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The Large-Scale Coastal Wind Field Along the West Coast of North America,

1981-1982
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We study the statistical properties of the coastal wind field along the west coast of North America for
two summers, 1981 and 1982 (Coastal Ocean Dynamics Experiments | and 2, respectively), and the
intervening winter using measured winds and geostrophic winds calculated from Fleet Numerical Ocean-
ography Center atmospheric pressure analyses. Summer wind fluctuations are driven primarily by the
interaction between two relatively stationary pressure systems, the North Pacific subtropical high and
southwest U.S. thermal low, and by their interactions with propagating atmospheric systems to the
north. In particular, propagating cyclones and associated fronts are often followed by a northeastward
intensification of the high, producing strong upwelling events along the California coast. This summer
event sequence occurs more frequently and is displaced farther to the south on average during summer
1981. Winter wind fluctuations are primarily driven by propagating cyclones and anticyclones, and they
tend to have larger variance and space scales than in summer. A preference for poleward (equatorward)
propagation exists in summer (winter), and the largest time scales are observed in summer 1982. Coastal
atmospheric boundary layer processes substantially modify winds within 100-200 km of the coast.
Consequently, measured wind fluctuations are strongly polarized in the alongshore direction and have
means and rms amplitudes that can vary considerably between nearby stations along the coast. Calcu-
lated wind fluctuations are less polarized in the alongshore direction and have alongshore correlation
scales about 60% larger than those for measured winds. They represent fluctuations with alongshore
wavelengths of =900 km rather well but represent poorly those with smaller wavelengths and those due

to coastal atmospheric boundary layer effects.

1. INTRODUCTION

A major goal of the large-scale component of the Coastal
Ocean Dynamics Experiment (CODE) is to study the large-
scale response (alongshore scales > shelf/slope width) of conti-
nental shelf currents and coastal sea level to atmospheric forc-
ing along the west coast of North America. The alongshore
component of wind stress is an important forcing mechanism
for this response, which in simple theories takes the form of
forced coastally trapped waves [Gill and Schumann, 1974;
Clarke, 1977]. The large-scale wind fluctuations that ef-
fectively drive this current and sea level response [Halliwell
and Allen, 1987] are primarily caused by synoptic-scale atmo-
spheric pressure systems (cyclones and anticyclones) that have
space scales larger than several hundred kilometers and time
scales longer than about 2 days. Execution of CODE large-
scale component studies therefore requires coastal wind data
to be collected along several thousand kilometers of the west
coast of North America.

In this paper we study the properties of large-scale coastal
wind fluctuations during the two intensive field experiments
CODE 1 (summer 1981) and CODE 2 (summer 1982) and
during the intervening winter. We focus on properties that are
important for driving coastal currents, and we document sea-
sonal variations of these properties. In summer, large-scale
wind fluctuations are driven primarily by the variable pressure
gradient between two relatively stationary pressure systems:
the North Pacific subtropical high, typically located between
20° and 50°N over the eastern North Pacific, and the interior
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thermal low which is normally centered over the southwestern
United States. These wind fluctuations can be substantially
modified in the coastal atmospheric boundary layer over the
continental shelf and slope [Beardsley et al., this issue; Mass
et al., 1986; Dorman, 1985, this issue]. In summer a strong
temperature inversion caps a surface layer of cool marine air
within the domain of the North Pacific subtropical high [Nei-
burger et al., 1961]. The inversion layer slopes downward
toward the coast and intersects the coastal mountains
throughout most of the CODE large-scale domain. This
blocks the across-shore component of low-level winds, inhib-
iting geostrophic adjustment to the near-surface atmospheric
pressure field when isobars are not parallel to the coast.
Coastal winds can therefore have a substantial ageostrophic
component, and coastally trapped baroclinic pressure and
wind fluctuations may exist. In winter, coastal wind fluctu-
ations are driven primarily by propagating pressure systems
(cyclones and anticyclones), and the existence of the marine
inversion layer is often interrupted by the strong winds gener-
ated by these systems [ Neiburger et al., 1961; Beardsley et al.,
this issue]. Consequently, seasonal cycles in the properties of
both synoptic-scale atmospheric pressure systems and the
coastal marine boundary layer contribute to the observed sea-
sonal changes in coastal wind properties.

We analyze two representations of the coastal wind field.
The first is a set of wind measurements from stations located
at or near the coast and from buoys moored on the adjacent
continental shell. The second is a set of geostrophic winds
calculated from the 6-hourly surface atmospheric pressure
analyses of the Fleet Numerical Oceanography Center
(FNOC) [Bakun, 19757, which are hereinalter referred to as
calculated winds. A simple boundary layer correction is per-
formed on these winds, consisting of a 30% reduction in speed
and a 15° anticlockwise rotation. The data from which the
pressure analyses are constructed are sampled at both ships
and fixed land and buoy stations. This input data consists of
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The coastal points of the CODE analysis grid (left coastline) and the wind measurement stations used in this

study (right coastline). The longitude axis is correct for the left coastline. Information on the stations and grid points is

summarized in Tables 1 and 2.

both surface pressure and equivalent pressure gradient calcu-
lated from surface winds assuming geostrophic balance. These
data are blended with an initial best guess surface pressure
field determined from previous analyses to generate the new
pressure analysis. This procedure is described in detail by Holl
and Mendenhall [1971].

Measured winds should ideally be used to calculate the
wind stress forcing function for shelfl currents, but they have
numerous problems, including topographic influence, data
gaps, irregular sampling times, and sometimes human subjec-
tivity in reading fluctuating anemometer analog displays. The
problems with calculated winds include a spatial sampling
resolution that restricts their use to studies of large-scale
variability only, decreasing accuracy in the geostrophic ap-
proximation with decreasing latitude, variable spatial and
temporal coverage with ship pressure and wind observations,
and an inaccurate boundary layer correction in coastal re-
gions (section 2.2; see also Halliwell and Allen [1984]). We
therefore analyze both wind sets to characterize the large-
scale, low-frequency properties of the coastal wind field. We
also compare both wind sets with each other to assess the
differences between their properties. The evaluation of the two
wind sets as atmospheric forcing [unctions is presented in our
studies of the coastal sea level response to wind stress [Halli-
well and Allen, 1984, 1987].

We first describe the data sets and discuss the boundary
layer correction for calculated winds (section 2). We present
the basic statistical properties of the coastal wind field, em-
phasizing interannual and seasonal similarities and differences
(section 3). We document frequency domain and wave
number—{requency domain properties of wind fluctuations
using spectrum analysis (section 4). We relate these statistical
properties to those of wind events and synoptic-scale atmo-
spheric systems by studying alongshore time contour plots of
calculated and measured winds and surface atmospheric pres-

sure charts (section 5). We focus primarily on the properties of
the alongshore component of the wind, since this is theoreti-
cally the most important component for driving large-scale
coastally trapped waves and since Halliwell and Allen [1984]
noted that the component of measured vector wind stress
within the CODE large-scale domain that is most correlated
with sea level is oriented approximately alongshore. Analyses
of the vector and across-shore winds are also presented wher-
ever they illustrate important properties of the wind field.

TABLE 1. Coastal Points of the CODE Large-Scale Analysis Grid
North West ¥ Coast
Point Number Latitude Longitude km Orientation
17 54°09 130 20 1800 120
16 52°10 128 19 1620 115
15 50°32 127 13" 1440 100
14 49723 126 06 1260 128
13 48°11" 124 42 1080 120
12 46°36' 124 05 900 95
11 44758 124 03 720 85
10 43721 124 200 540 73
09 41°46 124712 360 103
08 40712 124 18" 180 130
07 38742 123 27 0 133
06 Ert.§ 122 24 — 180 102
05 35759 12131 — 360 128
04 3435 12039 — 540 90
03 4001 118753 —720 150
02 33700 1721 900 110
01 327 116744' — 1080 110
is 30700 115°54" — 1260 115
34 28747 114°41" — 1440 130
33 277200 113752 — 1620 130
32 26707 112°40" — 1800 130

Coast orientation is measured in degrees anticlockwise [rom due
cast. Data from odd points between | and 17 and from 32 and 34 are
used in Figures 3 and 5.
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2. THE DATA SET

2.1. Data and Data Processing

The CODE large-scale analysis domain extends from north-
ern Baja California (26°N) to the Alaska border (54°N) to
resolve the large alongshore scales of the wind field and the
coastally trapped wave response. The coastal alongshore coor-
dinate y is zero at the location of the CODE central line and
positive poleward of that location. We use calculated winds
that are interpolated to the locations of the CODE analysis
grid (Figure 1, Table 1), with grid point 7 located at y = 0 km.
The alongshore separation of the grid points is 180 km, and
the grid spans 3600 km of coastline. The CODE experimental
site [Winant et al., this issue] is located approximately within
the interval —50 < y < 50 km. Alongshore separations are
estimated from coastal charts by measuring the distance fol-
lowing a smoothed shoreline, i.e., by ignoring deviations due
to small bays and headlands that span less than about 20 km
of coast.

We study three time intervals of four months duration: (1)
1200 UT April 3 to 1800 UT July 31, 1981 (119.5 days); (2)
0000 UT December 1, 1981, to 1800 UT March 31, 1982 (121
days); and (3) 0000 UT May 1 to 1800 UT August 31, 1982
(123 days). The first 4-month interval was shortened by 2.5
days at the beginning because of missing data. We refer to
these intervals as summer 1981, winter 1981-1982, and
summer 1982. The two summer seasons are chosen both to
coincide with the intensive instrument deployments of the
CODE 1 and CODE 2 experiments [Winant et al., this issue]
and to span the period of strongest coastal upwelling. There-
fore the seasonal differences in wind field properties that we
document in this study represent those between the periods of
strongest upwelling and strongest downwelling over the conti-
nental shell. The winter season is essentially centered about
the period of strongest winter storminess in the atmosphere,
but the two summer seasons are not centered on the summer
minimum in storminess. Consequently, we do not document
the full seasonal range of properties of the coastal wind field in
this study.

