
of the two differences presented in Table 5 to correct
for the misalignments. We then compute calculated 7
in the same manner as measured 7. Estimates of the
correction angles at each grid point are presented in
Table 5. At grid points 2-5 and 13, only the average
inner-phase difference could be used to estimate the
correction angles. At grid points 1, 14, 15 and 16, there
were no statistics upon which to estimate the correction
angles. We determine the correction angle for grid point
1 by assuming that it is the same as for grid point 2.

Similarly, the correction angles for grid points 14-16
are assumed to be the same as for grid point 13.

For the analyses performed in Appendix B using
measured 7, we use a subset of the measured wind
stations in Table 1. These stations are selected to be
as evenly spaced as possible along the coast, with an
effort made to use better-quality winds wherever pos-
sible. These stations are marked in Table 1, where the
basic statistics of 7 are presented. Both the mean and
standard deviation of measured 7 are substantially
smaller than those for calculated 7 presented in Table
2. The measured wind statistics also vary irregularly
from station to station along the coast while the cal-
culated = statistics vary smoothly. Apparently, both
the mean values of measured 7 and the amplitudes of-
its fluctuations are strongly influenced by factors such
as local topography. Therefore, we rely only on the
basic statistics of calculated 7 in the following analyses.

4. The alongshore-time properties of wind-stress forc-
ing and response

a. Basic statistics of ¢ and 7

The dominant feature in the alongshore distribution
of the means and standard deviations of 7 (Table 2)
is that both have large magnitudes at grid point 8,
which is located near Cape Mendocino. (Unless oth-
erwise noted, 7 will represent calculated 7 for the re-
mainder of this paper. Measured variables will always
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FIG. 3. Space-time contours of (top) daily averaged calculated r and (bottom) daily
averaged demeaned gridded { for summer 1973. Twelve = events are numbered se-
quentially, and time lines denoting the locations and times of the r extrema associated
with these events are shown in both panels. These time lines are solid for 7 minima
(maximum equatorward 7) and dashed for 7 maxima. The contour intervals for the
solid contours are 0.8 dyn cm™ for r and 4 cm for {. Intermediate contours are

dashed.

be prefixed by the word measured.) The mean at this
point is equatorward, as it is everywhere south of
northern Vancouver Island. The standard deviation at
this point is four to five times larger than it is along
the coasts of northern Baja California, southern Cal-
ifornia, and Washington. Smaller relative maxima in
the standard deviation exist near Point Conception
(grid point 4) and along the northern British Columbia
coast. In contrast, the largest { standard deviation (Ta-
ble 3) occurs along the Washington coast, with minima
located along the coasts of central California and
southern British Columbia. In general, maxima and
minima of { standard deviations are displaced poleward
of corresponding maxima and minima of 7 standard

deviations, suggesting a poleward shift in the response
of {to 7.

b. Alongshore-time contour plots of ¢ and r

Contours of daily averages of 7 and gridded { are
presented in Fig. 3. Fluctuations of 7 are largest near

y = 180 km, the latitude of Cape Mendocino. Twelve
7 events,? some poleward (positive 7) extrema and some
equatorward (negative 7) extrema, are labeled in Fig.
3. Time lines of these events, defined here as the lines
in the y-¢ plane tracing the location of the 7 extrema
as a function of time, are indicated by solid lines for
equatorward extrema and dashed lines for poleward
extrema. For most events, the  extrema do not occur
simultaneously along the coast, but propagate poleward
or equatorward as indicated by the slopes of the time
lines, which provide estimates of propagation speeds.

The 7 event time lines are reproduced on the { con-
tour chart (Fig. 3). The maximum { response is char-

_acteristically located poleward of, and later in time

than, the 7 event. In general, { appears to respond
more effectively to poleward propagating 7 extrema.

2 We use the term “‘event” to denote these 12 specific wind stress
extrema, although they are not completely independent in time from

other extrema.
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The { response to the poleward propagating events in
Fig. 3[2, 5, 7, 8, 9 (northern part), 10 (northern part),
11 and 12] is substantially larger than the response to
the equatorward propagating events [3, 4, 6, 9 (southern
part), and 10 (southern part)]. A { response of inter-
mediate amplitude occurs for event 1, for which the
T extremum is in-phase along the coast. To assess the
{-response to T better, we examine events 4, 5 and 11
in more detail in Section 7 and compare them with
an idealized theoretical model response of { to the
observed 7 field.

It can be seen qualitatively from Fig. 3 that both
the 7 and ¢ fields are dominated by large-scale fluc-
tuations with wavelengths greater than 1000 km. This
is supported quantitatively by wavenumber autospectra
of { and 7 (four-month ensemble averages of six-hourly
wavenumber spectra) plotted in Fig. 4. Most of the
energy in both { and 7 exists in fluctuations with wave-
lengths greater than 1000 km. Only a very small frac-
tion (about 0.03) of { variance exists at wavelengths
smaller than the FNOC Nyquist wavelength for 7 of
about 600 km. Since we focus only on these dominant
large-scale fluctuations in this report, the fact that cal-
culated 7 does not adequately represent fluctuations
with spatial scales less than several hundred kilometers
should not lead to serious problems in using it as the
wind stress forcing function.

