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ABSTRACT

A strong October storm generated 0.35-0.7 m s-1 inertial frequency currents in the

35 m deep mixed layer of a 300 x 300 km region of the northeast Pacific Ocean. We

observed the evolution of these currents for a 23 day period of weak winds following the

storm using a combination of 36 surface drifters drogued at 15 m and 3 moorings with

acoustic Doppler velocity profilers. We use these observations, plus a CTD survey, to

describe the subinertial, geostrophic flow in this same region. We then test whether

linear internal wave theory combined with advection by the measured subinertial

currents can explain the observed evolution of the inertial frequency currents.

The inertial currents initially have a horizontal scale much larger than the Rossby

radius of deformation, reflecting the large horizontal extent and rapid translation speed of

the storm. Although this scale is larger than that required for significant linear propaga-

tion of the inertial currents, it decreases rapidly, mostly because of the latitudinal varia-

tion in f, i.e., 03, but modified by advection due to the subinertial currents. Approximately

8 days after the storm, the mixed layer inertial currents begin to decay, reaching half

their initial energy in about 12 days. The rate of decay is slightly faster than predicted by

linear theory. The observed inertial currents decay to background levels in 23 days,

much faster than predicted. Theoretically, the subinertial frequency vorticity should

strongly modulate the evolution of the mixed layer inertial motions. This effect should

be observable in these data; it is not.
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Although the observed mixed layer inertial frequency motions have many of the

characteristics predicted by linear internal wave theory, it cannot predict their evolution

in detail.
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1. Introduction

The famous equations of Ekman (1905) describe how a homogeneous ocean

responds to the wind. A steady wind produces a steady response at an angle to the wind

stress. An unsteady wind produces both a steady response and velocities that oscillate at

the local inertial frequency. Both responses are commonly found within the nearly homo-

geneous mixed layer of the upper ocean. The steady component is described, for exam-

ple, by Price et al. (1986), Davis et al. (1981), and Price et al. (1989). The inertial fre-

quency component, which we will call inertial currents or inertial motions, is described

by Webster (1968), Pollard and Millard (1970), Pollard (1980), Price (1981), and many

others. Usually, these motions are nearly uniform across the mixed layer, reflecting rapid

mixing within the mixed layer. This often produces a strong shear across the mixed layer

base, where the mixing rate is smaller, and thus significantly affects the mixed layer

dynamics. Strong storms commonly produce energetic inertial currents in the mixed

layer.

A simple, but very useful, model assumes that the mixed layer velocity is vertically

uniform and that the ocean is horizontally homogeneous. Under these assumptions Pol-

lard and Millard (1970) write the momentum budget of the mixed layer as

dU +iJU=T-rU (1)
dt

where the horizontal current components (u,v) are represented by the complex number

U = u + iv and the wind stress components (Tx,'ry) by T = (,c, + ity)IpH. The mixed layer



depth is H and its density p. With r = 0, this is Ekman's model with an infinite eddy

diffusivity within the mixed layer and zero elsewhere. The steady Ekman layer has a

velocity UE = TI(ifpH). Such a model, however, cannot account for the observed decay

of the inertial currents in the absence of continued forcing. Accordingly, Pollard and Mil-

lard (1970) added the empirical "decay parameter" r. The resulting model, (1), often

makes good predictions of mixed layer inertial currents (Pollard 1980; Thomson and

Huggett 1981; Paduan et al. 1989) provided that an appropriate mixed layer depth is

used. The decay parameter is not constant, but typically has inverse values in the range

of 4 to 20 days. A major goal of this paper is to understand the physics associated with

this decay.

Many investigators, starting with Pollard (1970), have proposed that mixed layer

inertial currents decay by propagating into the thermocline and deep ocean as near-

inertial frequency internal waves. Considerable evidence supports this idea. Observa-

tions of near-inertial motions below the mixed layer usually are consistent with dom-

inantly downward-propagating waves (Leaman 1976; D'Asaro and Perkins 1984; Miller

et al. 1983) carrying a vertical energy flux comparable to the flux of energy from the

wind to mixed layer inertial motions (D'Asaro and Perkins 1984; D'Asaro 1985; Kise

1979). Observations of near-inertial motions associated with both midlatitude storms

(Kundu and Thomson 1985) and, in particular, hurricanes (Price 1983; Sanford et al.

1987) commonly show the expected increase in thermocline near-inertial motions and
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many of the structural features expected for linear propagation.

Dynamics other than wave propagation has also been been proposed to explain the

"decay factor" in (1). Bell (1978) suggests that high-frequency internal waves generated

at the base of the mixed layer can transport its momentum into the thermocline. Kroll

(1982) proposes a viscous instability of the mixed layer. Others (Smith 1973), despairing

that linear dynamics could be made to account for real observations, have concluded that

the wind itself is the major agent for both generating and dissipating inertial currents.

The background mesoscale eddy field can also change inertial frequency currents in

ways not described by (1). Kunze (1985), for example, shows that mesoscale vorticity ý

acts to shift the Coriolis frequency for near-inertial frequency internal waves from f to

feff =f+ %. Subinertial frequency currents can also advect and strain inertial currents.

It has become common to refer to near-inertial frequency motions in the ocean as

near-inertial frequency "waves," thus implicitly accepting that wave dynamics controls

their evolution. The main goal of our paper is to test this hypothesis.

We analyze the evolution of inertial currents generated by a single isolated storm

that passed over the OCEAN STORMS array on 4 October 1987. The oceanographic

response to this storm was sampled using a diverse set of instrumentation. High-

resolution sampling in depth and time was achieved using a six-element moored array

concentrated in the upper 100 m of the ocean, but extending over the full ocean depth;

high-resolution sampling in the horizontal and time was obtained using a 36-element
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surface drifter array, and high-resolution in three dimensions was achieved using surveys

of air-deployed expendable velocity profilers. These data resolve the horizontal and

vertical structure of the inertial currents for nearly a month after the storm over a region

several hundred kilometers square.

