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Abstract The currents forced by wind stress near the critical latitude (30◦N or 30◦S) appear enhanced
as a result of the combination of natural modes of ocean currents (e.g., near-inertial motions) and diurnal
land/sea breeze-driven currents. Here we assess the wind-current transfer function, derived from
observations of coastal surface currents and surface winds off the U.S. West Coast (32◦N to 47◦N), as a
function of the latitude (alongshore direction) and frequency. We compare the transfer functions at the
diurnal frequency derived from observations and two analytical models (e.g., the Ekman model and a
near-surface averaged Ekman model). The amplitude of the data-derived transfer function decreases with
increasing distance from the critical latitude, and its argument varies nearly within the range estimated from
two analytical models. Our results confirm that the resonant wind-current responses near the critical latitude
are 8 to 12 times stronger than the purely diurnal land/sea breeze-forced currents in other latitudes.

1. Introduction

Any moving objects on the rotating Earth are influenced by Coriolis effects and have a natural resonant
frequency as a function of latitude, equal to the inertial frequency [fc = 2 sin 𝜃 cycles per day (cpd), where
𝜃 is the latitude] [Stewart, 2006]. The regional currents forced by wind stress have a maximum response at
the local inertial frequency as a natural resonance of ocean currents [e.g., Ekman, 1905; Gonella, 1972; Craig,
1989a; Kim et al., 2009]. This natural resonance is based on the fact that the vertical gradient of wind stress is
balanced with the Coriolis effects and the acceleration of currents [e.g., Vallis, 2006].

Similarly, the natural resonance appears when the energy at the inertial frequency is excited by the driving
force such as broadband wind stress or impulsive wind stress imposed on the ocean at rest [e.g., Crawford
and Large, 1996; Elipot and Gille, 2009]. This resonant response can be enhanced in the coastal regions near
the critical latitude (30◦N or 30◦S) because the diurnal variability associated with land/sea breezes matches
the local inertial frequency (|fc| = 1 cpd) [Haurwitz, 1947; Estoque, 1961].

Thus, the wind-current response in the frequency domain shows a peak at the inertial frequency corre-
sponding to the latitude and decreases as one moves away from that latitude. These resonant wind-current
responses at the critical latitude have been addressed in a variety of theoretical studies [e.g., Shaffer, 1972;
Simpson et al., 2002; Stockwell et al., 2004; Hyder et al., 2002]. [Craig, 1989a, 1989b], in particular, derived ana-
lytical solutions for the vertical profile of horizontal currents near 30◦ latitude, based on a constant eddy
viscosity and a periodic wind stress at a single frequency. A number of observational and numerical simu-
lation studies of near-inertial oscillations have also been conducted [e.g., Rosenfeld, 1988; Chen et al., 1996;
DiMarco et al., 2000]. However, it has been difficult to investigate those phenomena from the observations
because the observed winds and currents have been insufficient to capture the latitudinal variation at the
diurnal frequency [e.g., Pidgeon and Winant, 2005; Edwards, 2008; Nam and Send, 2013].

The input of surface wind energy through the air-sea interface is a crucial factor in upper ocean mixing,
changes in the potential energy, and dissipation [e.g., Price et al., 1986; Crawford and Large, 1996]. In par-
ticular, the resonance between air and sea interactions can play a significant role in upwelling and vertical
mixing process as the resonant winds can increase the acceleration of the velocity field, which generates sur-
face shear-driven vertical mixing [e.g., Crawford and Large, 1996; Skyllingstad et al., 2000; Zhang et al., 2009;
Orlić et al., 2011]. Furthermore, the diurnal wind over a stratified water column may generate diurnal inter-
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Figure 1. An example of the hourly cascade surface current maps observed by an array of high-frequency radar network
on (a) the U.S. West Coast, (b) Southern California, and (c) southern San Diego. The grid resolutions of surface current
maps are 6 km for Figures 1a and 1b and 1 km for Figure 1c. The HFR sites are indicated with balloons, and their latency
in the near-real-time status is shown as colors (e.g., green, yellow, red, and gray). About 100 km diameter mesoscale
counterclockwise eddy appears off Point Arena along with the equatorward wind event off Oregon coast (Figure 1a), and
about 15 km counterclockwise diameter eddy was observed in the Santa Barbara Channel (Figure 1b). The white circles
with red dots indicate the NDBC wind buoys. As a reference, major coastal regions are denoted by abbreviated two-letter
names from south to north: San Diego (SD), Long Beach (LB), Santa Monica (SM), San Buenaventura (VT), Santa Barbara
(SB), Point Conception (PC), Port San Luis (SL), Ragged Point (RP), Monterey Bay (MB), Gulf of the Farallones (GF), San
Francisco (SF), Point Reyes (PR), Point Arena (PA), Shelter Cove (SC), Trinidad (TN), Crescent City (CC), Cape Blanco (CB),
Winchester Bay (WB), Newport (NP), and Loomis Lake (LL).

nal waves [e.g., Price et al., 1986; Craig, 1989a; Simpson et al., 2002; Hyder et al., 2002; Davies, 2003; Davies and
Xing, 2003].