¢. Time-domain EOFs of { and v

Time-domain EOFs of gridded ¢ (Figs. S and 6) are
calculated to determine the alongshore structure of ¢.
Mode 1 (56% of the total variance) essentially repre-
sents a northern mode, and mode 2 (23%) a southern
mode, indicating that { fluctuations poleward of Cres-
cent City (CCY) are poorly correlated with those equa-
torward of CCY. This discontinuity is very evident in
the distribution of the percent variance explained for
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FIG. 4. Wavenumber autospectra of gridded ¢ (solid line) and
calculated 7 (dashed line), ensemble averaged over 4 months from
six-hourly autospectra. Based on average integral time scales (Davis,
1976), the ¢ spectrum has approximately 30 degrees of freedom, and
the 7 spectrum has approximately 37 degrees of freedom.
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each mode. This agrees with the results of Osmer and
Huyer (1978), who discovered a discontinuity in { cor-
relation located beween CCY and Charleston (CHR)
during the summers of 1973 through 1975. The EOFs
presented here indicate that the boundary between the
subdomains is located near CCY during the summer
of 1973.

Time-varying amplitudes and their autospectra,
plotted in Fig. 6, indicate that the southern mode is
relatively more energetic at lower frequencies than the
northern mode, with 69% of the southern mode energy
and 41% of the northern mode energy existing at fre-
quencies less than 0.043 cycles per day (cpd), and 29%
of the southern mode energy and 55% of the northern
mode energy existing at frequencies between 0.043
and 0.22 cpd. A time scale equal to, or greater than,
four months is also visually evident in the southern
mode. Therefore, some of the energy in the southern
mode may have originated near the equator as dis-
cussed by Enfield and Allen (1980) and Chelton and
Davis (1982).

The correlations between these time-varying am-
plitudes and local 7 indicate that the northern mode
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percent (right bottom). The autospectra were computed with a frequency bandwidth of 0.043 cpd, resulting

in 10 degrees of freedom.

is strongly related to 7 along the coast between Northern
California and Washington (Fig. 5). The southern mode
is marginally significantly correlated with 7 to the south
of the CODE site, with two correlation maxima located
near y = —180 km [between San Francisco (SFO) and
Monterey (MRY)] and y = —1440 km (northern Baja
California). Therefore, the southern { mode may be
forced in part by wind stress fluctuations. The corre-
lations between the southern mode and local 7 change
sign poleward of Cape Mendocino and approach mar-
ginally significant levels along the Washington and
British Columbia coast. This probably occurs because
of large-scale correlation patterns in the 7 field.
Time domain EOFs of  are presented in Fig. 7 to
characterize the large-scale structure of the 7 fluctu-
ations. Mode 1 is dominated by the energetic 7 fluc-
tuations near Cape Mendocino, while mode 2 is dom-
inated by large-scale fluctuations with wavelengths of
at least 3000 km and a node near Cape Mendocino.
Mode 1 explains almost all of the variance at the grid
points near Cape Mendocino. Mode 2 explains about
half of the variance at the grid points along the Wash-
ington coast and along the southern California and
Baja California coasts. The northern ¢ mode is sig-
nificantly correlated with both 7 modes 1 and 2, with
maximum correlation coefficients and time lags for
the  mode of, respectively, (0.63, 1.5 days) and (0.45,
0.75 days). The southern { mode is significantly cor-
related with 7 mode 2 only (0.57, 1.5 days). There is

no significant correlation between { modes 1 and 2
and higher 7 modes. The northern { mode is apparently
primarily forced by the energetic 7 fluctuations centered
near Cape Mendocino, although there is some con-
tribution from the larger-scale = fluctuations repre-
sented by mode 2. The 7 fluctuations that are at least
partly responsible for driving the southern { mode are
apparently part of a large-scale atmospheric oscillation
for which we have sampled less than one wavelength
in the alongshore direction.

5. The alongshore-frequency properties of wind-stress
forcing and response

Ve
a. Autospectra

Autospectra of ¢ and 7 (Fig. 8) are computed at
each sea level station or grid point, then contoured as
a function of y and frequency. The energy of { fluc-
tuations generally increases poleward from the southern
end of the domain over all frequencies, reaching a
maximum along the southern Washington coast. The
energy then decays rapidly poleward through central
British Columbia, then slowly increases along the
northern British Columbia coast. Relatively energetic
fluctuations in { also exist for y < —500 km near
0.4 cpd.

The distribution of { and 7 energy along the coast
shows the poleward displacement of the { response to
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7 noted in the discussion of basic statistics (Section
4). Fluctuations in 7 are most energetic near Cape
Mendocino, and smaller alongshore energy maxima
exist near Point Conception (¥ = —540 km) and along
the northern British Columbia coast over all frequen-
cies. The alongshore energy maximum of { is displaced
poleward from the 7 energy maximum near Cape
Mendocino, and is located near the latitude of a
energy minimum. A { energy minimum along the cen-
tral British Columbia coast is displaced about 400 km
poleward of this 7 energy minimum.

b. Frequency domain EOFs

The two most significant frequency domain EOFs
(Wallace and Dickinson, 1972) of gridded ¢ are pre-
sented in Fig. 9. For each mode, rms amplitude, percent
variance explained (which is 100 times the coherence
squared with gridded ¢), and phase lag in hours are
contoured as a function of y and frequency. The modes
are computed for 10 frequency bands between 0.043
and 0.43 cpd, the same frequencies and frequency
bandwidth used for the autospectra in Fig. 8. The sub-
domains in y-frequency space dominated by the first
two modes are sharply delineated by the contours of
percent variance explained in Fig. 9. The first mode
represents most of the { variance poleward of grid
point 9 (near CCY), and the second mode represents
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FIG. 7. The two most significant time domain EOFs of calgulated
7: (left) rms amplitudes and (right) percent variance explained. The
modes account for 66 and 17% of the total variance, respectively.
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most of the variance equatorward of point 9, consistent
with the time domain EOFs. However, a substantial
percentage of sea level variance along the northern
British Columbia coast is also contained in the second
mode, which is not observed in the second time domain
EOF. For consistency, we refer to these frequency do-
main EOFs as northern and southern modes.