Due to the complexity of the data and analysis, our work is presented in three parts.

Part I describes the subinertial flow and the generation and decay of the mixed layer iner-

tial currents. Part II (D'Asaro et al. 1994) describes the propagation of these currents

into the thermocline. Part II (D'Asaro 1994a) compares these observations in detail

with a nonlinear numerical simulation of flow. Simple dynamical tests on the inertial

motions are made in Parts I and 11; a direct comparison with model simulations is made in

Part 111.

Many of the other papers in this volume contain complementary information.

Crawford and Large (1994ab) describe the wind field, the associated generation of the

mixed layer inertial currents, and the resulting upper ocean mixing. Zervakis and Levine

(1994a,b) and Qui et al. (1994) use a subset of the data presented here to test the dynam-

ics of the inertial motions. Matear (1993) has described the low-frequency motion.

Paduan and Niiler (1993) have described the mixed layer low-frequency motions and the

mixed layer heat budget.

2. Theory
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a. Linear wave theory

We consider the inviscid, linear response of a horizontally uniform, fiat-bottomed

ocean following Gill (1984) and D'Asaro (1989). A strong storm accelerates inertial

currents in the mixed layer in a time that is short compared with the near-internal fre-

quency wave propagation time. At time t = 0, the horizontal velocity is U(x,y,t)Z(z).

For times t >0 the wind stress is zero.

Gill (1984), Kundu and Thomson (1985), and Eriksen (1988) show that the barotro-

pic response to a fast moving storm is weak, so we considered only the baroclinic, near-

inertial frequency response. The initial velocity profile is expanded in terms of the

hydrostatic baroclinic modes of the stratification, p,(z):

(Zz) =, C;Pp (Z), (2)

n=1

where p,(z) is the eigenfunction of the n th mode. Defining a complex velocity U as in

(1), the solution to the linear equations is also written as a sum of modes,

U (x,y,t) = 1 Uji(x,Yt)Pn(z)e- , (3)
nz=1

where &I is the amplitude of the inertial component of mode n and fo is the inertial fre-

quency at a reference latitude. Smith (1973) and D'Asaro (1989) analyze the linear

equations of motion under the assumption that U[,, varies slowly compared with f' 1 and

find a simplified equation that governs its evolution:
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n V2 + i (f (y) - fo) &In (4)

Equation (4) filters high-frequency gravity waves from the equations of motion. On an

f-plane, or locally in a WKB sense, (4) produces the familiar dispersion relationship for

near-inertial motions.

C2Cfl- ( 2 (5)

where co is the frequency, c, is the modal phase speed, and a 2 = k 2 + 12, where k and I

are the horizontal wavenumber components.

The initial stages of wave propagation can intuitively be described by "inertial

pumping" (Price 1983; Gill 1984; D'Asaro 1989). The divergence of the inertially oscil-

lating mixed layer currents produces an oscillating vertical displacement of the mixed

layer base. This results in oscillating pressure gradients in the thermocline and

accelerates inertial currents at depth. The rate of energy transfer depends on the horizon-

tal scale of the mixed layer inertial currents, as expressed by the V2 term in (4). Small-

scale inertial currents propagate more rapidly than large-scale inertial currents.

Mathematically, it is more convenient to describe the evolution of the mixed layer

inertial currents using the normal mode expansion (3). Gill (1984) derives a simple

expression for the rate of decay of mixed layer inertial currents. He considers the case in

which the mixed layer inertial currents at t = 0 vary sinusoidally:

Ul(x,y, 0) = _loei<'(+1y) (6)



.I0-

The modal amplitudes are

UJ.(x,y, 0) = a,.Uoe.('+'y) (7)

Each mode has a different frequency given by (5), so its phase relative to a pure inertial

rotation is

2
0.(t) = -aCt. (8)

2f
Since c,. decreases with n, the low modes have the highest frequency and rotate fastest.

Gill (1984) defines times

to
tn = --- (9)

for which 0,, = ½27c. At time tI, the first mode has rotated 900 and the amplitude of the

mixed layer inertial current is reduced from UO to about (I -0o )U 0 .

This can also be understood in terms of group velocity. The horizontal group speed

of the nth mode is

GH = (10)

f
At time t, the mode has propagated a distance

A = R 0(11)
(X

or half a wavelength. Thus at time tn, the mode has begun to propagate away from its

initial location. The initial decrease in mixed layer inertial current amplitude at time r1

is therefore not restored at later times.



These results can be simply summarized following Gill (1984); mode n separates in

phase from the higher modes near time t,, and begins to propagate away from its genera-

tion region. Thus at time tr the effect of the lowest mode disappears from the mixed

layer and the mixed layer velocity decreases to a fraction I -CF, of its initial value. Simi-

larly, at time t 2 the amplitude decreases to I -a, - Y2 , and so on.

Mixed layer inertial currents are not generally sinusoidal as assumed above. Below,

we will generalize these relationships to allow direct comparison of the above theory

with our data.

b. Subinertial current effects

Equations (4) and (5) show the critical dependence of the linear propagation rate on

the horizontal structure of the mixed layer inertial motions. Mesoscale subinertial

currents can play a large part in determining this structure, as described, for example, by

Kunze (1985). We therefore analyze this effect by scaling the equations governing the

evolution of mixed layer inertial currents in a way appropriate for our data.