Measured winds are available at over 70 locations along the
coast during the CODE experiment. These measurements are
obtained from numerous sources, with information about
them, including discussions of the editorial procedures used
and the basic statistical properties of all of the data, docu-
mented by Halliwell and Allen [1983, 1985] and Halliwell et
al. [1986]. The basic editorial steps performed on both mea-
sured and calculated winds include conversion of winds to
north-south and east-west (u and v) components, conversion
to common units of meters per second, and deletion of obvi-
ously bad data points. All gaps less than 12 hours in length
are filled by linear interpolation. The resulting time series are
low-pass filtered (hall-amplitude period = 40 hr) and have a
sampling rate of 6 hours. Linear trends are removed from the
time series prior to performing all statistical analyses.

We select the subset of wind measurement stations analyzed
in this study by choosing the best possible stations that have
alongshore separations as close as possible to the separation
between CODE grid points (Ay = 180 km). National Data
Buoy Center (NDBC) offshore buoy winds are used wherever
possible. For the remaining stations the best are identified by
studying the basic wind statistics to determine if local effects,
such as topography, influence the wind, then by comparing
measured and calculated winds under the assumption that the
measured winds best correlated with calculated winds are least
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influenced by local effects. The alongshore spacing of the se-
lected stations is reasonably good along the U.S. coast, but is
too large along the British Columbia coast because of an
insufficient number of good stations (Figure 1 and Table 2).
Owing to the presence of long data gaps, the identical set of
stations could not be used for all three seasons. Several short-
er gaps in the selected stations have been filled by linear re-
gression from nearby stations not used in the analyses: (1)
GRH, 0600 UT August 22 to 1800 UT August 31, 1982, filled
using HOQ; (2) CCY, 0000 UT May 1 to 0600 UT May 5,
1982, filled using PSG; (3) B22, 0000 UT December 1, 1981, to
0600 UT January 21, 1982, filled using ACA; and (4) B12,
0600 UT January 24 to 1800 UT March 31 1982, filled using
PIG. The additional stations used in these interpolations are
also listed in Table 1. For the integral correlation space and
time scale analysis in section 3.6 and the wave number-
frequency spectrum analyses in Section 4.2, measured wind
components are interpolated to the CODE large-scale analysis
grid by a cubic spline interpolation in the alongshore direction
at each sampling time.

2.2.  The Rotation Correction for
Calculated Winds

Several studies have determined that the 157 anticlockwise
rotation performed as part of the original boundary layer cor-
rection is not sulficient. These include the study of Halliwell
and Allen [1984] lor the west coast ol North America, plus the
wind analyses of Thomson [1983] for the British Columbia
coast and Hsueh and Romea [1983] for the East China Sea.
(Hsueh and Romea calculated geostrophic winds using pres-
sure [rom surface meteorological charts.) Because of this, Halli-
well and Allen [1984] rotated calculated winds to align their
fluctuations with those of measured winds prior to calculating
the alongshore component of the calculated winds. Since we
have assembled a much-improved measured wind set for the
CODE study that also includes winter measurements, we re-
calculate the rotation corrections here and determine il they
have seasonal variability. This correction was performed prior
to computing the alongshore and across-shore components of
the calculated winds used in these analyses. However, all
analyses of calculated vector wind components u and v, which
include basic statistics, principal axes, complex correlations,
and rotary autospectra and cross-spectra, are performed using
the original, uncorrected winds, since the effects of the misa-
lignment between calculated and measured wind fluctuations
are directly recovered by these analyses.

We estimate the rotation correction at a grid point for each
of the three seasons by calculating complex inner correlation
coefficients between the calculated wind at that point and all
available measured winds that are within +90 km alongshore
and have at least 50% good data. The inner phases of the
complex correlation coefficients, which measure the average
misalignment between fluctuations of two vector series
[Kundu, 1976], are then averaged over all measurement sta-
tions near cach grid point where the winds are significantly
correlated with the calculated wind. At least one good
measurement station is available near grid points 2 through
17, excluding point 14 (Figure 2). Since we rotate calculated
winds by the negative of the inner phase to align with mea-
sured winds, we refer to the negative of these averaged inner
phases as the rotation correction [or calculated winds.

The rotation corrections calculated here have values similar
to those calculated for summer 1973 [Halliwell and Allen,
19847, and the estimates along the British Columbia coast are



1864

HALLIWELL AND ALLEN: NORTH AMERICAN WEST CoasT WIND FIELD

TABLE 2. Wind Measurement Stations

Time
North West » Coast Periods
Station Abbreviation Latitude Longitude km Orientation Used
Stations Used in Analysis of Wind Field Properties
Cape St. James, B. C.* CsJ 51°56' 131°01° 1760 115 all
Cape Scott, B. C.* CSC 50°47 128°2¢' 1467 134 winter 1981-1982,
summer 1982
Quillayute, Wash.* QuI 47°57 124°32 1055 110 all
Grays Harbor, Wash.* GRH 46°55' 124°06° 936 95 all
Newport, Oreg.* NEW 44°38' 124°0% 683 82 all
North Bend, Oreg. NOB 43725 124°15' 547 73 all
Crescent City, Calil. CcCcy 41°47 124°14 362 103 all
Humboldt Bay, Calil. HUM 40746 124714 246 75 summer 1981
NDBC 46022 B22 40°46' 124°31° 240 75 winter 1981-1982,
summer 1982
NDBC 46014* B14 39°13° 123°58' é 100 summer
summer 1982
Point Arena Light, Calif. ARL 38°5T 123744 41 110 winter 1981-1982
NDBC 46013 B13 3g°14 123°18 —61 133 all
NDBC 46012* B12 ar22 122°39° —171 105 all
Point Sur, Calif. SUR 36°18° 121°53 —301 115 all
Diablo Canyon, Calif.* DIA 35°14' 120°50° —464 120 winter 1981-1982
NDBC 46011* Bl 34°53' 120°52' —506 90 summer 1981,
summer 1982
Point Mugu, Calif.* MUG 34°07 119°07 —678 155 all
San Diego, Calil.* SDO 32744 117°10° —936 105 all
Additional Stations
Hoquiam, Wash. HOQ 46°58' 123°56 942 95
Point St. George, Calif. PSG 41°47 124°16 362 103
Arcata, Calil. ACA 40°59' 124°06’ 270 75
Sea Ranch SRA 38°41" 123°26' 0 133
CODE Meteorological Buay C3 c3 38°36 123°28’ 0 133
Bodega Marine Laboratory BML 38°19 123704 —46 133
Pillar Point, Calil. PIL 37°30r 122°30 —156 105
Pigeon Point, Calif. PIG arir 122724 —=191 102

Additional stations were used to fill data gaps (section 2.2) and to compare land and offshore winds (section 3.4). Coast orientation is
measured in degrees anticlockwise from due east. NDBC stands for National Data Buoy Center.

*Stations from which data are plotted in Figures 3 and 5.

consistent with the observations of Thomson [1983]. They are
positive throughout the CODE large-scale domain in all three
seasons, indicating that calculated winds must be rotated anti-
clockwise, and they fluctuate in magnitude between about 5°
and 50" over alongshore scales of a few hundred kilometers
(Figure 2). Seasonal differences are small, so we average the
rotation corrections for all three seasons at each grid point
(Figure 2, right panel) then rotate the calculated winds by
these averaged angles. For grid point 14 we linearly interpo-
late the correction between points 13 and 15 (Figure 2). For
grid points 32 to 35 and 1, we use the correction angle of 45°,
which is approximately the average observed within the
Southern California Bight at points 2 and 3. Because of this
uncertainty in the correction along the Baja California coast,
we do not use calculated alongshore winds equatorward of
grid point 2 in any analyses that quantify the space-time
properties of the wind fields throughout the CODE large-scale
domain.

3. Basic STATISTICAL PROPERTIES OF THE
WinD FIELD

3.1. Seasonal Means

In summer, calculated and measured wind vector means
(Figure 3) point primarily alongshore and equatorward south
of the Oregon-Washington border (46°N). During summer

1981 they point increasingly onshore with increasing y pole-
ward [rom this border, pointing almost directly onshore at the
northern end of the CODE large-scale domain. This anti-
cyclonic mean flow pattern essentially outlines the northeast-
ern and eastern side of the North Pacific subtropical high.
During summer 1982 the vector means point approximately
alongshore and equatorward everywhere along the coast, pri-
marily because the subtropical high extends farther to the
north on average than it did during summer 1982 (section 5).
Measured and calculated wind vector means point in roughly
the same direction throughout the domain, except in the
Southern California Bight (32° to 34.5°N). Calculated wind
vector means tend to vary smoothly along the coast in both
amplitude and direction, while those for measured wind vary
more irregularly. Both wind sets have the largest vector mean
amplitudes (u)? + (v)>?)"/?, where angle brackets denote time
average, along the California coast south of Cape Mendocino
(40°N), with the exception of measured winds in the Southern
California Bight.

The summer calculated alongshore wind means (Figure 4)
are relatively large and negative (equatorward) along nearly
the entire California coast (— 1000 < y < 400 km), while the
same is true for the measured winds only between Cape Men-
docino (y = 200 km) and Point Conception (y & —550 km).
These maxima are more distinct during summer 1981 than
during summer 1982. The measured means are sharply re-
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duced in the Southern California Bight (—1000 < y < —550
km) compared to those poleward of the bight in both sum-
mers. The mean equatorward alongshore wind tends to de-
crease less rapidly with increasing y poleward of California
(y > 400 km) during summer 1982 because the subtropical
high extends farther to the north on average than it did during
summer 1981 (compare Figure 3).

In winter the directions of calculated and measured vector
means point northward (southward) to the north (south) of the
CODE experimental site (Figure 3). The calculated wind
vector mean amplitudes exceed those of the measured wind
everywhere except near the latitude of the reversal. The mea-
sured wind vector mean amplitudes are generally smaller in
winter than in summer throughout the domain, but those of
the calculated winds are larger in winter than in summer to
the north of the California-Oregon border (42°N). The mea-
sured and calculated wind vector means tend to point in the
same direction throughout the domain, including the South-
ern California Bight (32° to 34.5°N). A major winter discrep-
ancy exists near station CSJ (52°N), where the CSJ mean
points toward the east while the calculated wind mean at grid
point 17 is substantially stronger and points toward the north-
west.