The plots of amplitude and percent variance ex-
plained show that the northern mode increases rapidly
in amplitude poleward of y = 0 km. It has maximum
amplitude along the southern Washington coast at a
frequency of 0.086 cpd. The southern mode generally
decreases in amplitude poleward of San Francisco, then
increases again in amplitude along the northern British
Columbia coast, and is therefore smaller in amplitude
than the northern mode from Northern California
through central British Columbia. The energy of the
southern mode increases enough along the northern
British Columbia coast to explain as much variance
as the northern mode near Bella Bella.

From the contours of phase lag in hours, the north-
ern mode fluctuations poleward of Cape Mendocino
propagate poleward at roughly 600 cm s™! between
0.086 and 0.17 cpd, a frequency band where the north-
ern mode has relatively large amplitude. The northern
mode extends equatorward along the central and
southern California coast near 0.13 cpd based on the
coherence with measured {, where the fluctuations
propagate poleward at about 250 cm s™!. At frequencies
greater than 0.22 c¢pd, the phase lags are irregular and
consistent phase propagation cannot be identified. The
¢ fluctuations in the southern mode propagate poleward
at roughly 250 cm s™! for frequencies equal to or less
than 0.086 cpd, a frequency band where the mode has
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F1G. 11. Coherence squared between the northern frequency do-
main EOF of gridded { and the most significant frequency domain
EOF of calculated 7. The frequency bandwidth is 0.043 cpd, resulting
in 10 degrees of freedom. The 95% significance level is shown.

relatively large amplitude. The propagation speed in-
creases to roughly 450 cm s™! between 0.17 and 0.22
cpd, a frequency band where the mode has much
smaller amplitude. Considering the properties of both
modes, fluctuations in { poleward of Cape Mendocino
tend to propagate substantially faster than fluctuations
equatorward of the Cape.

Frequency domain EOFs of 7, calculated for the
same frequency bandwidths as the ¢ EOFs, are pre-
sented in Fig. 10. The most energetic mode represents
the energetic fluctuations centered near Cape Men-
docino plus some very low-frequency fluctuations lo-
cated equatorward of the Cape and centered near Point
Conception. The second mode is dominated by the
relatively less energetic fluctuations located both pole-
ward and equatorward of the Cape, consistent. with
the spatial structures of the first two time domain EOFs
of 7 (Fig. 7).

Phase contours of mode 1 display a banded structure
over frequency. A band of equatorward propagating
fluctuations exists at frequencies near 0.043 cpd. Pole-
ward of Cape Mendocino, poleward propagation exists
over all frequencies equal to or greater than 0.086 cpd.
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Equatorward of Cape Mendocino, poleward propa-
gation exists in the frequency bands centered near
0.086, 0.13, and 0.22 cpd, with equatorward propa-
gation in the frequency band centered near 0.17 cpd
and over all frequencies greater than 0.22 cpd. Thus,
propagation is exclusively poleward throughout the
alongshore domain of the mode in the three frequency
bands centered near 0.086, 0.13, and 0.22 cpd. The
computed phase lags for r mode 2 are irregular and
consistent phase propagation cannot be identified.

We compute the coherence squared (Fig. 11) be-
tween the northern ¢ mode and 7 mode 1 using the
method of Denbo and Allen (1984). The only coher-
ences significant at the 95% level of confidence are
observed at the same three frequencies (0.086, 0.13,
and 0.22 cpd) where mode-1 7 fluctuations propagate
exclusively poleward throughout the entire alongshore
subdomain of the mode.

The largest amplitude of r mode 1 is observed along
the Oregon and northern California coast at two fre-
quencies, 0.086 and 0.17 cpd. The largest amplitude
of { mode 1 is observed along the Washington coast
at 0.086 cpd, with no indication of a relative maximum
near 0.17 cpd. At 0.086 cpd, the fluctuations in r mode
1 propagate poleward at about 350 cm s™! between
Point Conception and Neah Bay. At 0.17 cpd, these:
fluctuations are nearly in-phase, implying very rapid
alongshore propagation speeds (>1000 cm s™'), with
equatorward propagation south of Cape Mendocino.
Thus, { mode 1 has its largest amplitude and is sig-
nificantly coherent with 7 mode 1 at the only frequency
(0.086 cpd) where the 7 mode has both a relative am-
plitude maximum and poleward propagation over its
entire alongshore domain at a speed relatively close
to the observed propagation speed of fluctuations in
¢. At 0.17 cpd, the 7 mode only possesses the first

TABLE 6. Summary of the space and time lagged correlation analyses between ¢ at each of six selected stations and 7 at all grid points.
Correlation maxima relative to each { station are numbered sequentially from north to south and are marked by the solid dots in Fig.
12. The y locations plus the space and time lags (Ay and A¢) of each maximum are given, from which a characteristic speed (with error
estimates in parentheses based on a +6 h uncertainty in lag time) is estimated.