Consider a vertically uniform mixed layer of depth H with near-inertial frequency

currents (u,v) of typical magnitude t• and scale Nsuperimposed on a mesoscale eddy field

with velocities (U, V) of typical magnitude U and scale L. For our data, L is comparable

to the Rossby radius of deformation (20-30 km). In contrast, the wind-generated inertial

currents initially have a much larger horizontal scale, set by the wind, of many hundreds



-12-

of kilometers. Thus t > > L The wind-generated inertial currents have amplitudes of

35-70 cm s-t, much larger than the typical mesoscale currents of 5 cm s-1 , so Li >> >,

but UIL is comparable to LIP Under these conditions, the Boussinesq horizontal momen-

tum equations for (u,v) are

Du DP T•X
Du + u'VH U -fv = POT -• + (12a)

Dt d poll

Dv -ap ,1bDt--U'VHV + fu = POl i• + pH(12b)
Dt~dy poll

Averaging over an inertial period, we can rewrite these as

auaT + V'VU + ifffU = T + P, (13)

with complex notation for the mixed layer velocity U as in (1),

feff(X,Y) = f (y) + Y/a(x,y), (14)

and the subinertial vorticity is

a _ a__ (15)
ax ay

All linear wave propagation effects act through P = (IX + iPy)IPo.

The subinertial velocity field shifts the effective inertial frequency to feff(x,y) and

advects the inertial currents, thus Doppler shifting their frequency, straining their spatial

structure, and changing their wavenumber spectrum. We will attempt to find these

effects in our data.

3. Data
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a. CTD profiles

A grid of 34 CTD stations was made at the OCEAN STORMS site from 30 Sep-

tember to 7 October from the CRV Parizeau. Measurements were made with a Guildline

8705 CTD, calibrated by water samples (Tabata et al. 1988). Most stations were to a

depth of nearly 1500 dbars. The CTD salinity was corrected using water samples and

occasional full hydrocasts analyzed on board. Differences between the calibrated CTD

data and the hydrocast data ranged from less than 0.005 psu to 0.02 psu (I psu = 11oO.

This suggests a typical error of 0.01 psu. If constant with depth, this is equivalent to

about 0.006 surface dynamic meters referenced to 800 dbars, which is negligible.

b. Near-surface drifters

An array of Argos tracked TRISTAR drifting buoys (Paduan and Niiler 1993; Niiler

et al. 1987) drogued at 15 m were deployed starting on day 275 of 1987. A total of 15

were operational by the beginning of t .' storm on day 277 (4 October). The array grew

to 36 drifters by day 282 and contained 35 on day 295.

Niiler and Paduan (1994) describe a model in which these drifters slip downwind

relative to the water at 15 m at 0.1% of the 10 m wind speed for moderate and low wind

speeds. During the period of interest here, days 278-300 of 1987, the maximum 10 m

wind speed was just below 10 m s-1 and the vector mean wind speed was about 3 m sý-.

The maximum predicted slippage is thus 0.01 m s'- and the vector average is
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0.003 m sq. Almost all of the CTD profiles showed a well mixed layer extending to

about 40 m, so we expect little slippage due to shear.

Even for a perfect drifter, the velocities at 15 m should be correlated to the wind

due to the presence of wind forced motions at 15 m. Niiler and Paduan (1994) correlate

wind stress and drifter motion for 47 TRISTAR-I drifters including the ones used here.

The drifter velocity coherent with the wind is 700 to the right of the wind with a magni-

tude r/pfHeff for wind stress T, water density p, and an effective depth H"ff equal to

about 35 m. Using a typical wind stress of 0.05 Pa during the period of interest here, a

wind forced flow of about 0.012 m s-1 is predicted. The vector average stress of 0.03 Pa

would produce an average flow of 0.008 m s-1.

The raw buoy positions obtained from System Argos were demodulated into inertial

and subinertial positions and velocities in two ways. The method described by D'Asaro

(1992) uses smoothing splines with a smoothing parameter of 4/f. This was used on only

two drifters (Argos ID 7986, 7951). An objective analysis method, described in the

appendix, was used on the remaining drifters. The two methods produce very similar

results. The average difference in the demodulated inertial component of velocity is

about 0.1 cm s-1 and the rms difference around this mean is about 2 cm s- 1, somewhat

less than the estimated rms error in the first method (D'Asaro 1992). The rms difference

between the subinertial velocity components computed by the two methods is about

0.5 cm s-l, about 60% of the error in the first method as estimated by D'Asaro (1992).
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Spectrally, the objective analysis scheme has a slightly narrower bandwidth and thus

roughly 20% less energy for periods of 1.5 to 4 days. D'Asaro (1992) shows that energy

in this band can be aliased by the irregular Argos sampling pattern, so the difference

between the two schemes is concentrated in the region of most intrinsic uncertainty.

Figure I shows the interpolated trajectories for all the drifters. There is clearly a

strong inertial component, shown by the clockwise rotating circles, and a smaller

subinertial component.

c. Moorings

Velocities from three moorings (central, C; northern, N; and western, W) (Davis et

al. 1994) are used here. Their locations are shown in Fig. 1. All contained acoustic

Doppler current profilers (ADCP) looking upward from (110 m). An Argos transmitter

on the surface float of each mooring was used to remove the mooring motion. Velocity

was computed from these data, using the objective analysis scheme described above, and

added to the ADCP velocity to form the oceanic velocity. Subinertial velocities were

computed using a low-pass Butterworth filter with a 0.4 cpd cutoff. Inertial velocities

were obtained by complex demodulating the velocity at a frequency of 1.5 cpd and low-

pass filtering the result with the same Butterworth filter.

d. Wind
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Wind was measured using a propeller anemometer mounted at 3 m height on the C

mooring. Crawford and Large (1994a) describe other OCEAN STORMS wind measure-

ments. Wind stress was computed as in Large and Pond (1981), but with no correction for

stratification since it will have minimal effect at the high wind speeds encountered here.

We have several reasons to regard these stress estimates with suspicion. First, the log-

ging system was less than ideal: 15 minute average speed and instantaneous direction

every 15 minutes. Second, the drag coefficient on short time scales can vary by a factor

of 2 over several hours in storms similar to ours (Large and Pond, 1981). Third, com-

parison with other wind data, from Large et al. (1994), suggests that these wind speeds

are low at high wind speed, relative to a 10 m reference, due to wave sheltering. They

correct the winds for this effect and thus produce better predictions of mixed layer velo-

cities. We will use these corrected data.