The measured alongshore wind means in winter change sign
near the site of the CODE experiment, while calculated means
change sign about 200 km equatorward of the site (Figure 4).
The calculated means change gradually between the
California-Oregon border (y =400 km) and northern Baja
California (y < —1000 km), but the measured means change
sign more abruptly near the CODE site. Measured means are
substantially smaller than calculated means except near the
location of the wind reversal. Unlike in summer, measured
means within the Southern California Bight (—1000 <y <
— 550km) are similar to measured means poleward of the
bight.

3.2. Seasonal rms Amplitudes

In summer, rms principal axis ellipses (Figure 5) demon-
strate that the measured wind fluctuations are strongly polar-
ized in the alongshore direction, with the greatest polarization
located along the California coast poleward of Point Con-
ception (34.5°N to 42°N). The calculated winds (unrotated) are
sustantially less polarized, but the major axes still have some
tendency to align along the coast. The calculated wind ellipses
would have to be rotated anticlockwise to align with the mea-
sured wind ellipses at most locations along the shelf, which is
consistent with the statistically determined misalignment be-
tween calculated and measured wind fluctuations (Figure 2).
One notable exception to this is at station NEW (44.6°N)
(Figure 5), where the major axis of the measured wind has a
substantial across-shell component, possibly due to local to-
pography in the Yaquina Bay area. However, caution must be
exercised in comparing measured and calculated wind prin-
cipal axis ellipses, since measured winds are constrained to
fluctuate primarily in the alongshore direction by coastal
mountain barriers, while calculated winds are not. The calcu-
lated wind vector rms amplitudes [{(u— (u))*> + {(v
— (v))*>]"* generally decrease [rom north to south by a
factor of 2 within the large-scale domain, which is a pattern
substantially different from that ol the mean wind (Figure 3).
(We hereinalter refer to wind rms amplitude simply as wind
amplitude.) The measured wind vector amplitudes vary more
irregularly along the coast and are relatively large between
Cape Mendocino (40°N) and Point Conception (34.5°N)
during both summers.

The summer calculated alongshore wind amplitudes (Figure
4) decrease by nearly a factor of 3 from north to south. A
relative maximum exists near Cape Mendocino (y = 200 km)
during summer 1982. For measured alongshore winds the am-
plitudes are relatively large between Cape Mendocino and
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Mean vectors [or calculated (left coastline) and measured (right coastline) winds. For each coastline the vectors

to the left are for April-July 1981, the vectors at the coast are for December 1981 through March 1982, and the vectors to
the right are for May-August 1982. The origins of the vectors are at the appropriate CODE grid point or measurement
station. The mean vectors for the summer seasons are displaced +4° longitude from each coast. Calculated wind means
are shown for every other grid point centered at point 7 (the CODE site). Measured wind means are shown for most
stations (see Table 2). The calculated winds have not been rotated. The longitude axis 1s correct for the left coastline.

Point Conception (y = —550 km). They are larger than those
for calculated winds within this subdomain in both summers,
but the difference is substantially larger in summer 1982. Out-
side of this subdomain the measured wind amplitudes are
about equal to or less than those of the calculated winds,
except at CSJ (y = 1760 km).

In winter, the measured and calculated wind fluctuations
are substantially less polarized than in summer (Figure 5),
resulting largely from the passage of stronger synoptic-scale
atmospheric systems (section 5) that can drive stronger across-
shore winds past the coastal mountain barrier. The measured
wind major axes are oriented in the alongshore direction,
except at NEW (44.6°N), where the orientation is the same as
in summer, and at station GRH (46.9°N), where the across-
shore winds are more energetic than the alongshore winds,
probably because of the relatively low coastal mountain bar-
rier at that location. Other than at GRH, there is generally
little difference between winter and summer in both the mea-
sured and calculated wind major axis orientations. As in
summer, the calculated winds are less polarized than the mea-
sured winds, and the major axes of the calculated wind ellipses
tend to be rotated clockwise from those of the measured
winds. The calculated wind vector amplitudes are larger than
those of the measured wind everywhere, are larger everywhere
in winter than they are in summer, and decrease by a [actor of
3 [rom north to south, with most of the decrease occurring
equatorward ol Cape Mendocino (40°N). Measured wind
vector amplitudes have a relative maximum between Cape

Mendocino and Point Conception (34.5°N), which was also
observed for the two summers.

The winter calculated alongshore wind amplitudes (Figure
4) decrease from north to south by a [actor of 3 between the
relative maximum centered near Cape Mendocino (y = 200
km) and the southern end of the CODE large-scale domain.
The measured wind amplitudes are relatively large between
Cape Mendocino and Point Conception (y =~ —550 km),
where they approximately equal those of the calculated winds.
Elsewhere, the measured wind amplitudes are substantially
smaller than those of the calculated winds, except at CSJ
(3 = 1760 km).

3.3. The Coastal Boundary Layer Influence
on Wind Properties

The mean and rms amplitude of coastal measured wind
fluctuations vary considerably over scales small in comparison
with synoptic-scale atmospheric pressure systems. Most of this
variability can be attributed to several coastal atmospheric
boundary layer processes, not all of which are independent.
We now qualitatively discuss the effects of these processes, and
how they probably contribute to the observed differences in
measured and calculated wind statistics.

The coastal mountain blocking causes wind measurements
to be strongly polarized in the alongshore direction. Although
they are not directly affected by this blocking, calculated
winds are still polarized in roughly the alongshore direction
after the additional boundary layer rotation is made (section
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Fig. 4. The means and rms amplitudes of the calculated (dashed)
and measured (solid) alongshore winds as a function of y for the three
$easons.

2.2), but not as strongly as measured winds. Other processes
may therefore contribute to the preference for alongshore po-
larization. For example, surface isobars in summer tend to
parallel the coast between the subtropical high and thermal
low (see section 5), so fluctuations in the strength of these
systems will cause wind to fluctuate primarily in the along-
shore direction. However, calculated winds remain slightly po-
larized in the alongshore direction in winter, so this seasonal
pattern does not fully explain the polarization.

The presence of coastal mountains and a stratified atmo-
sphere allows pressure and wind fluctuations to exist at scales
substantially smaller than those of synoptic-scale systems. For
example, poleward propagating coastally trapped pressure
fluctuations with across-shore scales of 100-200 km [Dorman,
1985, this issue; Mass et al., 1986] can exist, the effects of
which we discuss in sections 4 and 5. Other dynamical pro-
cesses permit the existence of pressure and wind fluctuations
that have spatial scales equal to or smaller than the shelf
width [O(1) to O(10) km]. For example, Beardsley et al. [this
issue] and Friehe and Winant [1982, 19847 observe changes in
wind speed of more than a factor of 3, and changes in wind
direction of more than 20°, over spatial separations of several
kilometers on the continental shell at the CODE site during
CODE 1 and CODE 2. Also, when the spring-summer equa-
torward winds blow, some regions of relatively strong or weak
winds tend to persist in the same locations. Consequently, the
amplitude of measured wind fluctuations is probably sensitive
to small changes in the location of a station.

The measured wind data set consists of a mixture of coastal
land stations and offshore buoys, and three boundary layer
processes may contribute to differences between these winds.
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Surface friction is larger over land than over water, so the
measured land winds at the coast will tend to have smaller
amplitude than those over water. Also, the topography at the
coast may locally steer the wind, affecting both speed and
direction. Brink et al. [1984] note that winds at the coast near
Point Conception (y & —550 km) tend to be stronger near
headlands than at other alongshore locations. Finally, the
diurnal (land breeze-sea breeze) cycle can influence daily-
averaged wind velocity, since the daytime sea breeze and
nighttime land breeze speeds are usually not equal, and this
will affect seasonal mean winds. Low-frequency wind fluctu-
ations may be affected, since low-frequency changes in the
strength of the diurnal cycle exist at the CODE site [Beardsley
et al., this issue]. The diurnal cycle at the CODE site is strong
at coastal land stations but weak at buoys on the outer conti-
nental shelf and may therefore contribute to the observed dif-
ferences between land and offshore winds. We therefore expect
that the observed alongshore changes in measured wind statis-
tics are influenced by the mixture of land stations and offshore
buoys.

With so many processes influencing measured winds within
the coastal atmospheric boundary layer, measured wind am-
plitudes differ substantially from those of calculated winds at
many locations along the coast, and it is difficult to determine
a consistent alongshore distribution of wind amplitude. For
example, relatively large measured wind amplitudes exist in
both summer and winter between Cape Mendocino (y = 200
km) and Point Conception (y = — 550 km), but this regional
maximum does not appear in the calculated winds. This maxi-
mum may be partly enhanced in all seasons because most of
the measurements in this region are from offshore buoys.
However, the few coastal stations in the region (SUR for all
three seasons and ARL and DIA during winter 1981-1982) all
have larger fluctuations than the coastal stations outside of
the region, indicating that this maximum in the measured
wind field is at least partly real. Also, the dominance of land
stations in the northern part of the CODE large-scale domain
may be at least partly responsible for the reduced measured
wind amplitudes there. For example, station QUI (y = 1055
km), where wind amplitude is relatively small, is located sev-
eral kilometers inland.

34. Can Land Winds be Adjusted to Equal
Offshore Winds?

We determine if it is possible to adjust winds at land sta-
tions to equal winds offshore. On the basis of land and sea
wind measurements from several coastal regions (not includ-
ing the continental shell in the CODE large-scale domain),
Hsu [1981, 1986] recommends that coastal land vector wind
speed be adjusted by the following formula to represent off-
shore vector wind speed:

U, =162+ 117U, (1)

where U, is the measured land speed and U, is the estimated
offshore speed, all in units of meters per second. This relation-
ship is tested in all three seasons by regressing offshore buoy
wind speed on nearby coastal wind speed in the CODE large-
scale domain (Table 3). The additional stations used in this
comparison are listed in Table 2. The regression coefficients
vary substantially between summer and winter and also be-
tween both summers. Calculating the mean of all regression
coefficients listed in Table 3, we obtain

U, = 2.19 (+1.35) + 1.00 (+0.38)U, V)
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with the standard deviations given in parentheses, and with U,
and U, given in meters per second. Although these coefficients
are statistically indistinguishable from those recommended by
Hsu [1986], we do not correct our coastal land winds using
this formula because of both the large uncertainty in the coel-
ficients and the apparent variability of the coefficients in space
and time.