This work presents an observational proof to verify the theoretical and analytical solutions regarding the res-
onant response at the critical latitude and a capability of the high-frequency radar (HFR) network to inform
oceanographic studies. We analyzed the HFR-derived surface currents and coastal winds at the National
Data Buoy Center (NDBC) buoys off the U.S. West Coast (USWC; 32◦N to 47◦N) for 2 years (2008 to 2009)
(Figure 1a and section 2). The data-derived wind transfer function at the diurnal frequency is compared with
transfer functions estimated from two analytical models (section 3). Then, the conclusion and discussion are
followed (section 4).

2. Data Analysis
2.1. Data
The HFR-derived coastal surface currents off the USWC contain mixed responses to meteorological and
oceanographic forces and their interactions: locally and remotely wind-coherent components includ-
ing poleward and equatorward propagating signals, barotropic and baroclinic tide-coherent currents,
near-inertial motions, geostrophic currents balanced with cross-shore pressure gradients at low frequency,
and currents generated by nonlinear interactions of pure tidal/inertial currents and persistent and
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Figure 2. (a) Standard deviation (STD; square root of variance) of the wind in three frequency bands—low-frequency
band (0 < 𝜎 < 0.4 cpd), diurnal band (0.9 < 𝜎 < 1.1 cpd), and broadband (0 < 𝜎 < 2 cpd)—off the USWC for 15 years
(1995 to 2009). (b) STD of the diurnal wind is presented as a function of distance from the coast. A black box indicates
the approximate range where HFR-derived surface currents are sampled.

intermittent eddies ranging from submesoscale to mesoscale [e.g., Kim et al., 2011]. An example of cascade
maps of observed surface currents off the USWC (6 km resolution; Figure 1a), Southern California (6 km res-
olution; Figure 1b), and southern San Diego (1 km resolution; Figure 1c) is shown. The hourly radial velocity
maps obtained from 71 HFRs (as of January 2010) are optimally interpolated on the coastline-following axis,
which is a spline curve grid with a 20 km resolution, located at 15 to 20 km from the shoreline [e.g., Kim et
al., 2011, 2013]. The radial velocity maps, sampled at the polar coordinate with a range resolution of 1.5 km
to 5 km and an azimuthal resolution of 1◦ to 5◦, are bin averaged to make them comparable in the spatial
resolution (e.g., 5 km range and 5◦ azimuthal resolutions) before they are interpolated in order to minimize
the spatial bias in the vector currents [e.g., Kim et al., 2011].

The variability of hourly coastal surface winds at 14 NDBC buoys off the USWC is characterized by subinertial
alongshore winds and diurnal land/sea breezes [e.g., Dorman and Winant, 1995; Kim, 2014]. The subinertial
winds explain 50% to 80% of total variance, and the diurnal and its harmonically related winds account for
10% to 25% of total variance (Figure 2a). The variance of diurnal winds (within 1 ± 0.1 cpd) is nearly uniform
over the entire USWC (Figure 2a) and shows a slight dependence on the distance from the shoreline due to
the development of the marine boundary layer (Figure 2b) [e.g., Estoque, 1961; Atkins and Wakimoto, 1997].

2.2. Transfer Function Analysis
The transfer function analysis provides an assessment of the spectral relationship of the wind-current system
within the statistical framework and has been interpreted in the dynamical framework [e.g., Gonella, 1972;
Kim et al., 2009]. From the linear parameterization between wind stress (�̂�) and detided surface currents (û)
in the frequency domain (𝜎),

û (x, 𝜎) = H(x, 𝜎)�̂�(x, 𝜎), (1)

the wind transfer function [H(x, 𝜎)] can be estimated with

H (x, 𝜎) =
⟨û(x, 𝜎)�̂�†(x, 𝜎)⟩

⟨�̂�(x, 𝜎)�̂�†(x, 𝜎)⟩ + ⟨𝜖𝜖†⟩ , (2)

where ⟨𝜖𝜖†⟩ is the error covariance of the wind observations or the regularization matrix to adjust the over-
fitting and underfitting of the regression [Kim et al., 2009] (see Appendix A for more details). The vector
quantities of wind stress and surface currents can be considered as (1) a scalar combined with a complex
notation for the isotropic analysis or (2) individual vector components for the anisotropic analysis. Although
the anisotropic transfer function can separate the time lag and veering angle, the isotropic transfer func-
tion is more useful and convenient to present the statistical relationship between wind stress and currents
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Figure 3. (a) Magnitude (log10 scale, kg−1 m2 s) and (b) argument (degrees) of the isotropic wind transfer function esti-
mated from observations of HFR-derived coastal surface currents and wind stress at NDBC buoys off the USWC for 2
years (2008 to 2009), adapted from Kim et al. [2011]. A black line in Figure 3a indicates the local inertial frequency.