4. Subinertial velocity

a. Measured

The heavy arrows in Fig. 2a show all subinertial velocities from the drifters and

moorings from days 280-300. For each record the data have been low-pass filtered using

a cubic smoothing spline, with a 4 day smoothing parameter and subsampled every

4 days. The resulting 212 vectors form a consistent flow field, with nearby vectors almost

always having similar magnitude and directions. We thus trade temporal for spatial reso-
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lution and treat all the data together. These vectors are objectively mapped following

Bretherton et al. (1976), assuming that the true velocity field is nondivergent and is

characterized by the analytical correlation functions from McWilliams (1976a,b) and

Shen and McWilliams (1978). Transverse and longitudinal correlation lengths of 150 V

and 40 kin, respectively, and an instrumental error of 5% provide a good fit to the di

(see appendix). This analysis produces fields of horizontal velocity (Figs. 2a-2d),

streamfunction normalized to equal dynamic height at 47.5*N (Fig. 2b), relative vorticity

(Fig. 2c), and absolute vorticity A = ý + f (Fig. 2d). We plot only data for which the

mapping error is less than 60%. Most of the domain has a mapping error between 20%

and 40%.

Figure 2 shows a subinertial flow that is northward and eastward with embedded

eddies. The spatial mean flow is 0.027 m sý- to the northeast, and the rms eddy velocity

about this mean is 0.053 m s-1 . The vorticity field shows the eddies to be dominantly

anticyclonic with an rms vorticity of 0.023f and a maximum anticyclonic vorticity of

-0.07f at the bottom left of the domain. The strain field (not shown) has smaller correla-

tion spatial scale, about 20 km, but an rms value comparable to vorticity. A large scale

straining vv = 0.005f is apparent in the rapid acceleration of buoys out of the domain to

the north and to the south.

The eddies have a typical scale of about L = 40 km and thus a Rossby number

Ro = UIJL of about 0.01. We expect the flow to be geostrophic and nearly nondivergent
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as assumed. The vorticity equation appropriate for low Rossby number flow

D( + )V-u (16)
Dt

implies that V'u is a factor of Ro smaller than the vorticity. However, the streamline and

absolute vorticity fields (Figs. 2b and 2d) are well correlated. The residual in absolute

vorticity from this correlation is 0.015f, only slightly above estimated mapping error of

0.013f. Therefore, U. is constant along streamlines to within the measurement error, and

(16) implies V-u = 0. The divergence is even smaller than scaling would indicate. The

vorticity equation is therefore consistent with our assumption that the subinertial, near-

surface flow is steady over 25 days.

b. Geostrophic velocity

CTD data provide a second estimate of the subinertial surface flow. Figure 3 shows

contours of surface dynamic height relative to 800 dbars objectively mapped (Bretherton

et al. 1976) using a Gaussian correlation function with a 100 km scale (see appendix).

The pattern is similar, but somewhat smoother than the dynamic height computed from

the velocity data in Fig. 2b. The anticyclonic eddy near the moored array (47.50 N,

139*W) is not evident in the CTD data, probably because it fits between the CTD stations

and is thus poorly sampled. The CTD-derived and buoy-derived surface dynamic heights

are correlated with r = 0.9, a slope of 1.06, and a residual error (1.2 dynamic cm) com-

parable to the CTD calibration error. For deeper reference levels to 1500 dbars the
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correlation is equally good but the CTD-derived dynamic height is too large; for shal-

lower levels to 500 dbars it is too small. The flow in the upper 1500 m is therefore nearly

geostrophic with a level of no motion near 8 MPa. Matear (1993) obtains similar results

using a full inverse of this data.

The subsurface geostrophic velocities, computed from these dynamic height data,

are in nearly the same direction as the surface geostrophic velocity at the same horizontal

location; they are reduced in magnitude, however, by a factor that decreases nearly

linearly to zero at the reference level. This correlation persists, with opposite sign, to the

end of our data at 1500 dbars. The residuals from this correlation are always below

0.02 m s-1. However, the surface geostrophic kinetic energy is only 34% of that meas-

ured directly by the drifters. Furthermore, the subinertial velocities measured on the

PCM and OSU moorings (Davis et al. 1994) do not show a strong correlation between

near-surface and subsurface velocities. This suggests that only the larger-scale subiner-

tial velocity measured by the CTD data is correlated in depth and that the subinertial

velocity on scales smaller than 50 km has a more complex vertical structure.

S. The storm

Figure 4 shows the wind stress and the currents predicted from it using (1) with

r = 0. We choose H = 55 m based on the observed vertical profile of horizontal current

measured after the storm (Part II). We define the backrotated inertial current vector as
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UI = i + 1i = (u + iv)eIfo(V o - ) (17)

with fo equal to the inertial frequency at 47.5"N and t o defined as the start of day 278. If

u and v were a pure inertial oscillation at this latitude, then i and ; would be constant.

The inertial speed is I & I and the phase of & corresponds to the direction of the inertial

currents at to.

The storm on day 277 is the only large wind event in the region during October

1987. The predicted mixed layer inertial currents are about 0.6 m s-l. The winds are

weak for the next 25 days, with (1) predicting about 0.1 m s"1 change in the inertial

current due to the wind, mostly in the sense to rotate U counterclockwise. To first order,

we can ignore the wind forcing through about day 298. The wind forcing increases,

thereafter, with a large storm occurring on day 309.

A surface isobar chart at 277.5 (Fig. 5) shows the structure of the storm. This was

constructed using all available surface wind and pressure measurements and satellite

photographs (N. Bond, personal communication, 1990). A cold front rotating around a

low to the north of our area moves eastward over the site preceded by a warm front. The

main wind shift occurs at the cold front; this is preceded by a smaller wind shift at the

warm front. The relative timing of these shifts makes this storm a particularly effective

generator of mixed layer inertial currents (Crawford and Large 1994b). From analyses

based on satellite imagery and surface reports, the triple point at the junction of the warm

and cold fronts translates at 18.5 m s-l toward 630T. The cold front itself translates
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almost due eastward at about 16 m s-1 . It is difficult to estimate the errors in these

numbers but 2-3 m s0 and 15-20O are reasonable.

