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Abstract The influence of varying horizontal and vertical stratification in the upper layer (O(10) m) asso-
ciated with riverine waters and seasonal atmospheric fluxes on coastal near-inertial currents is investigated
with remotely sensed and in situ observations of surface and subsurface currents and realistic numerical
model outputs off the coast of Oregon. Based on numerical simulations with and without the Columbia
River (CR) during summer, the directly wind-forced near-inertial surface currents are enhanced by 30%-60%
when the near-surface layer has a stratified condition due to riverine water inputs from the CR. Comparing
model results without the CR for summer and winter conditions indicates that the directly wind-forced
near-inertial surface current response to a unit wind forcing during summer are 20%-70% stronger than
those during winter depending on the cross-shore location, which is in contrast to the seasonal patterns of
both mixed-layer depth and amplitudes of near-inertial currents. The model simulations are used to exam-
ine aspects of coastal inhibition of near-inertial currents, manifested in their spatial coherence in the cross-
shore direction, where the phase propagates upward over the continental shelf, bounces at the coast, and
continues increasing upward offshore (toward surface) and then downward offshore at the surface, with
magnitudes and length scales in the near-surface layer increasing offshore. This pattern exhibits a particu-
larly well-organized structure during winter. Similarly, the raypaths of clockwise near-inertial internal waves
are consistent with the phase propagation of coherence, showing the influence of upper layer stratification
and coastal inhibition.

1. Introduction

Near-inertial motions in the ocean are mainly caused by wind stress variations on the time scale of a day or
two [e.g., Pollard and Millard, 1970; D’Asaro, 1985]. The wind energy that penetrates the air-sea interface
generates near-inertial oscillations, which are transformed by mixing and dissipation in the mixed layer and
propagate into the ocean interior [e.g., Gregg and Briscoe, 1979; Alford and Gregg, 2001]. The near-inertial
currents are significantly modified by the presence of the coast (and reduced in magnitude) within one or
two internal radii of deformation from the coast [e.g., Pettigrew, 1981; Kim et al., 2011; Shearman, 2005].

The generation and propagation of coastal near-inertial waves have been addressed with a classical two-
layer model [e.g., Krauss, 1972; Flagg, 1977; Crepon, 1969], demonstrating that stratification is a primary fac-
tor controlling the near-inertial currents in shelf areas and enclosed basins. In coastal areas, the reduction in
the near-inertial amplitudes may result from frictional decay due to bottom friction, proximity of the shore-
line (implying no-flow conditions), or the disappearance of stratification [e.g., Pettigrew, 1981]. Crepon [1969]
studied transient ocean responses to a suddenly imposed constant wind stress and reported that inertial
motions are generated at the coast and propagate seaward. Pettigrew [1981] reported that there is a 180°
phase difference in near-inertial currents between surface and subsurface layers over the shelf and the
locally generated near-inertial energy radiates seaward away from the coast.

Freshwater plumes discharged from coastal rivers drive a strong vertical density gradient in the upper layer
and may generate surface-intensified wind responses [e.g., Kim et al., 2009a], eddies and bulge circulation
[e.g., O'Donnell, 1990; Berdeal et al., 2002; Kourafalou et al., 1996], tidal modulation [e.g., Verspecht et al.,
2010], and responses coupled with wind-driven upwelling and downwelling [e.g., Choi and Wilkin, 2007; Kim
et al, 2009b; Gan et al.,, 2009; Banas et al., 2009; Shrira and Forget, 2015]. Seasonal variability in heat and
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freshwater fluxes and wind stress leads to the changes in the depth of the surface mixed layer and stratifica-
tion strength, causing modulation in the penetration depth of the wind stress momentum [e.g., Shearman,
2005]. For example, a well-stratified water column with a shallow pycnocline has a strong wind response
confined near the surface, which would correspond to summer conditions in many regions including the
U.S. West Coast (USWC). The near-inertial current response to winds in a deep mixed layer with higher eddy
viscosity, corresponding to winter conditions along the USWC, is weaker at the surface and penetrates
more deeply [e.g., Price et al., 1986; Shearman, 2005; Kim et al., 2009a]. Thus, modulations by freshwater
inputs, heat fluxes, and wind-induced mixing generate variability in vertical energy propagation of coastal
near-inertial motions on a seasonal time scale.

In the open ocean, downward propagation of near-inertial energy has been observed to be more dominant
than upward propagation, as indicated by asymmetric vertical wave number spectra [e.g., D’Asaro and Per-
kins, 1984; Large et al., 1994; Zervakis and Levine, 1995; Crawford and Large, 1996]. Near-coastal boundaries,
reflection from shoreline and bottom topography may be expected and the near-inertial oscillations exhibit
“coastal inhibition,” when the near-inertial energy propagates at an angle from the vertical, namely, down-
ward and offshore from the surface-coast corner; at the same location the phase would propagate upward
and offshore [e.g., Kundu, 1976; Millot and Crepon, 1981; Pettigrew, 1981; Flagg, 1977] (see Kundu et al.
[1983], and Kundu [1984] for more observational details).