Correlation y Ay At Ay/At
¢ Station No. maxima (km) (km) (days) (cm s
BBL 1 0.48 720 —888 -3.00 340 (314-371)
NBA 1 0.68 540 -560 -1.75 - 368 (322-429)
2 0.25 —1080 —2180 . —5.75 436 (418-456)
SBC 1 0.79 540 —138 -0.75 212 (159-317)
2 0.28 —1080 —1758 —4.75 426 (404-449)
CCY 1 0.68 —180 -539 -1.50 413 (354—495)
2 0.49 —1080 —1439 -4.00 414 (389-441)
- MRY 1 0.51 —-360 -84 —-1.00 97 (77-129)
2 0.43 -900 —624 -3.00 239 (220-261)
LBC 1 0.45 —1260 —475 -0.50 1092 (728-2185)
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property, and it is not significantly coherent with the
¢ mode (Fig. 11). The response of { to fluctuations in
7 is frequency-dependent, and at a given frequency it
apparently depends on both the amplitude and along-
shore propagation speed (hence the wavenumber) of
the fluctuations in 7. Although it is not clearly dem-
onstrated here, the response presumably also depends
on the alongshore distance over which the 7 field pos-
sesses these properties. Further studies using wave-
number—frequency decompositions of ¢ and 7 are in
progress.

6. The relationship of sea level response to the large-
scale wind stress field .

Space- and time-lagged correlations between { at six
stations from Bella Bella to Long Beach and calculated
 at all grid points are analyzed to study the alongshore
variability of the response of ¢ to 7. These {-7 cor-
relations are contoured as a function of lag time and
yin Fig. 12. It is evident that { tends to be more highly
correlated with 7 equatorward from, and earlier in
time than, the location and time of the { measurements.
These lags are estimated from Fig. 12 and summarized
in Table 6. Correlations between 7 at the six grid points
closest to the six ¢ stations used in the ¢{~7 correlation
analysis and 7 at all grid points are contoured in Fig.
13, and correlations between { at these six grid points
and { at all grid points are contoured in Fig. 14.

From the {-r correlation patterns (Fig. 12), fluc-
tuations in ¢ at Bella Bella (BBL), Neah Bay (NBA),
and Southbeach (SBC) are all most highly correlated
with 7 along the southern Oregon and extreme northern
California coast. The lag times for these stations be-
come more negative with increasing poleward sepa-
ration from the northern forcing region, ranging from
—0.75 days at SBC to —3.0 days at BBL. At BBL and
NBA, the correlation of { with local 7 is insignificant.
The -7 correlation patterns relative to grid points 16
and 13 (Fig. 13) do not show a corresponding corre-
lation peak at negative lag times along Northern Cal-
ifornia and Oregon. The {—{ correlation patterns rel-
ative to grid points 16 and 13 (Fig. 14) show that { at
these points is relatively well correlated with { along
the Oregon coast, the apparent origin of much of the
{ energy observed at these grid points. Apparently,
fluctuations in ¢ along Washington and British Co-
lumbia are dominated by free wave energy that is forced
along the Northern California and Oregon coast.

-Near-local forcing is apparently much more im-
portant at SBC, where the {~r correlation peak is lo-
cated within 200 km equatorward of SBC. The cor-
responding 7-r and {-{ correlation patterns relative
to grid point 11 both have positive slopes in the major
axes of the central correlation peaks. The r—r corre-
lation peak relative to grid point 9 (near CCY) also

GEORGE R. HALLIWELL,
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has positive slope. Positive slopes are expected if pole-
ward propagating energy exceeds equatorward prop-
agating energy. This indicates that near-resonant forc-
ing may be relatively important along the Oregon and
extreme northern California coast. In contrast, the
central peaks of the 7—7 correlation patterns relative
to grid points 16 and 13 do not have a noticeable slope,
indicating that near-resonant forcing is less important
along the Washington and British Columbia coast. This
is probably one reason why near-local atmospheric
forcing is not very important along this part of the
coast.

The slopes of the {-{ correlation peaks in Fig. 14
from grid point 9 to the south are substantially smaller
than the slopes at the northern grid points, except at
grid point 2 where a slope cannot be discerned. The
slope relative to grid point 9 is smaller equatorward
of the point than poleward of the point. This indicates
that propagation speeds are smaller along the California
coast than to the north, in agreement with the results
of the frequency-domain EOF analysis.

The existence of the southern forcing region along
the Northern Baja California coast (near y = —1080
km) is evident in the {~7 correlations from the statis-
tically significant correlation maxima between { at
CCY, MRY and Long Beach (LBC) and 7 along
Northern Baja California at negative lag times (Fig.
12). Effects of this forcing region appear as far poleward
as NBA, since weak correlation maxima between 7
near y = —1080 km and { at NBA and SBC are also
observed at negative lag times in Fig. 12. These cor-
relation maxima again occur at increasingly negative
lag times with increasingly poleward separation of the
¢ station from y = —1080 km (Table 6). However,
part of the high correlation with + near y = —1080
km may be due to correlation patterns in the 7 field
itself. At grid point 2, 7 is relatively well correlated
with 7 at locations poleward of the grid point, giving
a positive slope to the 7—7 correlation peak (Fig. 13).
Thus, 7 fluctuations along Northern Baja California
appear to propagate poleward to Northern California.