We also test if we can simply adjust the rms amplitudes of

coastal land alongshore winds by a constant factor to repre-
sent offshore alongshore winds. A tabulation of the ratios of
the alongshore wind amplitudes at offshore stations to those
of nearby coastal land stations for the three seasons (Table 3)
reveals that they also vary with both alongshore location and
time. For example, near Point Conception (represented by
station pair B11-DIA), wind amplitude is slightly smaller off-
shore in summer and larger offshore in winter, and the ratio is

TABLE 3. Regression of Offshore Vector Wind Speed U, on Nearby Land Vector Wind Speed U,

U, = a + bU,, and the Variance Ratio of Buoy Alongshore Winds to Nearby Land Alongshore Winds

Regression
Coefficient Corre- rms Common

Station ms™! lation Ampli- Good
Coeffi- tude Data,

Time Interval Buoy Land a b cient Ratio Y
April-July 1981 Bl4 ARL 1.21 1.08 0.76 1.22 100
C3 SRA 293 1.05 0.81 1.26 88

BI3 BML 5.30 0.86 0.62 1.35 100

B12 PIL 2.88 0.50 0.68 1.07 81

Bl DIA 1.71 0.93 0.89 0.97 89

Dec. 1981-March 1982 B22 HUM 327 0.66 0.50 1.76 95
B14 ARL 1.01 1.12 0.90 1.36 87

C3 SRA 3.60 0.95 0.55 1.43 39

B12 PIL 338 0.39 0.59 1.07 89

Bl1 DIA 2.51 0.88 0.79 1.20 15

May-Aug. 1982 B22 HUM 0.26 1.49 0.72 1.74 95
Bl4 ARL 0.59 1.25 0.80 1.27 100

C3 SRA 1.42 1.98 0.85 2.14 70

B13 BML 2.63 1.13 0.70 1.57 100

Bi2 PIL 1.64 0.78 0.76 1.38 98

BI1 DIA 0.76 093 0.88 0.80 100
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smaller during summer 1982 than summer 1981. In contrast,
the wind amplitudes along the California coast between Mon-
terey and the CODE site (represented by station pairs C3-
SRA, B13-BML, and B12-PIL) are larger offshore during all
seasons, and the ratios are substantially larger during summer
1982 than during both summer 1981 and the intervening
winter, especially near the CODE site (C3-SRA). As a result,
we cannot simply adjust coastal land alongshore wind ampli-
tudes by a constant factor to represent offshore alongshore
winds.

The inability to devise a simple correction for land winds
may be caused by factors such as the large-amplitude, small-
scale structure observed in the wind field [ Beardsley et al., this
issue] and the topographic influence on coastal land winds.
The small-scale structure may have a seasonal cycle caused by
seasonal cycles in synoptic-scale atmospheric variability and
in the properties of the coastal marine boundary layer.

3.5. Effects of the rms Amplitude Distribution
on Statistical Analyses

The different representations of wind amplitude along the
coast provided by the measured and calculated wind fields can
have a major effect on some statistical analyses. Consider a
true wind field oy, ¢), with zero mean at all y and the rms
amplitude distribution s(y) = (v*(y, 1)>"?. Now consider a
sample of this wind field, #(y, t), that differs from the true field
only in rms amplitude distribution §(y) = (&#*(y, )>'%. The
sampled wind field is then given in terms of the true field by
B(y, 1) = EY)uly, t), where &(y) = §(y)/s(y). The function &(y) rep-
resents the y-dependent error ratio in the rms amplitudes of
the sampled wind field, which differs substantially between the
calculated and measured wind fields. These amplitude errors
will affect the results of many of our statistical analyses, and
since we cannot correct for them, we must attempt to under-
stand how they influence the interpretation of these analyses.

We employ the following strategy to accomplish this: We
form an additional data set by adjusting the measured wind
amplitude at each station to equal the calculated wind ampli-
tude at that alongshore location. Defining the mean measured
alongshore winds as

Tuly) = vy, 1)) (3)
we then define
o0, 1) = EomWvlys 1) — 5,01 + 5, (4)
with
s.()
PR s 5
Eem¥) 5.0) (5)

where v, and p, are the measured and adjusted measured
winds, and s, and s, are the calculated and measured wind
rms amplitudes. We linearly interpolate s, alongshore to the
location of the measurement stations. We use the vector rms
amplitude [{(v, — <{v.»)*> + {(v, — <v,>)*>]"?, where v, and
v, are east and north wind components, to calculate £, (y) lor
adjusting vector winds. We also form additional data sets by
normalizing both the measured and calculated winds to unit
amplitude. Analyses are performed for measured winds, ad-
justed measured winds, normalized measured winds, calcu-
lated winds, and normalized calculated winds. The results of
these analyses are then compared to determine what part rep-
resents true features of the wind field and what part represents

1869

the influence of changes in the alongshore distribution of wind
amplitude. For all analyses, we present the results for mea-
sured and calculated winds. For the analyses influenced by
wind amplitudes, we also present the results for adjusted mea-
sured winds, and we occasionally present the results for nor-
malized winds. Adjusting measured wind amplitudes to equal
those of calculated winds does not mean that we believe calcu-
lated winds better represent the true wind amplitudes along
the coast. We do this only to assess the impact of changing the
alongshore distribution of wind amplitude, and hence the
impact of rms amplitude errors in the calculated and mea-
sured wind sets, on our analyses.

3.6. Correlation Scales and Wind Field
Correlations

We use the space- and time-averaged correlation function to
estimate integral correlation space and time scales. For a wind
field sampled at N evenly spaced points, vy, t), i = 1, N, this
function is given by

J
2 oty oty + At + )

Rl 1) = pg————mres — 6)
[Z(v’(y.,rb] |:Z<02[y(+n,,,r+z)>j|
=1 i=1
where
I=1 J=N-n nz0,
(7
I=n+1, J=N n<0, |n=IN-—-1]

n, is the lag distance, and t is the lag time. To calculate the
integral correlation time scale, the function R(0, 1) is integrat-
ed over T = 0 out to the first zero crossing of R. For the space
scale, R(n,, 0) is integrated over 5, for n 2 0 out to the first
zero crossing of R. We use measured winds interpolated to the
CODE grid points (section 2.1) in this analysis.

The correlation time scales (Table 4) between grid points 4
and 13 typically range between 1 and 2 days. This alongshore
subdomain is selected to avoid both the Southern California
Bight and the poor alongshore resolution of measured winds
along the British Columbia coast. The scales are similar for
summer 1981 and winter 1981-1982 but are substantially
larger for summer 1982. Calculated winds tend to have slightly
larger time scales than measured winds. Adjusting or normal-
izing measured wind amplitudes and normalizing calculated
wind amplitudes causes only small changes in the estimated
time scales. The correlation space scales (Table 4) are typically
400 to 800 km in summer and 600 to 1000 km in winter,
showing the dominance of large scales in the wind fluctu-
ations. Calculated wind space scales exceed the measured
wind scales by about 60% during all three seasons, presum-
ably because of the poor representation of smaller-scale wind
fluctuations by the calculated winds. However, even the mea-
sured wind space scales exceed the typical station spacing by a
substantial margin (Figure 1, Table 2), indicating that we have
sampled the measured winds at sufficiently small alongshore
intervals to resolve the large-scale fluctuations. Winter space
scales exceed summer scales by about 20%, and changes in the
space scales due to adjusting or normalizing the time series
are relatively small.

The zero time-lagged spatial correlation matrices of calcu-
lated and measured alongshore winds (Figure 6) illustrate the
alongshore dependence of spatial correlation scales. The hori-
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TABLE 4.
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Integral Correlation Alongshore Space Scales and Time Scales for Coastal Alongshore

Winds Between Grid Points 4 (34.6°N; y = —540 km) and 13 (48.2°N; y = 1080 km)

Integral Correlation Scale

April-July 1981

Dec. 1981-March 1982 May-Aug. 1982

Space, Time, Space, Time, Space, Time,

Wind Field km days km days km days
Calculated 824 1.44 1036 1.36 746 2.06
Normalized calculated 776 1.56 1042 1.27 768 1.95
Measured 436 1.27 592 1.13 452 1.98
Adjusted measured 556 1.09 662 1.28 442 1.91
Normalized measured 474 1.20 658 1.19 496 1.80

zontal (vertical) axes represent the alongshore locations of the
columns (rows) ol the matrices. These locations are evenly
spaced for the CODE grid points but not for the measurement
stations. The locations of the rows and columns representing
each station or grid point are shown by the tick marks on the
diagonals of the matrices. To determine the correlation be-
tween a given station and stations to the south (north), start at

Calculated

1000

-1000

the tick mark and follow a straight line vertically down (hori-
zontally toward the left) from the mark. If the correlation
contours bunch close to the diagonal at a given location, then
winds poleward and equatorward of that location are poorly
correlated with each other.

During both summers, the calculated wind correlation coef-
ficients become insignificant (<0.35; see appendix) for spatial

Measured
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=1000
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Fig. 6. Zero time-lagged correlation matrices for calculated and measured winds contoured as a function of along-
shore separation. Correlation coefficients of >0.35 are statistically significant to be 95% level of confidence (see appendix).
The matrices are calculated for the U.S, coast only, where measurement station spacing is relatively uniform. Negative

correlations are shaded.
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Correlation coefficients between measured and calculated winds. The correlation coeflicients of alongshore

wind (solid lines), across-shore winds (short-dashed lines), and the inner correlation coefflicients of vector winds (long-
dashed lines) are plotted as a function of y for the three seasons. Correlation coefficients of >0.35 are statistically

significant to a 95% level of confidence (see appendix).

separations averaging between 600 and 800 km, with a tend-
ency for this scale to decrease from north to south. During
winter the calculated wind correlation coefficients become in-
significant over scales ranging from 1200 km in the fiorth to
600 km in the south. In all seasons, correlations become insig-
nificant over smaller spatial separations for the measured
winds than for the calculated winds. The rate of decrease of
correlation with spatial separation tends to vary more
smoothly along the coast for calculated winds than for mea-
sured winds. The only exception to this is during summer 1981
and winter 1981-1982, where calculated winds at grid point 2
are poorly correlated with those poleward of that location,
which is probably related to the large changes in coastline
orientation there. During both summers, measured winds
poleward of Point Conception (y =2 —550 km) tend to be
poorly correlated with those equatorward, consistent with our
observations that winds behave differently in the Southern
California Bight (—1000 < y < —550 km). Also, measured
winds poleward of the California-Oregon border (y = 400 km)
tend to be poorly correlated with those equatorward.