The two earlier companion papers [Kim and Kosro, 2013; Kim et al.,, 2014] to this work focused on near-
inertial currents in the near-surface ocean (mainly the upper 1 m depth) in terms of decorrelation scales
and wind transfer functions, with application to flows off Oregon (USWC). Specifically, Kim and Kosro [2013]
estimated the decorrelation scales of near-inertial currents using high-frequency radar (HFR)-derived surface
current data using spectral analysis and spatial coherence, which in particular provided a surface view of
the coastal inhibition of near-inertial motions. Kim et al. [2014] studied directly wind-forced near-inertial sur-
face currents with the isotropic wind transfer function analysis using only surface wind stress and surface
currents obtained from numerical simulations and in situ observations. Kim et al. [2015] discussed the aniso-
tropic wind transfer functions at three primary frequencies (low, diurnal, and inertial frequencies). In these
studies, the near-inertial currents were estimated by averaging over a year, and the effects of seasonality in
the atmospheric fluxes or the freshwater discharge were not considered. The influences of stratification and
coastal inhibition have not been thoroughly considered. In this paper, we examine variability in near-inertial
oscillations resulting from stratification changes due to freshwater inputs from the Columbia River (CR, in
summer only) and seasonal atmospheric fluxes (summer versus winter) using moored observations of sub-
surface currents, temperature, and salinity and realistic numerical model outputs run with and without the
CR. Our analysis also includes a study of the propagation and reflection of near-inertial energy at the coastal
boundaries to examine “coastal inhibition,” in particular, as this pattern exhibits seasonality.

This paper is organized as follows. Numerical simulation outputs and in situ observations are summarized
with their spectral contents and time series in section 2. In section 3, the variance in the near-inertial cur-
rents and their wind-current transfer functions are compared along a cross-shore section for different strati-
fication conditions. Particularly, the influences of riverine waters (section 3.2.2) and seasonal heat fluxes
(section 3.2.3) on the clockwise near-inertial currents are discussed. In section 3.3, the coastal inhibition of
clockwise near-inertial currents is examined with their spatial coherence along a cross-shore section. Sum-
mary and discussions of these analyses are presented in section 4.

2. Numerical Simulations and Observations

2.1. Study Domain

Numerical simulations using the Regional Ocean Modeling System (ROMS; www.myroms.org) have pro-
vided currents with an hourly temporal resolution and 2 km spatial resolution for a period of approximately
1 year (August 2008 to August 2009; see Kim et al. [2014] for more details). A subset of the domain (red
boxes in Figures 1a and 1b) was chosen to overlap with an effective spatial coverage of HFR off the coast of
Oregon, defined as the area with greater than 50% data availability over a period of 2 years (2008-2009) (a
yellow contour in Figure 1b). The study domain is enclosed by a box ranging from 126.27°W to 123.82°W
and from 42.81°N to 47.07°N, and the corresponding inertial frequencies (f,) range from —1.359 cycles per
day (cpd) to —1.464 cpd. Note that the clockwise near-inertial motions are dominant in the Northern
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Figure 1. A study domain of the influence of freshwater from the CR on the near-inertial currents off the coast of Oregon. (a) The ROMS domain and its subset (a red rectangular box)
and (b) in situ observations of the wind at the NDBC 46050 buoy (Stonewall bank; W; square), ADCP subsurface currents and CTD data at the NH10 mooring location (T; triangle), and sur-
face currents from an array of HFRs (circles). A cross-shore line (cyan) closest to the NH10 mooring location represents the cross-shore structure of near-inertial currents. A yellow curve
indicates the effective spatial coverage of the HFR surface current maps. The bottom bathymetry is contoured at 50, 100, 250, 500, 1000, 1500, 2000, 2500, and 3000 m. As a reference,
major coastal regions are denoted by abbreviated two letter names from south to north: Cape Blanco (CB), Winchester Bay (WB), Newport (NP), and Loomis Lake (LL).

Hemisphere and by convention the clockwise inertial frequency is negative (f. <0). A cross-shore line at
44.647°N (NH line; a cyan line in Figure 1b; f, = —1.406 cpd) is chosen to examine the cross-shore structure
of near-inertial currents. The simulations were run unaided by data assimilation.

2.2. Numerical Simulations

The CR is discharged into the Pacific Ocean at Oregon’s northern border (46.2°N). In winter, under downwel-
ling winds, the CR plume waters most often turn to the north and do not affect stratification off Oregon. In
spring-summer, as an effect of wind-driven upwelling, the CR plume is directed offshore and to the south of
the river mouth [e.g., Hickey et al., 2005, 2010], modifying near-surface stratification in an area, stretching for
approximately 400 km in the alongshore and 200 km in the offshore direction. During periods of relaxation
from upwelling to downwelling the plume waters are moved closer to the coast resulting in the freshening
of the near-surface waters over the Oregon shelf.

Two model simulations, with and without the CR, were run for the period from August 2008 to August
2009. These are compared to examine the influence of the stratification change due to freshwater inputs in
summer. The effect of seasonal change in horizontal and vertical stratification due to atmospheric fluxes is
studied by comparing model results without the CR for the summer and winter periods. For convenience, in
analyses below, a closed circle () and open circle (°) indicate the simulation outputs with and without the
CR, respectively.

The model uses terrain-following vertical coordinates, and the model outputs have been obtained at 40 ver-
tical levels. For present analyses, these are mapped to a z-grid with a spacing of 2 m from the surface to the
bottom. The u-component and v-component of the model currents are not colocated as they are provided
on sides of each computational cell on the staggered Arakawa “C” grid [Arakawa, 1966]. For analyses, they
are linearly interpolated to the center of each grid cell.
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Figure 2. Time series of hourly averaged surface and subsurface currents at the NH10 mooring location (T in Figure 1b) for (a and b) a period of approximately 1 year (August 2008 to
August 2009) and their two cascaded magnified views (c and d) for a period of 1 month (22 April 2009 to 21 May 2009) and (e and f) for a period of 5 days (4-8 May 2009). (a, ¢, and e)
u-component (cm s~ ). (b, d, and f) v-component (cm s~ '). Green boxes in Figures 2a-2d denote the subsequent zoom-in plots in Figures 2c-2f, respectively.