A characteristic speed of forced { fluctuations may
be estimated from the lag distances (Ay) and lag
times (Af) of the correlation maxima denoted by the
solid dots in Fig. 12. A rough estimate of uncertainty
is obtained by computing a range of speeds for a lag
time uncertainty of +0.25 days. Most speed estimates
range between 200 and 450 cm s™!. The two excep-
tions are for the correlation maxima located within
100 km equatorward of MRY, where the speed is about
100 cm s7!, and for the one correlation maximum
located equatorward of LBC, where the speed is over
1000 cm s7L.

We do not pursue a dynamical interpretation of
these results here. The problem is addressed by Allen
and Denbo (1984), who show that the space-time
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lagged {-{ and 7—7 correlation patterns observed here .

are implied by the first-order wave equation of Gill
and Schumann (1974). This equation is discussed in
Section 7.

The relationship of the {-response to the large-scale
7 field is examined in the frequency domain by con-
touring squared coherences between { at six stations
and 7 at all grid points as a function of frequency and
y (Fig. 15). The two forcing regions are evident in the
7—{ coherence plots for BBL, NBA, and SBC. The
coherence between SBC ¢ and 7 in the northern forcing
region is large over a broad frequency band from 0.043
to about 0.4 cpd. The 7—{ coherence patterns relative
to NBA and BBL indicate that the coherent frequency
band narrows and shifts toward very low frequencies
(near 0.043 cpd relative to BBL ¢{) with increasing
alongshore separation from the northern forcing region.
The coherence maximum between NBA and SBC ¢
and 7 in the southern forcing region is near 0.086 cpd,
while the corresponding coherence maximum between
BBL ¢ and 7 is near 0.043 cpd. Apparently, only the
lowest-frequency component of the wind-forced ¢ fluc-
tuations from both forcing regions reaches BBL. At
CCY and MRY, { is most coherent with 7 between
the alongshore locations of these stations and the
southern end of the analysis domain for frequencies
less than about 0.2 cpd. At LBC ¢ is most coherent
with 7 along northern Baja California at a frequency
of 0.043 cpd. A coherence maximum also exists be-
tween LBC { and 7 at y = —900 km at a frequency
of about 0.4 cpd. This indicates that the relatively large
{ energy observed near the southern end of the analysis
domain at this frequency (Fig. 8) is probably wind-
driven.

7. Dynamical interpretation of the observed response
to wind stress forcing

To assess the dynamics of the { response to 7 fluc-
tuations, we focus on 7 events 4 and 5 (Fig. 16) plus
event 11 (Fig. 17) by overlaying contours of six-hourly
7 and gridded {. We compare these observations to ¢
predicted from the observed 7 using a simple theoretical
model. Events 4 and 5 are both pulses of strong equa-
torward 7, with the pulse associated with event 5 prop-
agating poleward at about 500 cm s~ and evidently
capable of more effective forcing of { than event 4,
which propagates equatorward at about 650 cm s .
Event 4 depresses { by less than 3 cm, with the response
occurring later in time and poleward of the time line
of the 7 extremum (Fig. 16). Event 5 depresses ¢ by
up to 14 cm, more than four times greater than the
response to event 4, even though the maximum am-
plitude of 7 is only 1.5 times greater. The maximum
response amplitude occurs at the poleward edge of the
7 event.

Event 11 propagates poleward at about 550 cm s/,
and it extends over a larger alongshore domain than
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the other events (Fig. 17). The resulting depression in
¢ propagates poleward along with, but occurring about
one-half day later than, the location and time of the
7 extremum. A large { maximum forced along the
Oregon coast about three days prior to event 11 is also
observed in Fig. 17. A weak, poleward propagating (at
about 700 cm s™') 7 maximum is apparently respon-
sible for this response.

In linear models of wind-forced coastal-trapped
waves, if the variables are expanded in terms of modes
dependent on the cross-shelf and vertical coordinates,
the alongshore and time-dependent behavior Y,(y, ¢)
of the nth mode is governed by a forced, first-order
wave equation (Gill and Schumann, 1974, Clarke,
1977):

cn_lYnt + Yny + (chf)_IYn = bnT(y> n, (1.1

where the subscripts (y, f) denote partial differentiation,
¢, is the free-wave phase speed of the nth mode, b, a
constant dependent on the mode structure and to-
pography, and T the friction time scale. Free wave
solutions to the homogeneous equation propagate to-
ward +y at speed c,, or along the characteristic line
in y-¢ space given by y — ¢,f = constant.

We assume that fluctuations in { are dominated by
the lowest mode and drop the subscripts. We then
compare the observed alongshore-time behavior of ¢
to Y predicted by (7.1) using observed (calculated) 7(y,
1) as the forcing function. The solution of (7.1) at y
and tis an integral of wind stress along the characteristic
through y, ¢ weighted by an exponential function due
to friction

Y=05b fw exp(—r/c?})r(y —nrt—rfodr. (1.2)
0

The influence of 7 equatorward of y decreases expo-
nentially with increasing separation. We predict time
series of { at the CODE analysis grid points by nu-
merically integrating (7.2). This is similar to the pro-
cedures used by Hamon (1976), who tested (7.1) by
predicting ¢ at one location on the east coast of Aus-
tralia, and Clarke (1977), who predicted { at Depoe
Bay, Oregon for a 34 day period during summer 1972.