The amplitude of the inner correlation coefficients between
measured and calculated vector winds, and the correlation
coefficients between measured and calculated alongshore
winds (Figure 7), are statistically significant (>0.35; see ap-
pendix) throughout the large-scale domain in all seasons,
except in the Southern California Bight during summer where
only station MUG (y = —678 km) vector and alongshore
winds in 1981 are significantly correlated with the calculated
winds. The alongshore winds tend to be slightly better corre-
lated than the vector winds in all seasons, and these corre-
lations are slightly smaller during summer 1982 than summer
1981. The phases of the vector inner correlations (not shown)
are consistent with the misalignment discussed in section 2.2
The across-shore wind correlations (Figure 7) are substantially
smaller in magnitude than the alongshore wind correlations in
all seasons, except along the Washington coast (near y = 1000
km) in summer, along the Washington and Oregon coasts in

winter, and in the Southern California Bight (—1000 < y <
—550 km) in summer. Along the California coast outside of
the bight (—550 < y < 400 km), the alongshore components
are much better correlated than the across-shore components
during both summer and winter, probably owing to the block-
ing of the across-shore components by relatively tall coastal
mountains. Within the bight, however, the across-shore com-
ponents of the two wind sets are better correlated than the
alongshore components.

3.7. The Coastal Boundary Influence on
Alongshore Wind Statistics

After correcting the calculated geostrophic winds for the
boundary layer rotation, good correlations are observed be-
tween calculated and measured alongshore winds poleward of
the Southern California Bight (y = — 550 km). This result in-
dicates that the coastal boundary layer primarily influences
the rms amplitude of the fluctuations. In contrast, the quality
of the across-shore wind component is severely affected by the
coastal boundary in most of the large-scale domain, but it is
probably not important in driving large-scale coastally
trapped waves.

Strong coastal boundary effects must be present in the
Southern California Bight in summer, since mean measured
alongshore winds differ substantially from mean calculated
alongshore winds, and since measured and calculated along-
shore winds are poorly correlated with each other. Measured
and calculated across-shore winds are better correlated than
alongshore winds there. This indicates that summer measured
winds in the bight are not closely related to gradients of the
synoptic-scale atmospheric pressure field. The coastal moun-
tains abruptly turn [rom a north-south to an east-west orien-
tation near Point Conception (y & —550 km), and the near-
shore wind velocity consequently changes abruptly at this lo-
cation [Brink et al., 1984]. Another mechanism that could
suppress the summer alongshore wind correlations is the
“Catalina eddy” events in the wind field [ Bosart, 1983]. These
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Figure 14,

cyclonic wind eddies essentially fill the entire bight over time
intervals of around 2 days and produce poleward alongshore
coastal winds within the bight at the same time that equator-
ward alongshore coastal winds exist poleward of Point Con-
ception. If these mesoscale wind eddies and the resulting
coastal alongshore wind reversals within the bight are not well
represented in the calculated wind field, the correlation coef-
ficients between measured and calculated alongshore winds
within the bight could be reduced as was observed (see section
5). The influence of the bight is not as great in winter, when
relatively strong propagating pressure systems drive the wind
field there.

4. SPECTRUM ANALYSIS OF THE WIND FIELD

4.1.

We study the [requency domain properties of the wind field
using autospectrum and cross-spectrum analysis of calculated,
measured, and adjusted measured winds. We discuss auto-

Frequency Domain Properties

spectra [S(y, w)] of alongshore winds (Figure 8), the rotary
coeflicients [S(y, —) — 5.y, +w))/[S(y, +w) + Sy, —w)],
where S, indicates rotary autospectrum [Gonella, 1972;
Mooers, 1973] of vector winds (Figure 9), coherences between
measured and calculated vector and alongshore winds (Figure
10), and spatial coherence scales of alongshore winds (Figure
I1). The total rotary autospectra Sy, +w) + S(y, —w) are
not presented because the spectral shapes are very similar to
those for alongshore wind.

Both the calculated and adjusted measured alongshore
winds have similar distributions of variance density in (y, w)
space in all three seasons (Figure 8). They are red throughout
the large-scale domain and have no distinct maxima or
minima in summer 1982. In most of the alongshore subdo-
main y > — 1000 km during summer 1981, a relative mini-
mum exists near 0.11 cycles per day (cpd) and a relative maxi-
mum exists near 0.19 cpd. In the alongshore subdomain
—500 < y < 500 km during winter 1981-1982, a relative mini-
mum exists near 0.26 cpd and a relative maximum exists near
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Fig. 9. Contours of rotary coefficients [S,(y, —w)— S,y
+w)]/[S{y, —w)+ S(y, +w)] for calculated and measured vector
winds for the three seasons. The coeflicients for adjusted measured
winds are 1dentical to those for measured winds. Positive coefficients
(anticyclonic variance exceeds cyclonic) are shaded. A rotary coel-
ficient of +1 (—1) indicates that cyclonic (anticyclonic) variance 1s
zero. The frequencies at which estimates exist are shown in Figure 14,

0.34 cpd. The variance density generally decreases from north
to south at all frequencies in all seasons, with almost all of the
winter decrease occurring equatorward of Cape Mendocino
(y < 200 km). The calculated wind variance density increases
toward the south along the Baja California coast (y < — 1000
km) in both summers. Wind variance is largest in winter and
is larger in summer 1981 than in summer 1982. Wind auto-
spectra tend to be more red in summer 1982 than in either
summer 1981 or winter 1981-1982, in agreement with the
larger integral correlation time scales observed.

Some minor differences arc observed, however, between the
spectral shapes of calculated and adjusted measured along-
shore winds in all seasons (Figure 8). We test the hypothesis
that the true adjusted measured wind spectrum estimates S,(y,
w) equal the true calculated wind spectrum estimates S_(y, w).
At each (y, w), we form the null hypothesis S, = S_ then test it
against the alternate hypothesis S, # S.. We use the statistical
F test, since the estimates S, and S, are y* random variables.
Because adjusted measured wind estimates are calculated at
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the measurement stations, we use a cubic spline interpolation
in the alongshore direction at each frequency to obtain esti-
mates at the y locations of the CODE grid points. Applying
the F test, we find that log,,S, must differ by at least 0.43
from log, oS, to reject the null hypothesis that S, =S, to a
95% level of confidence. We find significant differences be-
tween §, and S, only within the Southern California Bight
(—1000 < y < —550 km) in the two summers, and at the
highest frequency resolved (0.49 cpd) along the remainder of
the coast during winter 19811982 and summer 1982. Else-
where in (y, w) space, fewer significant differences are observed
than would be expected by chance in all seasons. We conclude
that poleward of the bight in summer and everywhere in
winter, we cannot reject the hypothesis S, = S, at frequencies
< 041 cpd, and the observed minor differences in spectral
shapes are not statistically significant. This result agrees with
the comparisons between calculated and measured wind auto-
spectra for w < 0.5 cpd of Thomson [1983] for the British
Columbia coast, Hsueh and Romea [1983] for the East China
Sea, and Rienecker and Mooers [1983] for three open ocean
NDBC buoys in the northeast Pacific.

The measured alongshore wind variance is relatively large
both along the California coast poleward of Point Conception
(v > —550 km) and at CSJ (y = 1760 km) during all seasons
(Figure 8). The variance is substantially reduced along the
Washington coast, primarily because of the relatively small
variance at QUI (y = 1055 km). Despite the large changes in
measured alongshore wind variance along the coast, the
analysis above indicates that the spectral shape for these
winds is not significantly different [rom that of the calculated
alongshore winds poleward of the Southern California Bight
for w <041 cpd. This provides additional support for our
contention that the coastal atmospheric boundary layer effects
primarily change the variance ol alongshore wind measure-
ments without seriously distorting other temporal statistical
properties.

From the rotary coefficients (Figure 9), cyclonic variance
dominates the calculated vector wind fluctuations in winter
when propagating synoptic-scale atmospheric systems are
strong and pass the coast [requently (section 5). During
summer 1981, cyclonic variance exceeds anticyclonic in most
of (y, w) space poleward of Baja California (y > — 1000 km) at
frequencies of > 0.2 cpd, while during summer 1982 this is true
only along the California and southern Oregon coast
(—1000 < y < 600 km) at frequencies > 0.2 cpd. During both
summers, cyclonic variance exceeds anticyclonic at CSJ
(v = 1760 km) over nearly the entire frequency band. For
measured winds, there is less preference for cyclonic rotation
than in the calculated winds during winter, and there is little
preference for either rotation direction during both summers.
The suppression of across-shore winds by coastal mountains
apparently inhibits the rotation preference that is imposed by
the fluctuation surface atmospheric pressure gradients caused
by synoptic-scale systems.

The squared coherences between measured and calculated
alongshore and vector winds (Figure 10) are largest during
winter, are larger during summer 1981 than during summer
1982, and are very small in the Southern California Bight
(—1000 < y < —550 km) in summer. In winter, large along-
shore wind coherence exists across the entire frequency band
poleward of the Southern California Bight (y > —550 km),
with the exception of the northern Oregon and southern
Washington coast (y =~ 900 km), and coherence within the
bight is not as small as in summer. Alongshore wind coher-
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Fig. 10. The squared coherences between measured and calculated alongshore winds and squared rotary coherences
between measured and calculated vector wind contoured as a function of frequency and y for the three seasons. Squared
coherences greater than 0.6 are shuded, and those greater than 0.16 are statistically significant to a 95% level of confidence.