2.3. Observations

2.3.1. Surface and Subsurface Currents

Hourly averaged surface currents are provided by a network of HFRs off the coast of Oregon [e.g., Kosro,
2005; Kim and Kosro, 2013]. Hourly averaged subsurface currents for the same time period (2008-2009) are
obtained from a bottom-mounted upward-looking acoustic Doppler current profiler (ADCP), deployed at
80 m depth on the Newport (NH) line (T in Figure 1b) and located 10 nautical miles (18 km) from the coast
(NH10 mooring) [e.g., Kosro, 2003]. The ADCP data are provided between depths of 10-68 m, in 2 m vertical
bins.

The time series of current observations at the NH10 mooring location are presented with two time-depth
sections of u-component and v-component (Figure 2) with close-ups in time that can highlight significant
near-inertial motions at the surface and in the subsurface (see clockwise near-inertial amplitudes in Figures
5a-5c during early May of 2009). The yearlong current profiles exhibit the persistent poleward currents dur-
ing winter (Figure 2b). The structures of vertically continuous currents and shear currents in the upper 5 m
depth obtained from two independent observations (ADCP and HFR) are more visible at hourly time scale
(Figures 2e and 2f).

Using concurrent surface and subsurface current data, we can examine the variance distribution of baro-
clinic and barotropic horizontal velocity components in the frequency domain by looking at the difference
between the depth-averaged spectrum of subsurface currents (S,) and the spectrum of depth-averaged
subsurface currents (Sz) (Figures 3a and 3b). The depth-averaged spectrum (S,) is computed as
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Figure 3. Rotary power spectra of surface and subsurface currents for a period of approximately 1 year (August 2008 to August 2009). Depth-averaged power spectrum of subsurface
currents (S,), power spectrum of depth-averaged subsurface currents (Sg), and power spectrum of surface (layer) currents (Sy,., O Sy ), based on (a) observations (HFR and ADCP) and
(b) ROMS simulations with the CR (u.). Profiles of rotary power spectra (log,, scale, cm? s=2 cpd ') of surface and subsurface currents, based on (c) observations (HFR and ADCP) and (d)
ROMS simulations with the CR (u.). The variance at the zero frequency, i.e., the mean in the time domain, is not shown in Figures 3a and 3b, because we can highlight variance at
nonzero frequencies effectively. The primary frequencies (K;, M, S,, and f.) appear as peaks in the spectrum and are marked on the top of each plot. Negative and positive frequencies
correspond to clockwise and counter-clockwise rotations, respectively.

Su(o)= LJG Sul(z,0)dz, (1)

where Sy(z, g) is the rotary spectrum of currents, u(z, t)=u(z, t)+iv(z,t), at individual depths (z), and inte-
gration limits (h and a) are from the bottom to surface (model) or the deepest and shallowest ADCP bins.
Another spectrum (Sg) is computed for the depth-averaged currents:

a

u(t)= h1Ta Jh u(z, t)dz. ()
Figure 3a shows that baroclinic currents (black line) are dominant over barotropic currents (red line) at
clockwise M, frequency [e.g., Kurapov et al., 2003] and in the near-inertial frequency band. The baroclinic
and barotropic currents are nearly equivalent at the clockwise diurnal (K;) frequency and counter-clockwise
Ky and M, frequencies, and in the low-frequency band in both rotations. The spectra of HFR-derived surface
currents (blue line) and the depth-averaged spectrum of subsurface currents (black line) exhibit consistent
spectral contents. In particular, near-inertial energy is enhanced for clockwise currents (f. < 0).

Figure 3c shows the continuous vertical distribution of energy of the HFR-derived surface currents and
ADCP-derived subsurface currents in the upper bins. The clockwise near-inertial variance is strong through-
out the water column and is at its minimum between 30 and 40 m depth. The counter-clockwise variance
in the near-inertial frequency band is negligible and is within the noise level. Additionally, the variance at
low (Jg| < 0.3 cpd) and diurnal (both clockwise and counter-clockwise rotations) frequencies and counter-
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Figure 4. (a-i) Time series of daily averaged vertical profiles of potential temperature (°C), salinity, and potential density anomaly (p’=p—1000; kg m~3) as a function of depth, sampled
at the NH10 mooring location. (a—c) Observations. The salinity sampled at 2, 10, 30, and 60 m is interpolated on the temperature sampling depths (2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60,
and 70 m). White areas indicate missing observations. (d—f) ROMS simulations with the CR (T., S., and p!). (g-i) ROMS simulations without the CR (T-, S-, and p!). (j-0) Time series of daily
averaged surface potential temperature (°C), salinity, and potential density anomaly (p’'=p—1000; kg m~3) as a function of cross-shore distance from the shore, obtained from ROMS
simulations. (j-I) ROMS simulations with the CR (T., S., and p!). (m-0) ROMS simulations without the CR (T, S., and p!).

clockwise semidiurnal (M,) frequencies become significant at most of the water depths (Figure 3c), corre-
sponding to a predominantly barotropic signal [e.g., Kurapov et al., 2003; Osborne et al., 2011, 2014].

The energy spectra of hourly ROMS currents (u.), sampled at the same location as the ADCP, are presented
in the same way (Figures 3b and 3d). The model-derived spectral contents and their distribution in depth
are consistent with observations. The clockwise near-inertial energy is reduced between 40 and 60 m (Fig-
ure 3d).