Numerical integrations of (7.2) are performed along
the characteristics using constant ¢, T, and b. Since
the southern boundary of the = grid (26°N) is consid-
erably farther south than the southernmost { point
(33°N), we approximate the infinite integral (7.2) for
Y, which neglects an exponentially damped contri-
bution from ¢ at the southern boundary. The predicted
time series of ¢ begin at 0000 on 16 June, which pro-
vides sufficient time for the initial { distribution to
propagate through the analysis domain. Predictions
are made only for locations poleward of Point Con-
ception (y = —540 km), since the southern boundary
contribution will make the predictions relatively in-
accurate equatorward of the point. Thus, the prediction
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FIG. 18. Time series of measured and predicted { at SBC.

consists entirely of fluctuations forced within the study
domain after 3 June.

We first estimate values of ¢, Ty, and b that give the
best predictions of { within the most energetic along-
shore subdomain of the wind-driven northern { mode,
essentially the Washington and Oregon coast. To de-
termine these parameters, trial predictions of { are
made at four sea level stations: NBA, Toke Point
(TKP), SBC; and Umpqua River (UMP), using dif-
ferent values of ¢ and T;in the range 250 < ¢ < 400
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FIG. 19. The fraction of the total variance of gridded { explained
by the prediction from (7.2) (solid line) and the squared correlation
coefficients between measured and gridded ¢ (dashed line). The
squared correlation is greater than the fraction of variance explained
because a single transfer coefficient b was obtained by maximizing
total variance explained at four stations along the Oregon and Wash-
ington coasts.

cm s ' and 2.5 < Ty < 6.0 days. The values of these
parameters and of b that maximize the fraction of total
variance explained by the prediction at these four sta-
tions are then determined. The best predictions, which
explain 64% of the total variance at these stations, are
obtained using ¢ = 325 cm s™', T, = 4.25 days, and
b= 1.19 X 1077 (dyn cm ?)"'. These values are used
in the subsequent analysis. This value of ¢ is smaller
than the observed phase speed of the northern { mode
which dominates ¢ fluctuations along Oregon and
Washington. These phase speeds probably differ for
several reasons:

1) observed {-fluctuations consist of both forced and
free wave energy;

2) both observed phase speeds and theoretical free
wave phase speeds are not constant along the coast;

3) more than one coastal-trapped wave mode may

be present.

The quality of these test predictions is not very sensitive
to the parameter 7, with the fraction of total variance
explained changing by less than one percent for 2.5
< T;< 6.0 days at ¢ = 325 cm s~ . Squared correlation
coefficients between { predicted at these four stations
and ¢ at SDO are no larger than 0.023, indicating that
the neglect of ¢ fluctuations propagating into the anal-
ysis domain through the southern boundary does not
significantly effect the prediction of { poleward of the
northern forcing region.

The quality of predicted { at SBC may be seen in
Fig. 18. The zero-lag correlation coefficient between
the measured and predicted time series is 0.83, while
the zero-lag correlation between measured { and local
7 is 0.72.

We determine the quality of the prediction poleward
of Point Conception by computing the fraction of the
variance of measured { explained by predicted { at
each station (Fig. 19). Between Cape Mendocino and
Point Conception (0 > y > —540 km) and along most
of the British Columbia coast (y > 1200 km), less than
half of the variance is explained by the prediction. In
between, up to 70% of the variance is explained by
the prediction. The higher quality of the prediction
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along the Washington and Oregon: coast occurs partly
because we used constant values of ¢, Trand b set to
give the best prediction for this segment of the coast,
and partly because it is located north of the strongest
forcing region. However, the prediction does explain
a larger fraction of the { variance at all locations than
local  alone. )

Predicted ¢ is contoured along with calculated 7 for
the selected 7 events in Figs. 16 and 17. The predicted
¢ responses to these four events are qualitatively very
similar to the observed responses. Wind stress event
4 has a much smaller predicted { response than event
5 (Fig. 16), smaller than would be expected by just
considering the smaller amplitude of = event 4. This
is expected theoretically since the 7 extremum asso-
ciated with event 5 propagates poleward at about 500
cm s~!, and should more effectively force ¢ fluctuations
than event 4, which propagates equatorward. The pre-
dicted ¢ maximum for event 5 occurs at the poleward
edge of the event, as did the measured { maximum,
although the measured amplitude is somewhat smaller.
The predicted { responses to the two 7 events in Fig.
18 are very similar to the measured responses, although
the predicted response to the first event is smaller in
amplitude than the measured response.

Differences in the measured and predicted ampli-
tudes of { cannot be considered critical, since they may
be due to alongshore variations in the coefficient b or
to errors in the calculated wind field. The choice of
325 cm s™! for the phase speed may have maximized
the percent variance explained by the prediction along
the Oregon and Washington coast, but the { response
to individual events did not always propagate poleward
at that speed. For example, the response to event 5
propagates poleward at about 500 cm s~ .