[e.g., Kim et al., 2009]. In this paper, the isotropic wind transfer functions are estimated without any rota-
tion of either winds or surface currents in order to maintain a consistent directional convention and to avoid
ambiguity between the time lag and veering angle. Additionally, the transfer functions are computed from
a pair of the times series of the surface current at a grid point on the coastline axis and the coastal wind
at a nearby buoy. As there is no alongshore interpolation of the wind field, the estimated transfer function
can be segmented or appear discontinuous (see Kim et al. [2013] for more details on the isotropic transfer
function estimates).

Alternatively, the daily composite mean of time series can be used as a part of the time domain analysis.
However, the long-term records contain seasonal modulations which result from the variation of the daily
heat flux associated with the length of day. Thus, the simple composite mean of the time series without
scaling the length of day can distort the phase information. Moreover, when the time series contain mixed
responses due to other driving forces (e.g., wind and tides), the responses driven by other forces (e.g., tidal
currents here) should be isolated in advance. As all observations in this paper are obtained from the North-
ern Hemisphere, the dominant rotational tendency and variability is clockwise. Thus, the diurnal frequency
in this paper corresponds to −1 cpd as the clockwise motion appears in the negative frequency axis.

As the first seasonal harmonic frequency of the diurnal frequency is equal to the K1 tidal frequency
[ = 1 cpd + 1/365.2425 cpd = 1.0027 cpd], we removed the barotropic diurnal tidal components at K1, O1,
and P1 frequencies from the surface current time series using a least squares fit prior to the wind transfer
function estimate.

3. Results

The USWC-wide isotropic wind transfer function shows the enhanced amplitudes and the transition of argu-
ments from positive (𝜎 < −fc) to negative (𝜎 > −fc) at the local inertial frequency (Figure 3). These features
describe the near-inertial oscillations, driven by broadband wind stress. At higher frequencies (|𝜎| > 3 cpd),
the fluctuation of amplitudes and arguments can be related to the noise in the observations. At low fre-
quency (𝜎 < 0.2 cpd), the enhanced variance in the transfer function is associated with the geostrophic
currents driven by wind piled up waters against the coast (Figure 3a) [e.g., Kim et al., 2009].

At the clockwise diurnal frequency (𝜎 = −1 cpd), the magnitude of transfer functions decreases from
Southern California (32.5◦N) to Northern California (42◦N) then slightly increases or becomes constant in
the area above 42◦N (Figures 3 and 4a). As the variance of diurnal land/sea breezes is nearly constant over
the entire USWC (Figure 2a), the wind response can be divided into two components: a nearly uniform
response due to diurnal land/sea breezes (A in Figure 4a) and an enhanced near-inertial response due to
broadband wind stress (B in Figure 4a). Thus, we conclude that the broadband wind-driven near-inertial
currents near the critical latitude are 8 to 12 times more than the diurnal wind-driven currents (Figure 4a),
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Figure 4. (a) Magnitude (log10 scale, kg−1 m2 s) and (b) argument (degrees) of the isotropic wind transfer function at the
diurnal frequency (𝜎 = −1 cpd) estimated from observations (black), the Ekman model (HE; blue), and the near-surface
averaged Ekman model (HA; at z∗ = 0.35𝛿E , where 𝛿E is the Ekman depth; red) are presented in the latitude space.
A gray reference line in Figure 4a divides the resonant response into the diurnal wind-driven components, which is
nearly uniform over the USWC (A), and the broadband wind-driven near-inertial oscillations, which is enhanced near the
critical latitude (B).

which results from the resonance at the critical latitude. The argument of the data-derived transfer function
at 𝜎 = −1 cpd varies between −45◦ and −75◦ (Figure 4b).

The transfer functions derived from two analytical models, the Ekman model (HE),

HE(z, 𝜎) =
e𝜆z

𝜆𝜌𝜈
, (3)

where 𝜆 =
√[

i
(
𝜎 + fc

)
+ r

]
∕𝜈 [e.g., Gonella, 1972; Krauss, 1972; Kim et al., 2009] (𝜈, 𝜌, and r denote the kine-

matic viscosity, the water density, and the frictional coefficients, respectively) and a near-surface averaged
Ekman model (HA, z∗ = 0.35𝛿E , 𝛿E is the Ekman depth),

HA(𝜎) =
1
z∗ ∫

z∗

0
HE(z, 𝜎) dz, (4)

= 1
z∗

1
𝜆2𝜌𝜈

(
e𝜆z∗ − 1

)
, (5)

are compared with the data-derived transfer function (Figure 4). The amplitudes of the model transfer
functions are scaled by a constant (102.5) to compensate the difference with the data-derived transfer
function, and the friction (r = 1 × 10−6 s−1) and viscosity (𝜈 = 5 × 10−5 m2 s−1) are assumed to approx-
imate the data-derived model and two analytical models. Moreover, the averaging depth (z∗ = 0.35𝛿E)
was chosen as the lower limit of the amplitude and phase to explain the variation of the data-derived
transfer function.