2.3.2. Moored Temperature and Salinity Data

Vertical profiles of potential temperature were sampled every 2 min at the NH10 mooring location for a
period of 19 months (September 2008 to April 2010), using 13 sensors (2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50,
60, and 70 m), and shown here for the period of model simulations (Figure 4a). Note that the temperature
in the following sections is as potential temperature. Salinity time series were measured during the same
period at four vertical levels (at 2, 10, 30, and 60 m) and linearly interpolated on the depths where tempera-
ture data were sampled (Figure 4b). For comparison, the ROMS simulations with and without the CR are pre-
sented as a time series of (1) vertical profiles of potential temperature, salinity, and potential density
anomaly (Figures 4d-4i) at the NH10 mooring location and (2) cross-shore records of surface temperature
(T. and T¢), salinity (S. and S-), and density (p, and p.) (Figures 4j-40). In both cases, the temperature profiles
in the vertical and cross-shore directions show similar seasonal variability, caused by seasonal heat fluxes
and the strength of upwelling (Figures 4d, 4j, 4g, and 4m). The change in vertical stratification in the upper
30 m due to the CR becomes significant (Figures 4f and 4i). The low-salinity water in summer (June-August
2009) extends beyond 150 km offshore (Figure 4k) and 400 km to the south from the river mouth, reducing
the surface water density by approximately 2 kg m > at the NH10 mooring location.
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Figure 5. (a) Daily averaged time series of east-west (u,) and north-south (v,) wind components and (b) ROMS wind stress (z, and 7,) at the NDBC 46050 buoy (W at Figure 1). (c) Clock-
wise near-inertial amplitudes (cm s 1, —1555 cpd < ¢~ < —1.255 cpd) obtained from the observed surface currents (HFR) and subsurface current profiles (ADCP) at the NH10 mooring
location. The individual estimates are computed using a moving time window of 12 days with an increment of 3 days. (d and e) Clockwise near-inertial amplitudes at the same location
obtained from ROMS simulations with the CR (A") and without the CR (A."), respectively.
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Figure 6. Conditionally averaged potential temperature (°C), salinity, potential density anomaly (p/(/,z)=p(l,z)—1000; kg m~3), and buoyancy frequency (X10* s~2) obtained from
ROMS simulations under three cases. (a-d) Summer with the CR. (a) T.s, (b) S.s, (c) p! s, and (d) N,Z_s. (e-h) Summer without the CR. (e) T- 5, (f) S- 5, (9) p’ 5, and (h) NZVS. (i-1) Winter without
the CR. () T w, () Sow, (K) p’ y, and (1) N2 .

3. Results

The statistics of the coastal near-inertial currents are presented as the entire year average (and time series
for the entire year) and three conditional averages—(1) summer with the CR, (2) summer without the CR,
and (3) winter without the CR—in the form of horizontal maps and cross-shore sections. Based on the analy-
sis of observed and model stratification and wind stress (Figures 4 5a, 5b, and 6), the summer and winter
time windows for spectral analyses are referred to as April-October 2009 and November 2008 to March
20009, respectively. The corresponding three cases of conditionally averaged cross-shore transects of poten-
tial temperature, salinity, potential density anomaly, and buoyancy frequency are shown in Figure 6.

3.1. Subsurface and Surface Near-Inertial Amplitudes

The time series of the daily averaged cross-shore and alongshore wind at the NDBC 46050 buoy (15 km off-
shore of the mooring NH10) and the daily averaged ROMS wind stress components at the NH10 mooring
location show seasonal variability, including predominantly poleward storm events during winter and per-
sistent equatorward wind conditions during spring and early summer (Figures 5a and 5b).

The amplitude of currents (A” and A™) in the clockwise and counter-clockwise near-inertial frequency bands
(67) is presented as a function of depth (2) or cross-shore direction (/) or both:

2

AT (l,2)= U&tsu(l,z,&t)da} . ?3)

The near-inertial frequency band (6) is defined as the local inertial frequency (f,) with a bandwidth of 0.3
cpd. The negative (7) and positive (*) superscripts refer to clockwise and counter-clockwise rotations,
respectively. For instance, the clockwise near-inertial frequency band (67) at the NH line is equal to —1.555
cpd < g < —1.255 cpd.

The temporal variability of near-inertial currents at the mooring location is presented with time series of the
clockwise near-inertial amplitudes computed with a box-car average using a moving time window of 12
days with an increment of 3 days (Figures 5c). The estimates from the HFR-derived surface currents are
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Figure 8. Conditionally averaged amplitudes (cm s~ ") of subsurface currents, using ROMS simulations, on the NH line in the (a, ¢, and e) clockwise (—1.555 cpd < ¢~ < —1.255 cpd)

and (b, d, and f) counter-clockwise (1.255 cpd < ¢ < 1.555 cpd) near-inertial frequency bands. (a) A,fs, (b) Afjs, (c) A;s, (d) A{S, (e) A;W, and (f) AZ_’WA The location of the NH10 mooring
location is marked as a black triangle.

shown at the top of the water column. Events of intensified wind stress can be found preceding each inter-
val of the enhanced near-inertial currents. In December 2008, the near-inertial response is amplified near

bottom, below 50 m, when the upper water column over the shelf is unstratified due to downwelling and
mixing (see Figure 6i).

The near-inertial currents at the mooring location obtained from ROMS simulations with and without the
CR (u. and u-) are presented in the same way (Figures 5d and 5e). The amplitudes of near-inertial currents
with the CR in the upper 20 m are 20%-30% enhanced compared with the near-inertial currents without
the CR because of the stronger stratification in the upper layer (Figures 4f and 4i). The timing with which
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significant near-inertial currents appear is nearly consistent with observations except for an event only in
both model simulations (Figures 5c-5e). Both observed (Figure 5c) and model (Figures 5d and 5e) near-
inertial clockwise current amplitudes are enhanced near surface and shelf bottom and exhibit minimum
between 20 and 60 m, near the base of the surface mixed layer.