6. Inertial currents

a. Maps

Energetic inertial oscillations are obvious in the buoy tracks (Fig. 1). We use drifter

7944 at approximately 48.51N, 140.4*W as an example. Before the storm (northwest end

of track), the buoy drifts southeastward at 4-6 cm s~l with superimposed inertial oscilla-

tions of comparable magnitude. Four inertial periods from the start of the track, the iner-

tial oscillations increase dramatically as the storm passes over the buoy. The inertial cir-

cle is about 14 km in diameter, implying an inertial velocity of about 0.7 m S71. The

currents remain this large for about 10 days, and then slowly decrease, reaching prestorm

levels about 20 days after the storm. A similar pattern occurs at each of the drifters,

although those deployed after the storm do not show the prestorm conditions.

For each drifter and mooring, we compute the backrotated inertial current vector

(17) as described in section 2. The panels of Fig. 6 show these vectors for days 276-300

at 5 day intervals. The speed and direction contours show the results of objectively map-

ping these vectors using a Gaussian correlation function with a 90 km scale and 10%

measurement error. The correlation scales of the data change dramatically with time, but

we have not accounted for this in our mapping.
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Before the storm (Fig. 6a) the mixed layer backrotated inertial vectors have a nearly

uniform amplitude (0.1 m s0) and direction. Two days after the storm (Fig. 6b), they are

much more energetic (0.35-0.7 m s-l) and still nearly uniform across the array. Clearly

the storm has accelerated inertial currents within the mixed layer with approximately the

magnitude predicted in Fig. 4. These have a horizontal scale of hundreds of kilometers,

comparable to the scale of the storm (Fig. 5), and smaller scale variations.

Between days 280 and 285 (Figs. 6b and 6c), the amplitude of the backrotated

mixed layer inertial vectors does not change significantly, but their direction develops a

pattern of clockwise rotation toward the north. This pattern intensifies through day 295

(Figs. 6d and 6e) as the amplitude decays. The rate of decay is slowest in the northwest

quadrant of the array and fastest in the southeast. By day 300 (Fig. 6f) the mixed layer

inertial currents have decayed to nearly their prestorm level. The major goal of this paper

is to understand these patterns.

b. Dominant spatial scales

The spatial structure of the inertial currents is easily explained following D'Asaro

(1989). The wind stress pattern associated with the storm has a spatial scale large com-

pared with that of the array and moves across the array in a small fraction of an inertial

period. Accordingly, the inertial currents generated by the storm have a scale large com-

pared with the array's. If we assume that the inertial currents rotate at the local inertial

frequency, but that f varies as fo + P3y, then
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=eipY(* -,o) (18)

The north-south wavenumber I decreases as -Pt, while the east-west wavenumber k

remains constant. A 1800 phase change across a 300 km array will occur in 8 days, in

rough agreement with the observations.

More quantitatively, we find the dominant wavenumber of the backrotated mixed

layer inertial currents by fitting a single plane wave to the data

U(x,y) = Ufe'e(x+ky) + UR(x,y) (19)

using the algorithm described in the appendix. Here &fit is the complex wave amplitude,

k and 1 are the wavenumbers, and UR is a residual. The phase of Ufgj is set by referenc-

ing x and y to a point near the center of the array (47.5*N, 139.5'W).

Figure 7 shows the parameters of (19) for days 276-300. The number of data points

increases from 14 on day 276 to about 40 on day 285. The energy in the fit

Efit =!/21 Ufit 12 (shading) is more than 90% of the total energy Et,. through day 290.

(There is some imprecision here since Ett is the average of the energies of the irregu-

larly spaced buoys). After day 295, the fit energy is less than half of the total, so (19)

does not describe the field well. The uncertainties in the parameter values are indicated

by the symbols, which show the results of fitting 40 realizations of a Monte Carlo simula-

tion of the data as described in the appendix. The 2nd and 39th ranked realizations are

approximate 95% confidence limits. By about day 297, these become sufficiently large

to make the fits nearly meaningless.
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Both the total energy and the energy in the fit increase dramatically on day 277 due

to the storm. For the next 23 days the energy decreases, slowly at first, then more

rapidly; by day 300, I1 &t I is about 0.05 m s-1. The direction of Uf/t increases slightly at

first, corresponding to a slightly subinertial frequency, and then decreases, corresponding

to a frequency of about 1% above f. The horizontal wavenumbers are initially small,

corresponding to a wavelength of about 1700 km. They then evolve nearly as predicted

by (18); k remains constant within the confidence limits and 1 decreases as -o3t (Fig. 7,

dashed line). Between days 290 and 200, 1 deviates slightly from this dependence.

c. Spatial variability

The decay rate of the mixed layer inertial currents is faster in some places than in

others (Fig. 6). We therefore define four geographical subregions (NE, NW, STH, CL) in

Fig. 1, each containing a subgroup of drifters and moorings. For each region, we fit (19)

and display the fit parameters in Figs. 8-11. Statistically significant variations between

these regions are apparent. The inertial currents are most energetic in NW and least in

STH. They decay faster in CL and NE than in NW. Similarly, 1 is less negative in NW

and more negative in CL; it decreases fastest in STH and slowest in NE.