The frequencies at which coherence estimates exist are shown

ence decreases more rapidly with frequency during summer
than during winter, and the summer decrease is more rapid
during 1982. Coherence tends to be large in those parts of (y,
@) space where variance density is relatively large. For vector
winds the squared rotary coherences tend to be larger for the
cyclonic component (+w) than for the anticyclonic compo-
nent in all three seasons, which may be related to the larger
cyclonic variance that is observed primarily in the calculated
winds.

During winter, relatively small coherence is observed be-
tween measured and calculated alongshore and vector (cyclon-
ic component only) winds within +400 km of the CODE site
near 0.26 cpd (Figure 10). The preference for cyclonic rotation
in winter does not exist in this region of (y, w) space (Figure 9).
This reduced cyclonic variance produces a relative minimum
in the contoured autospectra of both alongshore winds
(Figure 8) and vector winds (not shown) and reduces the co-
herence between the cyclonic components of calculated and
measured vector wind. We do not have a plausible expla-
nation for this observation.

We use space-averaged squared coherence [unctions to esti-
mate alongshore coherence scales as a function of w. For a

in Figure 14,

given wind field v(y,. 1) sampled at N evenly spaced points, this
function is given by
)

: [(Z {5%(y,s W), wl})

J
S 5%y, w)y; + 1, @)}
1=]

J =1
; (Z 1%y + i @By + 1 w)})] } (8)

where I and J are given by (7), the overbars denote Fourier
transforms, the asterisks denote complex conjugate, and the
brackets denote frequency band averaging. We calculate these
functions over grid points 4 through 13 (Figure 11). Without
spatial averaging, a y* of 0.16 is statistically significant to a
95% level of confidence. At the maximum #, (1260 km) the
function is averaged over three points, or over an alongshore
distance much smaller than the correlation space scales (Table
4). Since we gain no additional degrees of freedom by this
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Fig. 11. The space-frequency squared coherence 3%, calculated
from space-averaged autospectra and cross-spectra (equation (8)) for
calculated and measured alongshore winds over grid points 4 through
13 for the three seasons. The [requencies at which estimates exist are
shown in Figure 14,

averaging, we estimate the coherence space scale as the along-
shore separation at which the squared coherence decreases to
0.16. The calculated and measured wind coherence space
scales tend to be either constant over all w or decrease slightly

Calculated

Adjusted Measured

1875

with increasing w. The scale equals or exceeds 1000 km for
calculated winds during summer 1981 and winter 1981-1982
and for w < 0.11 cpd during summer 1982, while it is about
700 to 800 km for w = 0.11 cpd during summer 1982. In con-
trast, the measured wind scales are substantially smaller than
calculated wind scales in all seasons. The measured wind scale
exceeds 1000 km only for @ = 0.041 cpd in summer 1982.
Otherwise, measured wind scales are typically between 400
and 600 km in summer and between 500 and 800 km in
winter.

4.2, Wave Number-Frequency Domain
Properties

We study the wave number—frequency (/, ) domain proper-
ties of the alongshore wind field along the coast using auto-
spectrum and cross-spectrum analysis (Figures 12 through 15).
The autospectrum functions 8(+/, ) and [S(—/, w)] represent
poleward propagating and equatorward propagating variance
density, respectively, and they are computed over grid points 4
through 13 using the two-dimensional Fourier transform
method as outlined by Halliwell and Allen [1987]. The Ny-
quist wave number is 2.78 x 10~ cycles per kilometer (cpkm),
but all spectrum functions are presented only for
—22x107* <122 x 1072 cpkm since calculated winds
poorly represent fluctuations at larger I, and since measured
winds may also not represent fluctuations well because the
alongshore spacing between some measurement stations is
> 180 km.

The variance density in (I, w) space for calculated, adjusted
measured, and measured winds decreases with increasing [ and
w for all three seasons (Figure 12). The decrease with increas-
ing | is more rapid for calculated than adjusted measured
winds, resulting from the poor representation of smaller-scale
fluctuations by calculated winds. The variance density distri-
butions of all wind sets are similar in each season at | < 1.1
x 1072 cpkm (wavelengths = 900 km). (We select this partic-
ular value of | as the boundary between the energetic large

Measured

PR S (P TP N |

May — Aug B2 Dec B! — Mar 82 Apr — Jul B}

| R ks i
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Wavenumber (10% cpkm)

Fig. 12.

Wave number-frequency autospectra of calculated, adjusted measured, and measured alongshore winds over

grid points 4 through 13 for the three seasons. The contours are of log,, [S(+/, )], with § in units of m* s™2 cpd ™"
cpkm ™', The autospectra have been band-averaged over nine requency bands only, so the resulting number of degrees of
freedom is 18 [Halliwell and Allen, 1987]. The 95% confidence limits are between log,, § — 0.24 and log,, § + 0.34 at all |
and w. The autospectra are shaded where S{(+/, w)> 10** The wave numbers and frequencies at which spectrum

eslimates exist are shown in Figure 14.
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Fig. 13. Wave number—frequency propagating autospectra of cal-
culated adjusted measured, and measured alongshore winds over grid
points 4 through 13 for the three seasons. The contours are of
1074[S(+1, w) — S(—1, w)], with § in units of m? s~% cpd ™" cpkm™*.
The number of degrees of [reedom 1s 18. Negative (equatorward prop-
agating) autospectra are shaded. The wave numbers and frequencies
at which spectrum estimates exist are shown in Figure 14.

scales and the much less energetic small scales because it is
one at which spectrum estimates are computed; see Figure 14.)
From the results of a statistical F test similar to that per-
formed in section 4.1, significant differences between calcu-
lated and adjusted measured wind spectrum estimates exist
only in those parts of (I, w) space where the calculated wind
autospectra are roughly within the following ranges: log, S <
3.6 during summer 1981, log,,S < 4 during winter 1981-1982,
and log,,S < 3.2 during summer 1982. Therefore these distri-
butions of calculated wind variance density in (I, w) space for
the three seasons are not significantly diflerent from those of
adjusted measured wind, except at the largest / and w (roughly
[=12x 107? cpkm and @ = 0.3 cpd) where very little wind
variance exists. This is true despite the large variability along
the coast in measured alongshore wind variance (Figure 8).
The (I, w) autospectra indicate that the distribution of variance
density in the wave number domain is also not changed sig-
nificantly by adjusting the measured wind variance. Appar-
ently the lunction ¢_,(y) in (5) has the property that it does not
significantly alter the distribution of the variance of v,(y, r) in
(I, w) space from that of v, (v, ).

The basic patterns in the contours of propagating auto-
spectra of calculated, adjusted measured, and measured winds
(Figure 13) are similar to each other in all seasons. Equator-
ward propagating variance exceeds poleward in winter, with
the greatest excess at [ < 1.1 x 1077 cpkm. In the two sum-
mers, poleward propagating variance generally exceeds equa-
torward for [ < 1.1 x 107* cpkm and @ < 041 cpd (excluding
0.11 cpd) in summer 1981 and @ < 0.26 cpd in summer 1982.

The spectral shapes in the [ and o domains are illustrated
by integrating the (I, @) autospectra over w and /, respectively
(Figure 14). From the [ autospectra, the dominance of wind

HALLIWELL AND ALLEN: NORTH AMERICAN WEST CoAST WIND FIELD

fluctuations with I < 1.1 x 10~ ¢pkm is evident in all three
winds sets for all three seasons. Over 90% of calculated wind
variance and about 80% of adjusted measured wind variance
is due to fluctuations with [ < 1.1 x 10~ cpkm in all seasons
(Table 5). Adjusting or normalizing the wind fields only slight-
ly decreases these percentages. The spectral shapes for both
measured and adjusted measured winds are very similar
(Figure 14). There is little difference in the percentage of total
variance with [ £ 1.1 x 1077 cpkm among the three seasons
(Table 5), but relatively more variance is observed at =0
(essentially representing wavelengths of >2000 km) during
winter 1981-1982 than during the two summers. The distri-
butions in [ space are skewed toward equatorward propaga-
tion (larger variance density for —I) in winter and toward
poleward propagation in the two summers.

The integrated @ autospectra have similar spectral shapes
for all three seasons (Figure 14). They decrease monotonically
with increasing ®, with two exceptions: In summer 1981, a
relative minimum exists near 0.11 cpd and a relative maxi-
mum exists near 0.19 cpd. In winter 1981-1982 a relative mini-
mum exists near 0.26 cpd and a relative maximum exists near
0.34 cpd. These extrema are all evident in the (y, w) auto-
spectra of alongshore wind (Figure 8). The variance density
decreases by 2 orders of magnitude over the entire [requency
band (0.04 < w < 048 cpd) in summer 1982, and it decreases
by 1 order of magnitude in the other seasons, with the smallest
decrease occurring in winter 1981-1982. Summer 1981 vari-
ance density exceeds that in summer 1982 for @ > 0.11 cpd.

Squared coherences between calculated winds and both ad-
justed measured and measured winds (Figure 15) are large
only for I £ 1.1 x 107? ¢pkm in all seasons. The variation of
coherence with [, w, and season tends to follow that of wind
variance density, with high coherence generally found where
the variance density is relatively large. The coherence decays
more rapidly with increasing w in the two summers than in
winter, which is probably related to the relatively large winter
variance density at higher frequencies. In winter, coherence is
larger for equatorward propagating variance than for pole-
ward propagating variance. In summer there is a slight tend-
ency for the poleward propagating variance to be more coher-
ent. It is again remarkable to observe the strong similarity of
coherence patterns (Figure 15) between calculated winds and
both adjusted measured and measured winds despite the large
alongshore variability in measured alongshore wind variance.
The coherence decays slightly more rapidly with increasing [/|
for measured winds than for adjusted measured winds in all
seasons. Alongshore errors in wind variance therefore have
very little effect on (/, w) spectrum analyses.

5. CHARACTERISTICS OF WIND FLUCTUATION EVENTS

5.1.  Space-Time Contour Plots of
Alongshore Wind

We use space-time contour plots ol alongshore wind to vis-
ually characterize the basic properties of alongshore winds
and to illustrate how these properties change among seasons,
with alongshore location, and with time within a given season.
We compare the representation of wind events by the calcu-
lated and measured wind sets, and we utilize National Wea-
ther Service surface atmospheric pressure charts to establish
the basic relationships of surface synoptic-scale atmospheric
pressure systems to observed wind event properties.
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Fig. 14.