The amplitudes and arguments of the data-derived transfer functions vary, for the most part, between the
corresponding values of two analytical models, respectively. As the argument is a sensitive quantity, the
anomalous values are excluded (representing 5% of the number of total estimates). Since HFR surface cur-
rents are taken into account as the currents averaged from the surface to O(1) m depth [e.g., Stewart and
Joy, 1974; Barrick et al., 1977], the near-surface averaged Ekman model may provide the lower bound of
the transfer functions. The slab layer model [e.g., Pollard and Millard, 1970; D’Asaro, 1985] was ruled out in
this paper because it results in the wind-driven currents within the mixed layer which are in quadrature
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with wind stress at all frequencies, i.e., −90◦ (𝜎 < −fc) and 90◦ (𝜎 ≥ −fc) [e.g., D’Asaro, 1985], which is not
consistent with the HFR-derived surface current observations.

The argument averaged over the whole domain (32◦N to 47◦N) is approximately −60◦, and there is a vari-
ation of the phase in the alongshore direction (e.g., Southern California (−45◦), Northern California (−75◦),
and Oregon ), which may be associated with the effective penetrating depth of the wind momentum in the
alongshore direction.

4. Conclusion and Discussion

The resonant current response driven by wind stress near the critical latitude (30◦N) is examined with
the data- and model-derived transfer functions at the diurnal frequency. The transfer function analysis
implements the normalization of wind forcing, which is required to compare the cross-latitudinal resonant
wind-current response. The data-derived transfer function is estimated from the observed HFR-derived
surface currents and winds at NDBC buoys off the USWC (32◦N to 47◦N). This unique alongshore-wide
observation can provide a framework to investigate the alongshore variability near the coast including the
resonant responses at the diurnal frequency, coastally trapped waves, and near-surface turbulence stud-
ies [e.g., Kim et al., 2013; Orton et al., 2010]. Our results show that the resonant wind-current responses near
the critical latitude are 8 to 12 times stronger than the purely diurnal land/sea breeze-forced currents in
other latitudes.

In the isotropic transfer function analysis used here, we combined the time lag and veering angle between
wind stress and currents into a single term of the phase as Pidgeon and Winant [2005] and Nam and Send
[2013] have done. Although this isotropic transfer function analysis may sacrifice the physical interpre-
tation of the time lag and veering angle, it can be taken into account as a valuable geographical and
statistical approach that really helps with the understanding of how much enhancement there is of diur-
nal wind-current interaction near and away from the critical latitude. Furthermore, the proposed analysis
incorporates the normalization of wind stress to the observed currents at multiple latitudes, which can com-
plement a study having the limited variation of local inertial frequencies [e.g., Pidgeon and Winant, 2005;
Edwards, 2008; Nam and Send, 2013].

At the critical latitude, the near-inertial oscillations can be driven by both diurnal wind stress and diurnal
tide. As the diurnal wind stress is phase locked with the heat flux variation due to sunset and sunrise, the
diurnal wind stress and diurnal tide may not be coherent. However, both seasonally modulated diurnal wind
stress and the K1 tide may generate the strongly resonant near-inertial response at the critical latitude,
and their interactions may attract interest.

Appendix A: An Inverse Method to Estimate the Transfer Function

The Fourier coefficients of the wind stress (G) and current response (d) are linearly parameterized with
model coefficients m, i.e., a transfer function (see equation (1)):

d = Gm. (A1)

The model coefficients are formulated with

m̂ = PG† (GPG† + R
)−1

d, (A2)

where P and R denote the model and error covariance matrices as the prior information of the inverse
method [e.g., Wunsch, 1996] († denotes the matrix transpose). When they are assumed to be diagonal matri-
ces, P = 𝛼2I𝛼 and R = 𝛽2I𝛽 , respectively, where both 𝛼 and 𝛽 are the scalar quantities and real numbers and
I𝛼 and I𝛽 are the identity matrices with the different size, the transfer function can be estimated with

m̂ = G† (GG† + Q
)−1

d, (A3)

where Q denotes the regularization matrix representing the observational errors of wind stress and can be
assumed as a diagonal matrix (Q = 𝛾2I, 𝛾2 = 𝛽2∕𝛼2). Then, equation (A3) is equivalent to equation (2).
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