7. Dynamical tests

a. Storm forcing
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The storm on day 277 generates inertial currents in the mixed layer. The slab model

(1) using the winds at mooring C predicts an amplitude of about 0.6 m s-l (Fig. 5), com-

parable to the 0.50-0.58 observed in the CL cluster (Fig. 10). If we model the wind as

due to a storm of fixed shape which translates over the ocean with a velocity G, then (1)

implies that the resulting mixed layer inertial currents will have a phase speed c = f/a

equal to I G I and a horizontal wavenumber with the same direction as G. Extrapolating

the wavenumbers in Fig. 7 to the time of the storm, day 277.5, we estimate

c = 29± 5 m s~l on a heading of 73 ± 10'T. This is about 50% faster than the meteorolog-

ical estimate of the storm advection speed, 18.5 m sý-, but in approximately the same

direction. We conclude that the assumption of a fixed shape, translating storm is not very

accurate here, unlike in D'Asaro (1994b) or Kundu and Thomson (1985). The winds of

this storm rotate at almost exactly the inertial frequency and are therefore very efficient

generators of mixed layer inertial currents (Crawford and Large 1994b). The amplitude

and phase of these currents may therefore be quite sensitive to the details of the wind

field, perhaps explaining the observed difference between c and I G I.

b. The 0 effect

The spatial scale of the mixed layer inertial currents decreases by an order of mag-

nitude in the 20 days following the storm. Figure 7 shows that this is almost entirely due

to a decrease in the north-south ,vavenumber I at a rate -O3t. This is in excellent agree-

ment with (18).
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c. Does f = fff ?

Formulation. During the storm and for about 10 days thereafter, the mixed layer

inertial currents have a horizontal scale much larger than the Rossby radius, so equation

(13) is valid. Furthermore, the rate of linear wave propagation is small (see below).

Under these conditions, the P term can be ignored in (13) and it reduces to
t I

III(t) = &I (t0 ) + I ifeff&Idt + fe ife'fITdt , (20)
Io to

where the integration is along a Lagrangian trajectory of the mixed layer. Equation (20)

differs from (1) in that the mesoscale vorticity changes the effective inertial frequency to

feff. We now test whether we can see this effect in the data.

Generation of inert'l currents and feff. We first examine the generation of mixed

layer inertial currents by the storm. The dependence of U,/ on fff was quantified by

evaluating (20) for different values of fff using the same wind stress from Fig. 4. We

assume U = 0 at day 275. We find that a vorticity of -0.08f increases I U& I on day 280

by 0.1 m s1l and rotates its direction 150 clockwise. The same calculation using winds

measured at other sites within the array gives similar results.

Figure 12a overlays contours of the measured I UI I averaged over days 280-284, as

in Fig. 6, and relative vorticity ý (shaded) from Fig. 2. There is a general increase in

I U& I to the northwest, with smaller scale fluctuations. The fluctuations seem to be corre-

lated with the vorticity. Figure 12b isolates the fluctuations by removing the larger scale
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trend with a quadratic smoothing spline (Wahba 1975); the smoothing parameter is

44 km. The main feature is a central minimum in ý of magnitude -0.02fcorresponding to

a 0.13 m sý- increase in I U II and an II0 counterclockwise rotation of its direction.

These changes are 3 to 4 times larger than predicted by (20), and the rotation is in the

wrong sense. They cannot be caused by the direct effect of feff.

The wind stress and mixed layer depth, or some integrated equivalent, are the most

obvious factors influencing the inertial currents generated by the storm. The data indicate

that the combination of these can easily produce the variations in U, seen in Fig. 12 and

that any correlation of these with vorticity is indirect. Crawford and Large (1994a,b)

show that the difference in measured wind at two drifting buoys 50 km apart near 48.5*N,

139*W produces a difference of about 0.2 m s-l in U1, in agreement with the observa-

tions. Similarly, mixed layer depths measured after the storm at the nine thermistor

chains deployed in this region vary from 29 m to 41 m, a variation capable of producing

about 0.2 mn s-1 change in UI. These data are limited, but suggest a correlation between

mixed layer depth and ý in the right sense to produce the observed correlation between U

and ý.

Evolution of inertial currents and feff. The variations in feff should modulate the

phase of the mixed layer inertial currents. We test for this by integrating (20) along each

drifter trajectory with &,(to) set from the parameters of the fit of (19) at day 280. These

simulated data are then fit with (19) and the fit parameters shown in Fig. 13, along with
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the fit parameters for the data. Three variants on (20) were used: (i) assuming • = 0; (ii)

using the ý from Fig. 2c; and (iii) averaging U along each trajectory to form U and

using C = <U >-f. Note that Ett is constant by construction since (20) only changes the

direction of Ui. In all simulations, we assume T = 0 since the winds are light during this

interval.

The best agreement between the data and (20) is found by assuming • =0. Includ-

ing C in (20) produces small-scale structure in U1 , destroying the large-scale coherence

and resulting in a rapid decrease in Eft. This is illustrated in Fig. 14. On day 280

(Fig. 14a), the U1 are initialized to a constant amplitude and a linearly varying direction.

With C = 0, the vectors on day 288 (Fig. 14b) are very similar to those observed (Fig. 6c),

with perhaps somewhat more small-scale structure. Including C, however, either directly

(Fig. 14c) or via <U > (Fig. 14d), produces much more small-scale structure than is

observed. Either the C does not affect feff, or some other force acts to eliminate the

small-scale structure produced by it.

We cannot dynamically justify setting C = 0 in (20). Doing this, however, leads to a

remarkably good prediction of the fit wavenumbers, both using all the drifters [Figs. 7

(heavy dashed line) and 13] and in each of the subgroups (heavy dashed lines in

Figs. 8-11). In particular, it predicts both the average deviation of 1 from the -Pt line

(Figs. 7 and 13) and its variation between subregions. This indicates that horizontal

advection, and the resultant straining of the mixed layer inertial currents, plays a measur-
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able, if small, role in determining their structure.

d. Linear wave theory

Gill (1984) predicts the approximate residence time of mixed layer inertial currents

based on their horizontal scale, i.e., (9). In our data, the horizontal scale of the inertial

currents varies rapidly in time. Following D'Asaro (1989) we modify (8) so that the

phase of the nIh mode at time t is

t 2

0,,(t) = J-•. a(t)2dt. (21)
0 2f

Gill (1984) then predicts that the amplitude of the mixed layer inertial currents will be

reduced by a factor q,, at time t, such that On(tn) = /27c. Table 1 lists cn and the cumula-

tive an computed from a representative CTD profile and a Z (z) taken from moored velo-

city observations (see Parts II and II). The values of c 1 and c2 are quite stable; using

different CJ7D profiles results in changes of less than 10%. The an vary due to both

stratification and Z(z); reasonable bounds on ol are 0.12-0.15.