As mentioned in section 1, one would expect stronger surface near-inertial currents in presence of stron-
ger stratification, given the same wind stress. Off Oregon, stratification is stronger in summer and winds
are dominant in winter. So it is not a priori clear which season would experience stronger inertial motions.
The amplitudes of the clockwise near-inertial currents observed by the HFR in summer (Figure 7a) on
average over the study domain are weaker than those in winter (Figure 7d). In the area of the CR plume,
the summer inertial currents are locally intensified and are more comparable to the amplitude of the win-
ter inertial currents. The model reproduces well the intensity of the near-inertial currents in winter (Fig-
ures 7d and 7e). The model response in summer is weaker than observed in the area of the CR plume
(Figures 7a and 7b). Still, the model with the CR yields increased near-inertial current amplitudes com-
pared to the case without the CR (Figure 7c). In all the plots we see the decreased inertial clockwise
motions near coast. In winter, this area becomes wider than in summer, in part due to the low stratifica-
tion on the shelf (see Figure 6).

As seen in the NH cross-shore sections (Figures 8a and 8c), the amplitudes of clockwise near-inertial cur-
rents simulated with the CR (A) are enhanced in the upper 100 m and are approximately twice as high
as those modeled without the CR (A’), as the momentum injected by wind stress is better trapped in
the surface layer by the stronger stratification (Figure 6d) than with a well-mixed water column or
reduced stratification. The amplitudes of counter-clockwise near-inertial currents (Afs and A’) are much
smaller and are enhanced near the coast compared to offshore as the rectilinear motions should be
expected near the coast (Figures 8b and 8d). In general, above 500 m depth, there is persistent upward
phase propagation in the offshore region, which indicates downward energy propagation, possibly
caused by wind stress (not shown) [e.g., Rainville and Woodgate, 2009]. The near-inertial amplitudes dur-
ing winter (AZ),) are enhanced and found in a thicker layer as the wind events are stronger than in
summer (Figure 8e).

3.2. Primary Contributions to Near-Inertial Currents

3.2.1. Wind Transfer Function and Skill Definitions

The wind transfer function (H) is estimated using time series of the paired ROMS wind stress and ROMS cur-
rents at the surface layer (the first column in Figure 9), the cross-shore line (the third column in Figure 9),
and the mooring location (Appendix A). In other words, a single basis function (e.g., wind stress) colocated
in the horizontal location with the currents is used in this frequency domain regression analysis. The wind
transfer functions are presented as the averaged value (H”) within the near-inertial frequency band (67)
(section 3.2.2). Its amplitude (\ﬁ: ) and phase (®*) are given by

—* 1 ~+
H (Xay):EZ‘H(X5y7O-7)|7 (4)
=[H" (x,y)[e® ™), 5)

where n is the number of frequency bins. The wind transfer function is defined as

(a(x,y, o)t (x,y,0))

H ) k) = t
) Gy, o)t oy, o)+ (e€)

. (6)

where U and 7 are Fourier coefficients of currents and wind stress at the same horizontal location (x, y),
respectively, and (e€') is the noise covariance of wind stress (see Kim et al. [2009a, 2014, 2015] for more
details on the transfer function analysis). The symbol’ denotes the complex conjugate transpose. The eight
primary tidal constituents (M,, S, Ky, Oy, K3, Ny, P4, and Q,) are removed by least squares fitting prior to esti-
mating the transfer functions. An example of the wind transfer function estimated from observations (e.g.,
winds and ADCP) and ROMS outputs (e.g., model winds and currents) at the NH10 mooring location on the
Oregon midshelf is shown in Appendix A.
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The skill (k) is defined as the fraction of the variance explained by the transfer function [e.g. Kim et al.,
2009a]:

([a(x,y,0)—H(x,y,0)E(x,y,0)]%)

(0*(x,y,0)) '
Zero skill means that the variance of residuals from the fit is as large as the original variance, i.e., the process
cannot be described at all as driven by the winds.

@)

Kk=1—

Since the regression analysis using a single basis function can capture the local wind variability better than
the remotely forced wind variance [e.g., Kim, 2014], the residual of regression may contain the remotely
forced variability. Moreover, the variance due to nonlinear interactions of currents which are not directly
dependent on the wind stress may not be isolated with the wind transfer function analysis.

3.2.2. Influence of Riverine Waters

The influence of freshwater inputs from the CR on the clockwise near-inertial currents is presented with the
relative difference (o) of amplitudes of transfer functions with and without the CR (H.s and H-5) using
model simulations during summer:

_IH- 06 y) = [H_ ()l
H. s(x,y)]

o (x,y) ®

*

Similarly, o™ (I, z) can be defined for a cross-shore vertical section.

The wind transfer functions in the clockwise near-inertial frequency band (H. and H. ;) computed from
two ROMS simulations with and without the CR under the summer seasonal stratification are presented as a
surface map and a cross-shore section to examine the influence of freshwater inputs from the CR as the
wind-current responses averaged over summer. These characterize the structure of the direct and local
responses of the ocean to the winds.

The amplitudes of transfer functions with the CR are enhanced compared to those without the CR (Figures
9a and 9e). The relative difference between transfer functions with and without the CR («~; Figure 10a) is
approximately 0.5 near the coast, in particular near the CR, and is reduced to 0.1 farther from the CR in both
cross-shore and alongshore directions, which can be related to the freshwater footprints from the CR
(Figure 6). The spatial pattern of the ratio map is close to the spatial distribution of the summer-averaged
surface potential density (Figures 10c and 10d). Note that the difference of surface density can be an indica-
tor to present the stratification in the upper layer as the freshwater discharges or river runoffs tend to
spread in the upper layer [e.g., Hickey et al., 2005; Warrick et al., 2007; Kim et al., 2009b]. The spatial distribu-
tion of the time mean surface potential density changes abruptly near the CR mouth within 5 kg m~> and
smoothly offshore within 1 kg m ™ (Figures 10c and 10d). In our interpretation, stronger stratification yields
the enhanced near-inertial response given the same wind stress. Thus, the stratified condition associated
with the CR leads to 30%-60% stronger near-inertial motions. The skill (i; equation (7)) has a similar order
of amplitude both with and without the CR (Figures 9b and 9f; . s ~ K- s).