We conclude that the first-order, forced coastal-
trapped wave dynamics provide a fairly good descrip-
tion of the observed ¢ fluctuations. The errors in pre-
dicted { can be attributed to several possible factors.
In addition to the three factors listed earlier to explain
the differences between ¢ and the observed phase
speeds, these are:

1) the parameters 7, and b are not constant along
the coast;

2) the parameters ¢, Ty, and b depend on factors
such as stratification and may be variable in time;

3) imperfect winds are used to represent the wind
stress forcing function;

4) noise and local geographical effects affect mea-
sured {;

5) dynamical processes other than wind-forced
large-scale coastal-trapped waves may influence { fluc-
tuations.

8. Discussion

During summer 1973, the dynamics of large-scale
coastal-trapped waves explained a large fraction of the
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observed { variance along the coast from northern
Baja California to British Columbia. Atmospheric
forcing was not uniform along the coast, and the most
effective forcing was confined primarily to two regions.
The northern California and Oregon coast was the
region of strongest forcing, while northern Baja Cal-
ifornia was a region of significant but weaker forcing.
The forced fluctuation of ¢ propagated poleward from
these forcing regions. Local forcing was so weak along
the British Columbia coast that { fluctuations were
apparently dominated by free wave energy propagating
poleward from the northern forcing region. Fluctua-
tions forced in the southern region were detectable
poleward to northern Washington.

Forcing within the northern region was very strong
for two reasons: first, the strongest 7 fluctuations existed
along the Northern California coast; and second, pole-
ward propagating fluctuations in 7 were apparently
more energetic than equatorward propagating fluc-
tuations. The variance of 7 was an order of magnitude
larger near Cape Mendocino than at locations more
than a few hundred kilometers poleward and equa-
torward of the Cape. We also observed that poleward
propagating 7 events more effectively forced { fluc-
tuations than equatorward propagating events. Since
most of the 7 variance in the northern forcing region
was uncorrelated with 7 at other locations, forced fluc-
tuations of { both within and poleward of this forcing
region were poorly correlated with fluctuations of ¢
equatorward of the region. Most of the { variance was
therefore explained by two EOFs in both the time and
frequency domains, each dominating the ¢ fluctuations
along different segments of the coast, with the dividing
zone located near CCY. The dividing zone was not
an insurmountable barrier, since ¢ fluctuations driven
along Northern Baja California could still be weakly
detected along the Oregon and Washington coast. The
northern forcing zone was so effective that ¢ fluctua-
tions poleward of CCY that were driven in this zone
strongly dominated the { fluctuations from the south-
ern forcing region that propagated poleward past CCY.

The northern ¢ fluctuations propagated poleward at
about 600 cm s™', and the southern ¢ fluctuations
propagated poleward at about half that speed in the
most energetic frequency bands. Observed wavelengths
were greater than 1000 km along the entire coast, and
the most energetic fluctuations had wavelengths greater
than 2000 km. A frequency domain EOF representing
the northern { fluctuations had an amplitude maxi-
mum near 0.086 cpd, and a frequency domain EOF
representing the southern { fluctuations had an am-
plitude maximum at lower frequencies. A period equal

. to or greater than four months was visually evident in

the amplitude time seri€s of the corresponding southern
time domain EOF.

We observed that ¢ fluctuations at a given location
y along the coast are most highly correlated with
earlier in time and equatorward of y, with the space
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and time lags dependent on location, since the effec-
tiveness of 7 forcing was not uniform along the coast.
If y was located within a forcing region, the lags ranged
from 100 to 500 km equatorward of y and 1 to 2 days
earlier in time. If y was located away from a forcing
region, both lags were larger. For example, { at BBA
was most highly correlated with 7 along the Oregon
coast (about 900 km equatorward of BBA) about 3
days earlier in time. Knowledge of large-scale processes
can therefore be important to shelf circulation studies
in determining how ¢, and therefore currents, are driven
by 7. Wind stress data should be collected more than
1000 km away from the study region in the direction
from which coastal-trapped waves propagate to be sure
that important forcing regions, and the ¢ fluctuations
forced in those regions, are included in the analyses.

During the summer of 1973, 7 calculated from
FNOC pressure fields was as well correlated with ¢ as
the best available measured 7. Therefore, calculated 7
proved to be a satisfactory forcing function for the
purposes of this study. The calculated T vector series
were not aligned with measured = along the entire
alongshore domain except near Point Conception, and
had to be rotated additionally an average of 50 degrees
counterclockwise to correct this misalignment. This
correction also approximately maximized the corre-
lation between the alongshore component of 7 and §
and therefore improved the quality of the results ob-
tained in this study. Whenever calculated winds or
wind stress are to be used in a study along the west
coast of North America (and probably other regions

as well), tests of the alignment of these winds should.

be conducted and the vector winds rotated if necessary.
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APPENDIX A