Frequency (cpd)

(left) Integrated wave number autospectra and (right) integrated frequency autospectra for calculated (solid),

adjusted measured (short-dashed lines), and measured (long-dashed lines) alongshore winds over grid points 4 through 13
for the three seasons. The integrated wave number (frequency) autospectra are computed with 126 (198) degrees of

freedom; 95% confidence bands are shown.

To illustrate typical characteristics of alongshore wind fluc-
tuations they are contoured for three 45-day subintervals, one
from each of the 4-month seasons, for calculated winds, ad-
justed measured winds, and measured winds (Figures 16
through 18). We refer to extrema of equatorward (poleward)
wind as upwelling (downwelling) events. The variance adjust-
ment of the measured winds usually enhances the amplitudes
of wind extrema poleward of the Oregon-California border
(y < 400 km). Adjusted measured winds are visually correlated
with calculated winds, and this visual correlation is substan-
tially enhanced by removing the mean wind prior to contour-
ing (not shown), especially in summer.

Substantial differences in wind event properties exist be-
tween winter and summer. During the winter subinterval,
strong wind events of 2 to 4 days duration dominate the fluc-
tuations, most of which either are in phase along the coast or
tend to propagate equatorward (Figure 17). Some of these
winter events affect the entire CODE large-scale domain.
During the two summer subintervals, strong equatorward
mean winds exist along the California coast (—1000 <y <
400 km) and wind events are typically confined within 1000 to
1500 km alongshore subdomains (Figures 16 and 18). This
seasonal difference in the alongshore scales of wind fluctu-
ations is also found in the alongshore correlation space scales
(Table 4), the alongshore coherence scales (Figure 11), and the

integrated wave number autospectra (Figure 14, where a
larger percentage of total variance in winter is due to fluctu-
ations with alongshore wavelengths > 2000 km). A preferred
propagation direction for wind fluctuations is not visually evi-
dent in summer, although (I, w) autospectra indicate that the
preferred direction is poleward, especially at low frequency
(Figure 13).

5.2. Winter Event Properties

During the winter subinterval (Figure 17), equatorward
propagating alongshore wind fluctuations occur between Feb-
ruary 15 and 27, 1982. A downwelling event occurs essentially
in phase along the coast throughout the entire CODE large-
scale domain on March 1. Poleward propagating wind fluctu-
ations occur from March 3 to 9, followed by equatorward
propagating fluctuations from March 10 to 18. Smaller-
amplitude, lower-frequency fluctuations exist after March 18,
which tend to occur in phase or propagate equatorward. The
interval from March 3 to 9 is the longest one in winter 1981-
1982 where poleward propagation dominates. In-phase or
equatorward propagating fluctuations-dominate during most
of that winter.

Propagating surface synoptic-scale pressure systems are re-
sponsible for these observed properties. For example, the in-
phase downwelling event of March 1, 1982, is caused by a
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Fig. 15. Wave number-frequency squared coherences between
adjusted measured and calculated alongshore winds and between
measured and calculated alongshore winds over grid points 4 through
13 for the three seasons. Squared coherences greater than 0.6 are
shaded. Squared coherences greater than 0.16 are sigmficant to a 95%
level of confidence. The wave numbers and frequencies at which co-
herence estimates exist are shown in Figure 14.

large cyclone that moves directly onshore near Vancouver
Island (1110 < y < 1470 km) and has closed pressure contours
that affect the entire large-scale domain poleward of Baja Cal-
ifornia (y > — 1000 km). (When we refer to a cyclone, we in-
clude the fronts associated with it.) The winds become pole-
ward almost simultaneously in the entire coastal region af-
fected by the cyclone as it approaches the coast with its anti-
clockwise wind circulation. The wind then subsides along the
coast as the cyclone both moves inland and weakens rapidly.
The event persists for an extra day along the coast between
northern California and southern British Columbia
(200 < y < 1400 km) (Figure 17). Between March 3 and 9,
atmospheric cyclones and anticyclones propagate from south-
west to northeast, first affecting the southern and central Cali-
fornia coast, then the Oregon, Washington, and British
Columbia coasts. Between March 10 and 18 a series of cold
fronts and anticyclones propagate from northwest to south-
east [rom the Gull of Alaska across the northwest U.S. coast.
These systems become weaker and occur less [requently alter
March 18. Over time scales of the order ol several days, the
properties of winler propagating synoptic-scale systems can
differ substantially from seasonal mean properties.

A typical example ol the equatorward alongshore progres-
sion of winter weather systems is shown for the interval
March 11 to 14 (Figure 19). Two cold [ronts, separated by an
anticyclone, propagate rapidly from northwest to southeast
during this time interval, and two equatorward propagating
pulses of strong equatorward winds follow the frontal pas-
sages (Figure 17). These winter cold fronts trailing to the south
or southwest from the cyclone centers usually propagate
toward the east or southeast, giving the propagation an equa-
torward alongshore component, even when the parent cyclone
propagates to the north of due east. Southeastward propagat-
ing [ronts are common in winter and probably produce the

HALLIWELL AND ALLEN: NORTH AMERICAN WEST CoasT WIND FIELD

preference for equatorward propagation in the winter wind
field. Halliwell and Allen [1987] show that equatorward prop-
agation dominates in all four winters from 1980-198]1 to
1983-1984.

5.3. Summer Event Properties

In the two summer subintervals (Figures 16 and 18), some
individual wind events have a preferred propagation direction,
but preferred directions usually do not persist over several-day
intervals as is often observed during winter. Cyclones often
generate strong downwelling events in the northern part of the
CODE large-scale domain during the summer subintervals.
These events are usually separated by 2 to 6 days in both the
summer 1981 subinterval (Figure 16) and the first hall of the
summer 1982 subinterval (Figure 18) and affect the coast far-
ther to the south on average during summer 1981. In particu-
lar, downwelling events penetrate equatorward to the CODE
site on May 18 and June 8 to 9, 1981. Upwelling events along
the U.S. coast (— 1000 < y < 1100 km) often occur 2 to 4 days
alter the passage of these cyclones (Figures 16 and 18), and
they are usually strongest along the California coast
(—1000 < y <400 km), excluding the Southern California
Bight (—1000 < y < —550 km) for measured winds. These
upwelling events also tend to be centered farther to the south
in summer 1981 than in summer 1982.

During the summer 1981 subinterval, the strongest upwell-
ing events occur on May 30 to 31, June 9 to 11, June 13 to 15,
and June 26 to 28. Based on surface weather charts, all four of
these events follow the passage of cyclones in the northern half
of the CODE large-scale domain, although the cyclones that
precede the last two events weaken very rapidly as they reach
the coast and do not produce strong downwelling events
(Figure 16). The cyclone preceding the June 13 to 15 upwelling
event causes poleward alongshore winds on June 12 to 13
primarily along the Oregon coast only (centered near y = 600
km), and the cyclone preceding the June 26 to 28 upwelling
event causes poleward alongshore winds on June 24 to 25
along the extreme northern British Columbia coast (y > 1400
km) in the calculated wind field only. In the event cycle from
May 28 to 31 (Figure 20), a cyclone approaches the British
Columbia coast on May 28 and 29, and the trailing cold front
has passed the coast southward to northern California by
May 30. The North Pacific subtropical high has intensified
northeastward toward the U.S. coast by May 31, increasing
the pressure gradient and coastal wind speed between the high
and the thermal low over the southwest U.S. The pressure
gradient at the California coast south of Cape Mendocino
(40°N) is about twice as strong on May 31 as on May 28, and

TABLE 5. Percentage of Total Vanance Due to Alongshore Wind
Fluctuations With Wavelengths of =900 km Determined From Wave
Number-Frequency Autospectra Integrated Over Frequency (Figure

14)
Time Interval
April- Dec. 1981- May-
Wind Set July 1981 March 1982 Aug. 1982
Calculated 93 92 94
Normalized calculated 91 91 89
Measured 83 85 85
Adjusted measured 80 82 79
Normalized measured 80 81 80
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Fig. 16. Calculated, adjusted measured, and measured alongshore wind contoured as a function of time and y for May
17 through June 30, 1981. The contour interval is 3 m s~ ', Positive (poleward) wind is shaded. The prefix “CG™ on the

grid point numbers signifies “CODE grid”.

the measured alongshore wind speed near the CODE site
(Figure 16) has also about doubled.

During the summer 1982 subinterval, the strongest upwell-
ing events occur on May 3 to 4, May 8 to 9, May 17 to 18,
May 22 to 23, and May 26 to 27, 1982, and they all follow
cyclones that induce strong downwelling events (Figure 18).
These event cycles are similar to those observed in summer
1981, except for being shifted to the north on average. In the
event cycle from May 15 to 18 (Figure 21), the cyclone strikes
the British Columbia coast on May 16, and the associated
cold front passes the northwest U.S. coast by May 17. During
the 2 days after frontal passage, the subtropical high intensifies
northeastward, producing strong equatorward winds. The
coastal pressure gradient near the CODE site on May 18,
1982, is about 40% stronger than it was 3 days earlier (Figure
21), which is about the percentage increase of measured along-

shore wind speed near the CODE site. Mass et al. [1986]
study similar summer event cycles in great detail, emphasizing
how they drive onshore surges of cool marine air along the
northwest U.S. and Canadian coasts. They show that as the
cyclones and associated fronts approach the coast, coastally
trapped pressure systems are generated which drive coastal
gravity currents that enhance the poleward alongshore wind
in the northern part of the large-scale domain caused by the
synoptic-scale systems.