In the same manner, the transfer functions estimated from the two simulations are compared in the cross-
shore direction (Figures 9c and 9g). The amplitudes of transfer functions become reduced with depth and
nearshore, where the influence of coastal boundary conditions on the near-inertial currents becomes domi-
nant. The amplitudes and phases of transfer functions exhibit a consistent structure in the cross-shore direc-
tion (Figures 11b, 11d, and 11f). The near-inertial variance explained by wind stress in the two simulations
does not change substantially.

As the chosen cross-shore section line (Figures 9d and 9h) is located approximately 130 km south of the CR,
the direct influence of the CR may be diluted to some degree. Nonetheless, the amplitudes of transfer func-
tions in the upper 50 m are 20%-30% enhanced due to the varying stratification. The vertical and cross-
shore distributions of near-inertial variance skillfully explained with direct wind stress are nearly the same in
both cases or slightly shallower in the case with the CR than the one without the CR.

3.2.3. Influence of Seasonal Conditions

The influence of seasonal heat fluxes on the clockwise near-inertial currents can be quantified with the rela-

tive difference () of amplitudes of transfer functions during summer (H-5) and winter (H- ) using model
simulations without the CR:
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Figure 10. (a and b) Relative differences of the amplitude of the transfer functions. (a) . (b) . Note that Figures 10a and 10b share a color bar, and the gray contours indicate the iso-
bath lines of 50, 100, 250, 500, 1000, 1500, 2000, 2500, 3000, 3500, and 4000 m. (c-e) Surface potential density map (kg m ). (c) Difference between the surface potential density of two
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over summer (Ap,=p. s—p- s). (€) Difference between the seasonally averaged potential density of a simulation without the CR (Ap3=p- yy—p- 5).
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The wind transfer functions in the clockwise near-inertial frequency band (H. 5 and H. ), computed from
observations (three NDBC wind buoys and HFR-derived surface currents) and ROMS simulations (currents
and wind stress) without the CR, are presented as a cross-shore section (ROMS only) (Figures 9i-9l) and a
surface map (Figure 12) to investigate the influence of seasonal heat fluxes.

In contrast to the difference in amplitudes of seasonal near-inertial surface currents (Figures 7 and 8), the
HFR-derived summer transfer functions are approximately enhanced by 50% compared to the winter
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transfer functions (Figures 12a-12f), depending on location of wind buoys as a footprint of effective wind
forcing [cf. Kim et al., 2014, Figures 11 and 12]. The winter skills are higher than summer skills as the sea-
sonal wind events to generate near-inertial surface currents are more dominant (have higher signal-to-
noise ratio) during winter than summer (Figures 12g-12I). The residual may contain some portion of
remotely forced wind variance and baroclinic tidal currents, which can be noise in the context of wind
regression analysis [e.g., Kim, 2014]. Similarly, the amplitudes of the model-derived summer transfer func-
tion in the clockwise near-inertial frequency band are 20%-70% greater than those of the winter transfer
function (Figures 9i and 9k).

The winter wind skill varies from 30% to 70%, which is larger than the summer wind skill, indicating a larger
fraction of the current variance from directly wind-forced near-inertial surface currents during winter com-
pared to summer (Figures 9f and 9j). The relative difference between transfer functions in summer and win-
ter (f7) is approximately 0.7 near the coast (Figure 10b), which is associated with less stratified conditions
on the shelf (Figures 6i-61 and 10e).

The amplitudes of the summer transfer function along the chosen cross-shore line are 20%-70% enhanced
compared with those of the winter transfer function (Figures 9g and 9k). The penetration depth of wind
stress is approximately twice as deep in winter as in summer (Figures 9h and 9I), consistent with the
increase in the mixed-layer depth, and the near-inertial variance in winter is approximately 70% better
explained by local winds than in summer (Figures 9h and 9I).

3.3. Coastal Inhibition

The coastal inhibition of near-inertial currents is manifested in their downward energy flux from the
surface-coast corner, i.e, upward and offshore phase propagation near the coast [e.g., Pettigrew, 1981; Kim
et al., 2014]. In this section, the subsurface structures of clockwise near-inertial currents using ROMS outputs
are examined with spatial coherence and ray tracing.

The study of cross-shore coherence within the frequency band of interest and ray tracing of individual fre-
guencies of interest can be ways to investigate the phase propagation of internal motions (e.g., near-inertial
internal waves), which can present coastal inhibition in an intuitive manner showing cross-shore variation
of horizontal and vertical length scales and phases, consistent with asymmetric near-inertial currents at the
coastal boundaries [e.g., Leaman and Sanford, 1975; D’Asaro and Perkins, 1984; Zervakis and Levine, 1995].
3.3.1. Spatial Coherence

The spatial coherence (¢), or the spatial correlation within a specific frequency band [e.g., Emery and Thom-
son, 1997; Kim and Kosro, 2013; Kim et al., 2014], has been used to examine the spatial structure of variability
in a given frequency band (). Its magnitude (|¢|) and phase (0) are presented as a function of spatial lags of
the cross-shore distance (Al) and depth (Az) from the given reference location (/, z):

(G(l,2,6) & (I+Al,z+Az,6))
Vilalz,6))\/ (a(+ALz+Az,6)1)

=¢(Al, Az)|e?A-42) (1)

&(Al,Az)= 7 (10

where U(/, ) is the Fourier coefficient of current time series at a given cross-shore location (/) and depth (2),
and (-) indicates averaging over the near-inertial frequency band (¢). Negative (positive) phases indicate
that the physical variable at the reference location leads (follows) the target physical variable at the location
with spatial lags.