The Large-Scale Relationship of CUE-II Currents
to Calculated

In order to study the response of coastal circulation
to large-scale wind forcing over an alongshore domain
sufficiently large to resolve the structure of both the
forcing and the response, coastal sea level must pres-
ently be used as the response variable. Earlier studies
of currents along the Pacific Northwest coast, such as
those of Smith (1974), Kundu et al. (1975), and Huyer
et al. (1978) determined that alongshore currents v
and empirical modes of v are very well correlated with
{ (typically = 0.8 during summer), presumably due to
the approximate geostrophic balance of v (e.g., Allen,
1980). These results strongly support the use of { as
a proxy variable for v. Nevertheless, the question re-
mains whether v has the same statistical relationship
as { with the large-scale 7 forcing field.
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FI1G. 20. Contours of the space and time lagged correlations of
(left) ¢ at SBC with calculated 7 at all grid points and (right) the
most significant #~v column time-domain EOF of currents at the
CUE-II cross-shelf array discussed by Huyer et al. (1978) with cal-
culated 7 at all grid points. The alongshore locations of SBC and
the current meter array are shown by the horizontal dashed lines;
therefore, the correlations are spatially lagged with respect to these
lines. The time interval for these calculations is 1800 PST 25 July
1973 to 1200 PST 25 August 1973. Since integral correlation time
scales vary for different time series, a correlation coefficient of ap-
proximately 0.7 is statistically significant to a 95% level of confidence.

We therefore utilize the CUE-II current measure-
ments off Oregon to test if v and { have the same
statistical relationship with large-scale , first by in-
specting the space and time lagged correlation patterns
of both v and ¢ with the calculated 7 field, and second
by comparing the quality of v and { predictions using
(7.2). To represent the alongshore current, we use the
amplitude time series of the most significant # and v
column EOF of 11 current meters in the CUE-II cross-
shelf array as presented by Huyer et al. This EOF is
computed for a one-month time interval (the maxi-
mum time of overlapping current measurements) from
1800 PST 25 July to 1200 PST 25 August 1973, It
explains 72% of the total variance and has a maximum
correlation coefficient with SBC ¢ of 0.86.

Space and time lagged correlations of both SBC ¢
and the CUE-II current EOF with calculated 7 at all
grid points along the coast for the one-month time
interval (Fig. 20) show a striking similarity in the pat-
terns. The one-month correlation pattern for SBC ¢
is also similar to the four-month pattern for SBC ¢
(Fig. 12, upper right panel), at least in the structure
of the primary correlation peak. The maximum cor-
relation between SBC ¢ and 7 is 0.75 for the one-
month period and 0.79 for the four-month period. The
maximum correlation between the current EOF and
7 is 0.82, substantially greater than the maximum of
0.75 for SBC ¢, which indicates that the current EOF
has primarily extracted the large-scale, wind-driven
signal contained in the current data. This dominant
current signal has an almost identical relationship to
the large-scale 7 field as ¢.

A prediction of ¢ from (7.2) also represents a pre-
diction of the time variability of the alongshore current
v. Therefore, cross-correlation analysis between a pre-
diction and both ¢ and v can be used to determine if
vis predicted as well as {. To perform this comparison,
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we use measured and predicted { at CG11 (Section CUE-II currents is as good or better than the prediction
7), plus the amplitude of the CUE-II current EOF to of ¢, indicating that at this location the assumption of
represent the alongshore current. The zero-lag corre- one wave mode is also useful for the prediction of v.
lation is 0.78 between the prediction and ¢ at CGl1,

and 0.87 between the prediction and the current mode. APPENDIX B

The higher correlation of the current mode is probably
due again to the extraction of the large-scale, wind-
driven signal by the EOF analysis. Most important, a Here we test if the statistical relationship between
prediction of the time variability of the first EOF of { and the large-scale 7 field is adequately determined

The Large-Scale Relationship of { to Measured 7

BBL NBA SBC
-8 -4 0 4 -B -4 0 4 -B -4 0 4 8
2000 HLLLLULELELLLLE VLI VLRV PV L 000
- T T - = = - -
1000 = - P 0 T+ — 1000
-~ v — [ = O S
£ == b S BWEET
& 0 _/2( )‘-’ )/.;\/— 2 =27 < 0
> 1 <A< B % ™ B
—1000 4 ¢ s L = L. <7 -~ —1000
~2000 HLL i b b D il gee
— - -
1000 — 45— - o — [: — 1000
2 1_ 1% IS [ a~[
£ =T =10 P— o
g - *\(—}’K\\‘i ;—H/&ﬁ?——f‘-_~>’ he — |
> - s — T = T
-1000 4 ~ ‘\7pT— L = - == 1 ~1000
=2000 TTTT T T T T T T T T T T T T T T T T T T T T T T T —2000

-8 -4 0 4 -8 -4 0 4 -8 -4 0 4 8
Lag Time (days)

cCcY MRY LBC
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when calculated 7 is used to represent this forcing.
The correlation and coherence analyses in Figs. 12 and
15 are reproduced in Figs. 21 and 22 using measured
7 at the 12 stations listed in Table 1. The analyses with
measured 7 are restricted to a smaller alongshore do-
main than the analyses with calculated r since no mea-
sured winds are available off British Columbia or Baja
California.

The correlation patterns between ¢ and measured
7 (Fig. 21) are very similar to the patterns between ¢
and calculated 7 (Fig. 12), except that the Northern
Baja California forcing region is not detected because
of the lack of good measured winds in that region.
The maximum correlation for BBL {is the same (0.48)
with both measured and calculated 7. For the other
five stations, the maximum correlation of { with cal-
culated 7 is slightly larger than with measured 7. The
corresponding squared coherences with measured 7
(Fig. 22) also have similar patterns to the squared co-
herences with calculated 7 (Fig. 15). We therefore con-
clude that calculated 7 is adequately representative of
the large-scale forcing for the purposes of this study.
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