Figure 15 compares the observations and linear predictions of the quantity y,,

defined as the time for Efit to fall to half its value on day 280 (day 282 for subgroup CL).

Theoretically, Table 1 shows that (1- 20 _2½)2 is close to 0.5, so the predicted x/,2

corresponds to the time when mode 1 has separated and mode 2 is about half way

separated. We expect this to occur at approximately 2(tl +t2), so we use cA =

(+ c2)= (1.78 m s-l)2 in (21). Observationally, we extract c% from Figs. 7-11.
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We now compare the observed and predicted values of y,, in Fig. 15 The 95%

confidence limits are from the Monte Carlo simulated data. The observed and predicted

'r are correlated, but the predicted values are about 2 days larger than the observed

values; linear theory underpredicts the decay rate. Using c• = 2.5 m s-l gives a better fit

(circles); this value is high, but perhaps plausible.

Linear wave theory clearly fails at longer times. Ett decays to 2.5% of its initial

value by day 300, 23 days after the storm; Efit decays to about 0.7% of its initial value.

Using (21), we find that only modes 1-3 should have separated by this time. Linear

theory therefore predicts a reduction of Efit to (I -, -a 2 -0 3 -'ha 4 ) = 10% of its ini-

tial value. This estimate is confirmed in a full simulation of the data in Part III. It is a

large underestimate of the actual decay. In linear theory, the high modes propagate very

much slower than the low modes, since c2 is roughly proportional to n-2. The observa-

tions show the high mode energy disappearing at approximately the same rate as the

lower mode energy. Linear internal wave theory alone cannot explain this.

8. Summary

The near-surface velocity field in a 300 km x 300 km region of the northeast Pacific

was measured using an array of 36 nearly Lagrangian drifters drogued at 15 m, CTD

profiles, and 3 ADCP moorings. We describe these measurements for a 23 day period

following a strong storm. The storm generates near-inertial frequency currents of small

horizontal wavenumber in the mixed layer. The variation of f with latitude increases the
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north-south wavenumber at a rate -P3t as predicted for inertial motions on a P3-plane.

Linear internal wave theory predicts that near-inertial motions with the initial horizontal

wavenumber will propagate very slowly. Their propagation rate is predicted to increase

along with the wavenumber magnitude, eventually spreading the mixed layer inertial

energy horizontally and vertically over a wide region. Qualitatively, the observations

match these predictions. Quantitatively, however, the mixed layer inertial currents decay

more rapidly than predicted by linear theory, particularly after most of the initial energy

has decayed.

a. Subinertial currents

The array was intentionally located in a region of weak flow, so that wind forced effects

would be easy to measure.

* The subinertial flow was dominated by low-mode, nondivergent geostrophic motions

with a level of no motion near 800 m.

* The spatial mean currents were northeastward at 0.025 m s-t. The eddy currents were

0.05 m s~l rms, of dominantly anticyclonic vorticity (0.023f rms) magnitude, and a

wavelength of roughly 100 km.

a Water parcels move through the nearly stationary eddy field much faster than it

evolves, so absolute vorticity is conserved along streamlines to the measurement accu-

racy.
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b. Inertial frequency currents

* The storm produced energetic (0.35-0.7 m s") inertial motions in the mixed layer.

Their magnitude can be predicted from the measured winds as interpreted by Large et al.

(1994).

* The horizontal structure of the mixed layer inertial currents can be accurately

described b19 a single, time dependent horizontal wavenumber.

* The initial horizontal wavelength of the mixed layer inertial motions was large, about

1700 km. This is about 50% larger than would be predicted by assuming that a storm of

fixed shape advected over the region at the observed rate.

* Smaller-scale variations in the amplitude and phase of the mixed layer inertial motions

are correlated with the measured subinertial vorticity. These variations are too large,

however, to be directly explained by the variation in the effective Coriolis frequency

induced by subinertial vorticity. Variability in the atmospheric forcing and in the mixed

layer depth probably account for these variations in inertial currents and probably lead,

indirectly, to a correlation with vorticity.

* The east-west wavenumber of the mixed layer inertial currents remains constant after

the storm, while the north-south wavenumber decreases at about -P3t as expected for iner-

tial currents on a 13-plane.

* The theoretically expected variation in the frequency of the mixed layer inertial

currents with subinertial vorticity was not observed. The best prediction of their
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horizontal structure is made using a model which includes only advection of the inertial

currents by the subinertial currents.

* The mixed layer inertial energy decayed to half its initial value in 8-14 days, depend-

ing on location within the array. Regions with a larger horizontal wavenumber decay

more rapidly as predicted by linear internal wave theory. On average, however, linear

theory underpredicts this decay time by about 2 days.

* The mixed layer inertial energy decays to background levels in 20-25 days depending

on location. This is much faster than predicted by linear internal wave theory.