Downwelling events centered along the California coast oc-
casionally follow these upwelling events in both summers.
These downwelling events are clearly represented in the mea-
sured wind contour plots but are poorly represented in the
calculated wind contour plots (Figures 16 and 18). The
strongest of these events during the two summer subintervals
occur on June 28 to 30, 1981; May 4 to 6, 1982; and May 24
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Fig. 17. Asin Figure 16, except for February 15 through March 31, 1982. The contour interval here is Sm s~ !,

to 26, 1982. These events are evidently associated with
coastally trapped atmospheric pressure disturbances [Dorman,
1985, this issue]. Since the atmospheric internal Rossby radius
of deformation is about 150 km along the California coast,
these disturbances have an across-shore scale substantially
smaller than the alongshore scale, probably causing the calcu-
lated winds to poorly resolve them. To crudely determine how
well the calculated wind field reproduces the event of May 4
to 6, we compare the maximum changes in calculated and
measured alongshore wind speeds caused by the event at both
grid point 6 and station B12 (near y = — 180 km), the ap-
proximate location of the largest speed change. The measured
alongshore wind changes from —10 to +6 m s~! between
May 3 and 5, while the calculated wind changes from —9 to
—2m s~ ',or only 44% of the measured wind change.

During the last third of the summer 1982 subinterval (fol-
lowing about May 28), calculated alongshore wind fluctu-
ations are relatively small, and event cycles such as the ones

we have discussed for both 1981 and 1982 are not evident
(Figure 18). This relatively quiet pattern dominates most of
the remainder of the 4-month summer 1982 season, and a
similar quiet period occurs after July 10 in the 4-month
summer 1981 season. Quiet intervals dominate about 20% of
summer 1981 and nearly two thirds of summer 1982. No prop-
agating cyclones or associated fronts are evident in the surface
pressure field during a typical quiet interval (May 28 to 31,
1982; Figure 22). The subtropical high extends much farther
to the north during this interval, and cyclones remain far to
the north of the CODE large-scale domain. Although propa-
gating systems are not evident at the surface, the pressure field
does not remain steady between May 28 and 31 (Figure 22)
because the subtropical high weakens and the thermal low
builds northward to cover nearly the entire western United
States over this 4-day interval. During intervals when propa-
gating systems are very weak or absent, oscillations in the
relative strengths and positions of the subtropical high and
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Fig. 18. Asin Figure 16, except for May 1 through June 14, 1982.

thermal low may still have an important influence on coastal
surface winds.

Measured alongshore wind fluctuations are substantially
larger than those for calculated alongshore wind during these
quiet intervals (Figure 18), which may be partly caused by
coastal boundary layer processes. For example, propagating
atmospheric systems (troughs and ridges) that have a very
weak pressure signal at the surface still exist in the middle
troposphere during these quiet intervals. Passage of these sys-
tems can raise or lower the marine inversion layer, indirectly
affecting coastal winds [Beardsley et al., this issue]. Strong
equatorward measured winds exist near the latitudes of the
CODE site between June 1 and 8, 1982, but this event is not
as evident in the calculated wind field (Figure 18). During this
interval, enhanced northwest winds to the west of a pressure
trough at the 700-mbar level (height =3 km) in the atmo-
sphere change the across-shore structure of the marine inver-
sion layer by raising it near the coast, making the actual equa-

torward alongshore winds at the coast stronger than could be
accounted for by the synoptic-scale pressure gradient alone
[ Beardsley et al., this issue].

We can visually assess the characteristics of the summer
measured alongshore winds within the Southern California
Bight (—1000 < y < —550 km) and see how they differ from
the calculated winds there by inspecting wind events (Figures
16 and 18). Several time intervals can readily be identified
where measured alongshore wind in the bight opposes the
measured alongshore wind poleward of the bight. These in-
clude most of the interval from June 5 to 13, 1981; May 5 and
6, 1982: May 17 to 20, 1982; and most of the interval from
June 2 to 7, 1982. In contrast, the calculated alongshore wind
in the bight does not oppose the calculated alongshore wind
poleward of the bight during these time intervals. From sur-
face weather charts, wind patterns within the bight resemble
cyclonic Catalina eddy events [Bosart, 1983] during the June
5to 13, 1981, and May 17 to 20, 1982, intervals.
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Fig. 19. Surface atmospheric pressure charts for March 11 to 14,
1982 (from National Weather Service surface meteorological charts).

6. Discussion

The properties of coastal wind fluctuations along the west
coast of North America vary over a wide range of time scales.
The wind properties have a large seasonal cycle due to
changes in the properties of both synoptic-scale pressure sys-
tems and the coastal marine boundary layer. Winter winds are
primarily driven by propagating cyclones and anticyclones, so
the statistical properties of wind fluctuations depend strongly
on the size, strength, propagation speed and direction, and
frequency of occurrence of these systems. These properties
often remain relatively constant for several days and then
change abruptly. The summer situation is more complicated
owing to the continuous existence of a strong inversion layer
in the coastal marine boundary and to the existence of two
permanent pressure systems: the North Pacific subtropical
high and the southwest U.S. thermal low. The interaction be-
tween propagating surface cyclones, which are weaker on
average than in winter, and these stationary systems has an
important influence on summer winds. In particular, the sub-
tropical high often builds northeastward toward the coast
after a cyclone passes to the north of the high, causing strong
upwelling events along the California coast. The high oc-
casionally builds far to the north for days to weeks at a time,
keeping propagating cyclones far to the north of the CODE

HALLIWELL AND ALLEN: NORTH AMERICAN WEST CoAsT WiND FIELD

large-scale domain. During these intervals, oscillations in the
strength and position of the subtropical high and thermal low,
plus coastal boundary layer processes, have an important in-
fluence on coastal winds. Coastally trapped atmospheric dis-
turbances can enhance downwelling events ahead of cyclones
approaching the coast and cause relaxations or reversals in
the mean equatorward wind along the California coast.

These properties of atmospheric systems and the coastal
marine boundary layer lead to the following seasonal simi-
larities and differences in measured wind statistics along the
west coast of North America: Mean summer winds have an
equatorward alongshore component throughout the domain,
except at the northern end during summer 1981, and are rela-
tively strong along the California coast. The largest mean
exists near the CODE experimental site northwest of San
Francisco. Mean winter winds have a poleward component
north of the CODE site and an equatorward component to
the south. Wind fluctuations are strongly polarized in the
alongshore direction in all seasons but are less so in winter.
Wind fluctuations are relatively large near the CODE site in
summer, near Cape Mendocino in winter, and at the northern
end of the large-scale domain (northern British Columbia) in
both seasons. Winter fluctuations have larger amplitudes and
larger space scales than in summer. They have a strong tend-
ency to propagate equatorward at all frequencies, while
summer fluctuations have a tendency to propagate poleward.

00Z 28 May 00Z 29 May

TN AT
O T

12 \_/

087

00Z 30 May 00Z 31 May
1981

Fig. 20. Asin Figure 19, except for May 28 to 31, 1981.
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127 15 May 127 16 May different years for the same season. Within a given season,

; properties such as the fluctuation amplitude, the frequency of
)
e

the fluctuations, and the propagation direction can be rela-

tively constant over time intervals of several days to several
o weeks. These intervals are separated from one another by
abrupt changes in some or all of these properties. Studies of
the response of coastal currents to wind forcing during one
season, or a small subset of one season, may not represent
typical conditions for that season.

The calculated and measured alongshore wind sets are very
S coherent for wavelengths of 2900 km throughout the large-
scale domain, except within the Southern California Bight in
summer. Calculated alongshore winds poorly represent fluctu-
Al ations with wavelengths of <900 km. They represent fluctu-
ations caused by coastal boundary layer processes, but with
less than half the amplitude of the measured winds. Outside of
\ the bight, the primary difference between the two alongshore

wind sets [or wavelengths of =900 km is in the representation
of wind variance as a function of alongshore location. For
example, a large maximum in measured alongshore wind vari-
ance exists along the northern California coast in both

summer and winter, which does not exist in the calculated
// alongshore winds. However, we found that many statistical

16

/1%

20

analyses are not sensitive to errors in the distribution of wind
12 variance along the coast. We conclude that poleward of the
08 Southern California Bight in summer and everywhere along

X 12Z 28 May 127 29 May

N
%\ \\‘-‘_‘--
0

L /32// gts 32///
.~ 28
26

09Z 17 May 127 18 May y: [/
1982 7 e /7 e,
Fig. 21. Asin Figure 19, except for May 15 to 18, 1982. / o

In summer, poleward propagating coastally trapped pressure
disturbances may contribute to the directional preference. In
all seasons, about 80% to 85% of measured wind variance is -
due to fluctuations with wavelengths greater than 900 km. -
Coastal atmospheric boundary layer processes appear to pri-
marily influence the variance of measured alongshore wind
without seriously affecting other statistical properties.

Wind variance is larger, and wind autospectra are less red, 23/ / ) } /

L/

in summer 1981 than summer 1982. The subtropical high ex-
tends far to the north, preventing propagating cyclones from / 20
affecting the large-scale domain at all, for nearly two thirds of 20 o \
12
\ L

summer 1982. This pattern exists for only about 20% of '2\
summer 1981. Winds tend to fluctuate at lower frequency and -

have smaller amplitudes under these conditions, which prob- 12
ably accounts for much of the observed differences in wind Q.) / 12
statistics between the two summers. Denbo and Allen [this
issue] report substantial differences in wind stress properties o8
in two 64-day intervals in summer 1981 (May 8 to July 11)
and summer 1982 (May 26 to July 29). From the study of
surface pressure charts here, we find that the influence of prop- \
agating cyclones and anticyclones is much weaker during 5
most of their summer 1982 interval than during their summer
1981 interval, and this is presumably a major cause of the 127 30 May 124 31 May
observed differences in wind stress properties.

The statistical properties of wind fluctuations therefore 1982
differ substantially between winter and summer and between Fig. 22. Asin Figure 19, except for May 28 to 31, 1982.
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the coast in winter, both wind sets should perform reasonably
well as forcing functions for wavelengths of =900 km and
@ < 0.5 cpd in studying properties of the coastal ocean re-
sponse that do not depend on the absolute magnitude ol wind
variance.

APPENDIX

We estimate the magnitude of the minimum correlation co-
efficient that is significantly different [rom zero using the
number of degrees of freedom based on the independence time
scale discussed by Davis [1976]. These time scales vary with
alongshore location and season, but for those stations with the
largest time scales, the number of degrees of [reedom is about
35, resulting in a “worst-case” estimate of 0.35 for the mini-
mum significant correlation at the 95% level of confidence.
We therefore use this value as the minimum significant corre-
lation for all time series.
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