The spatial coherence of the full-year currents (u.) in the clockwise near-inertial frequency band along the
cross-shore line is presented with its amplitudes and phases at eight different cross-shore locations and
depths: four locations at the near-surface and subsurface, respectively. The four near-surface locations are
located within 40 km from the coast to present the coastal inhibition in the near-coast and surface regions
(Figures 13a-13d and 13j-13m). A magnified view of coastal inhibition is shown in Figures 13i and 13r.
Moreover, the four subsurface locations are divided into two nearshore locations (within 40 km from the
shore) at 30 m depth (Figures 13e, 13f, 13n, and 130) and two offshore locations at 80 m depth (Figures
13g, 13h, 13p, and 13q), which are chosen to highlight the length scales (amplitudes) and propagation fea-
tures (phases) of clockwise near-inertial currents in the cross-shore direction.
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Figure 13. Magnitudes (|¢; |) and phases (0, , degrees) of the spatial coherence of ROMS currents with the CR (u.) for the entire year in the clockwise near-inertial frequency band rela-
tive to a reference location (black or white stars) along a cross-shore line. (a—d and j-m) Four grid points near the surface and coast. (e, f, n, and o) Offshore and nearshore, two grid
points each, in the upper layer. (g, h, p, and g) Offshore and nearshore, two grid points each, in the lower layer. (i and r) Magnified views in the nearshore region of Figures 13c and 13l
(green boxes), respectively. Gray horizontal and vertical lines denote the same location of reference points in the cross-shore direction and depth. The NH10 mooring location is located
18 km from the shoreline, marked as a downward black triangle. White arrowheads in Figure 13r indicate the increasing direction of phase: The phase propagates upward over the
continental shelf, reflects at the coast, and then increases upward offshore and downward offshore at the sea surface.

The length scales of clockwise near-inertial near-surface currents increases offshore and decrease onshore
(Figures 13a-13d), consistent with Kim et al. [2014, Figure 8]. The clockwise near-inertial currents show more
coherent horizontal motions in the upper layer (above 50 m depth) than those in the lower layer (below 50 m
depth) considering the aspect ratio of the cross-shore section (Figures 13e—-13h). Comparing the amplitudes
of coherence of the near-inertial currents over the continental shelf and deep water (Figures 13g and 13h),
the length scales more quickly decrease near the coast than the phase at the near-surface (Figures 13a-13d).

The pattern of the phase propagation in the offshore region (see Figures 13n and 13p) is upward, consistent
with the result of a one-dimensional analytical model and typical patterns of inertial motion’s propagations
in the presence of the density gradient in the cross-shore direction [e.g., Krauss, 1972, 1979; D’Asaro and Per-
kins, 1984; D'Asaro, 1985]. Considering the spatial variation of the phase in a region within 40 km from the

KIM ET AL. NI CURRENTS UNDER SURFACE STRATIFICATION 8521



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011153

Magnitudes of coherence Phases of coherence Ray paths
0 i r r r r
20 [
E
Summer c
withtheCR &
a
€
Summer =
without the CR §
a
- ) -
Winter ::E'
withoutthe CR 5§ [
3
100 : y y ;
50 40 30 20 10 050 40 30 20 10 0 50 40 30 20 10 0
Distance (km) Distance (km) Distance (km)

EE———T T T T oS SESSSSe——— T e — 0=-1415cpd 0=-1.495 cpd

0 02 0.4 0.6 0.8 1 -180 -120 -60 0 60 120 180 | — ¢ =-1.435cpd 0=-1515cpd

— 0=-1455cpd — 0=-1535cpd

0=-1475cpd == 0=-1.555cpd

Figure 14. Conditionally estimated coherence of near-inertial subsurface currents referenced at a location of near-surface and nearby NH10 mooring and raypaths estimated from
conditionally averaged cross-shore transects of the buoyancy frequency for internal waves at individual frequencies (a) within the clockwise near-inertial frequency band
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() I, (f) 175, and (i) l{W. Note that raypaths of internal waves, generated from 160 km offshore and 150 m depth (Figure 15), stop at the continental slope, and the raypaths of internal
waves passing by the same reference location (e.g., near-surface and nearby NH10 mooring location) are only presented.

shoreline, the phase propagates upward onshore over the continental shelf, bounces off the coast, then
propagates upward offshore, and increases offshore in the upper layer (Figures 13l and 13r), consistent with
coastal inhibition [e.g., Kundu, 1976; Millot and Crepon, 1981; Pettigrew, 1981; Flagg, 1977]. Although the
phase can vary with the reference location, the propagating features and direction are nearly identical (Fig-
ures 13j-13m, 130, and 13q).

The seasonal variation of phases of clockwise near-inertial currents in the cross-shore direction is presented
with the coherence referenced at near-surface NH10 mooring location for the three cases (¢, ¢. 5, and
C. ) (Figure 14). Near surface, the region of the enhanced magnitudes of coherence is nearly as déep as
the seasonal mixed layers (Figures 14a, 14d, and 14g). The upward propagations over the continental shelf
are persistent over the year (Figure 13r), and the downward offshore phase propagations at surface are bet-
ter organized during winter than summer (Figures 14b, 14e, and 14h). The enhanced stratification due to
riverine water leads to the clockwise near-inertial currents, which are surface-intensified and have horizon-
tally longer length scales in the cross-shore direction (Figures 14a and 14d).

3.3.2. Ray Tracing

The raypaths (I, zy) of internal waves at a frequency of interest (¢) under a given buoyancy frequency are
estimated with the piecewise slopes (Az/Al) of the ray in the cross-shore transect [e.g., Jones, 1969; Brout-
man et al., 2004]:
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Al T =l N?

Ik

2_p
02—

- (12)

where N, ,, indicates the buoyancy frequency at the cross-shore offshore distance (/) and the depth (z)
and can be estimated with bilinear interpolation of the buoyancy frequency data at the nearby vertical bins:

(lm+1 _Ik)Nm4k+(Ik_lm)Nm+1.k

Im+1_lm

letzk = ) (13)
and m and k denotes the cross-shore and vertical depth indices in the numerical model outputs
(m=1,2,---,Mand k=1,2,---K). The ray tracing is useful to examine the propagation paths and possible
generation locations. In particular, they will show more clearly the superinertial phase propagation pattern
near coast, due to coastal inhibition, and seasonal differences.

The raypaths for internal waves generated from 160 km offshore and 150 m depth are computed using an
entire year averaged transect and three conditionally averaged transects of the buoyancy frequency (Fig-
ures 6d, 6h, and 6l), which can highlight the coastal inhibition showing the reflection at the coastal bound-
ary and the surface (Figure 15). The individual paths correspond to internal waves at individual frequencies
within clockwise near-inertial frequency band (—1.555 < ¢~ < —1.255 cpd). Although the raypaths at each
frequency are different (Figure 15a), they mostly show the onshore propagation and the reflection at the
continental slope and the surface, consistent with phase propagation patterns (Figure 13r). The reflection at
the surface and their offshore propagations depend on the vertical stratification due to seasonal heat fluxes
and freshwater inputs (Figures 15b-15d).

To highlight the influence of vertical stratification, the raypaths passing by the same reference location, i.e.,
near surface and nearby NH10 mooring location, are presented as the magnified views (Figures 14c, 14f,
and 14i), which exhibits the vertically asymmetric propagations of the near-inertial internal motions [e.g.,
Leaman and Sanford, 1975]. Onshore propagating subsurface raypaths generated from 160 km offshore and
150 depth (no reflection on the continental slope) are included to present the consistency of the phase
propagation (Figures 14b, 14e, and 14h).

4. Summary and Discussion

We investigated the influence of varying horizontal and vertical stratification in the upper layer (O(10) m),
which can be caused by coastal riverine waters and seasonal atmospheric fluxes, on coastal near-inertial
currents, using in situ observations of surface and subsurface currents and realistic numerical model outputs
off the Oregon coast. In this coastal area, vertical stratification is strongly affected by coastal upwelling and
downwelling, especially near the coast, freshwater inputs by the CR and seasonal heat fluxes, which implies
that the dominant density variation is associated with salinity during summer and temperature during win-
ter. The influence of these two factors is investigated with a transfer function analysis on near-inertial
motions, which can isolate the directly wind-coherent currents in a specific frequency band—the clockwise
near-inertial frequency band.

Based on ROMS simulations with and without the CR under identical conditions of seasonal heat fluxes, the
directly wind-forced near-inertial surface currents are enhanced by up to 60% when the near-surface layer
shows a stratified condition due to riverine waters, which corresponds with a low-salinity footprint from the
CR. In addition, the simulation without the CR under seasonal stratification indicates that the directly wind-
forced near-inertial surface currents during summer are 20%-70% stronger than those during winter,
depending on the cross-shore location. This is in contrast to the seasonal patterns of the mixed-layer depth
and amplitudes of near-inertial currents.

The coastal inhibition of near-inertial currents in the coastal region is presented with their spatial coherence
in the cross-shore direction, in which upward phase propagation over the continental shelf reflects at the
coast, then increases upward offshore and downward offshore at the surface, with the magnitudes and
length scales in the near-surface layer increasing offshore. This pattern exhibits a particularly well-organized
structure during winter. Similarly, the raypaths of clockwise near-inertial internal waves are consistent with
the phase propagation of coherence, showing the influence of upper layer stratification and coastal
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Figure 14.
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inhibition. The modulation by freshwater inputs and seasonal heat fluxes can lead to energetic mixing and
vertical energy propagation by near-inertial motions in the coastal regions.

In the coastal areas, the near-inertial motions are restricted due to coastal boundaries, which implies that
their length and time scales decrease onshore and their vertical motions are bounced at the boundaries. In
contrast, in the offshore regions, the near-inertial internal waves have more coherent vertical structure.
Thus, the aspect ratio in which the ratio of vertical length scale to the horizontal length scale of near-inertial
internal waves can be used to characterize their structure. For instance, comparing the aspect ratios above

and below the seasonal mixed layer, the one in the upper layer is higher than the other one as a result of
the enhanced vertical length scale in the lower layer.

Appendix A: Wind Transfer Function at the Mooring

The isotropic wind transfer functions with depth, estimated from the observed wind stress and surface/sub-
surface currents and the ROMS wind stress and currents over the entire records for a period of approxi-
mately 1 year, are shown in Figure 16. The enhanced amplitudes of transfer functions in the clockwise near-
inertial frequency band appear from the surface to the upper 20 m for ADCP and 40 m for ROMS and
decrease with depth because the degree of penetration of the wind stress momentum decreases (Figures
16a and 16b). At low frequency (|o| < 0.2 cpd), the transfer functions become significant at most of the
depths because the wind-driven geostrophic balance is dominant at that mooring location [e.g., Kim et al.,

2009a]. The phases of the transfer functions are consistent with the analytical models (Figures 16c and 16d)

[e.g., Kim and Kosro, 2013; Kim et al., 2015].
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