9. Discussion

D'Asaro (1989) describes a scenario in which large-scale storms generate large-

scale inertial motions in the mixed layer. The combined action of 03 and mesoscale

eddies then decreases the scale of these motions until the rate of linear internal wave pro-

pagation is large enough to remove them from the mixed layer. Although this appears to

be correct in broad outline, particularly, in the strong effect of 0, it cannot completely

explain our observations. This theme is repeated in Parts II and IIl, where other important

differences between the observations and theoretical expectations based on linear theory

are described. It appears that D'Asaro (1989) omits at least one important mechanism

affecting the behavior of mixed layer inertial currents.
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Practically, this analysis, combined with D'Asaro (1994b), demonstrates the impor-

tant role of horizontal scale in controlling the residence time of mixed layer near-inertial

motions. Gill (1984) suggests replacing -rU in (1) by -c2/(2f)V 2 U as a way of includ-

ing this physics in simple models of the mixed layer. Our results indicate that this param-

eterization would result in improved predictions of mixed layer inertial currents, particu-

larly since it would properly predict the rapid decay of the last 10% of the inertial

energy. However, since we do not know why this final decay occurs, it is not clear when

such a parameterization would fail.
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APPENDIX

a. Drifter interpolation by objective analysis

We interpolate the irregularly spaced time series of drifter position assuming that

these positions are realizations of an isotropic, stationary random process with known

statistics using the objective analysis techniques outlined by McIntosh (1990) and Davis

et al. (1992). The assumption of a stationary signal will later be relaxed to allow for

slowly changing statistics to accommodate nonstationarity of the variance of the low-

frequency and higher-frequency components of the data set.

The positions of the drifters at time i are estimated using N observations at times t,,

according to

x(t)= • [aqn(t)rn + 0n(t)z'xrn , (Al)

where x(t) is the estimate of the float position at time t, r,, is the observed position at time

t., and 1 is the vertical unit vector. In this formula a takes into account how longitude

observations are used in estimating the longitude component of the position and how lati-

tude observations are used in estimating the latitude component. Similarly, P takes into

account how the latitude observations influence the estimated longitude estimate and

how the longitude observations influence the latitude estimate. This means that rotary

tendencies like inertial or tidal motions can be modeled accurately. These weights are

calculated by minimizing the mean square position error, e = < I ,(t)- x(t) 12 >, subject to
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N
1; a. =(A2)

R=1

N
I ,,=0. (A3)

These constraints are necessary to assure that the observed mean and estimated mean are

similar. The positions could be referenced to the sample mean, but this would make the

tine series nonstationary.

The analysis also requires knowledge about the covariance function and the distri-

bution function of the error. The error will be modeled as Gaussian, uncorrelated with the

data, with zero mean and a position variance of 500 m2 . Since the observed spectra of

position have a large inertial peak and a red low-frequency spectrum, we use correlation

functions that mimic these features. The correlation function that generates a is

_(, 1 _1)2 ( -(11-1)2
&2 T2 2'[L2 -2 C2I/<X(tl)X(t2)> 2 e 2 + +u cosfo( 2-t0)) e 2 , (A4)

+ 1

and the one that generates 03 is

-2 Q_ - tZ

2 1 sin(-fo(t2 - t 1)) e 24 (A5)

f2-2
f2 OT + I L2

U is the variance of the low-frequency component of the velocity; u is the variance of

the inertial component of the velocity. These variances are computed using a moving

average of 40 points for the inertial component and 80 points for the low-frequency com-

ponent. We use rL = 3 days and c, = 4/fo. As described in the text, these values give

inertial and subinertial currents very close to those estimated by D'Asaro (1992) for this
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same data set.

b. Mapping the subinertial velocity

We map the subinertial velocity field as described by Bretherton et al. (1976) using

the analytical correlation function from McWilliams (1976a,b). Figure AI shows esti-

mates of the longitudinal (Fig. Ala) and transverse (Fig. AIb) correlation functions for

the subinertial drifter velocities in Fig. 2. Using all possible buoy pairs produces a longi-

tudinal correlation function (small dots) with a minimum in coherence at 5 km. This

seems anomalous. Many of the data pairs with short spatial lags are really autocorrelation

pairs for buoys with small speed; these are the data most likely to be decorrelated by

wind-forced currents. Removing buoys with speeds less than 0.04 m s1- reduces the

anomalously low correlations at 5 km (pluses) but has little effect at larger lags. A purely

spatial correlation function was constructed by computing the lagged covariances for

each day and averaging the 21 covariances at each lag to form a correlation function

(large dots in Fig. Al). Far fewer pairs are used, so the correlation function is much

noiser and 20 km bins are required. The two data sampling schemes produce

significantly different transverse correlation functions. A fit of the McWilliams (1976a,b)

analytical correlation functions (solid lines in figure) with a longitudinal correlation scale

of 150 km and a transverse scale of 40 km yields a good fit to the longitudinal data, but it

overestimates the negative lobe of the transverse correlation function. This discrepancy

cannot be corrected by varying the coefficients; it indicates that the objectively analyzed
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fields may have some systematic errors. Objective analysis also requires an estimate of

the small-scale "noise" in the field due to instrumental error and small-scale oceano-

graphic motions. Instrumental, windage, and demodulation errors for the drifters are

estimated at 0.01 m s"1 in each component, or about 5% of the variance. The fields pro-

duced using these parameters differ from those produced using two-dimensional qua-

dratic smoothing splines (Wahba, 1975) by less than the estimated error.

Objective analysis of the dynamic height data (Fig. 3) used a correlation function of

form e-(r/A)2 for separation r. Using A = 100 km gives a rough fit to the correlation func-

tion estimated from the data. Again, smoothing splines produce a very similar field.

c. Fitting (19)

For each value of the parameters k and 1, Urt is determined by linear least squares.

A dense search in k,l space is used to find a starting point for a nonlinear, least squares

minimization using an algorithm similar to that of Marquardt (1963).

d. Monte Carlo simulation

We model the field of inertial currents by (19) using the fit values of Ufa, k, and 1

and consider UR to be a continuous random function characterized by its correlation

function. Figure A2 shows the covariance function of the measured UR (dashed) com-

puted for all fits between days 276 and 300. Realizations of UR were generated by

smoothing an array of random Gaussian vectors with a two-dimensional quadratic
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smoothing spline (Craven and Wahba, 1979), fitting this field with (19), and computing

the residual from this fit. The variance and amount of smoothing were chosen so that the

correlation function of the data is the same as that of these realizations within their

confidence limits (solid line, Fig. A2). Note that UR is spatially inhomogeneous since

(19) fits data better near the center of the array than near its edge. The simulated UR

simulate this inhomogeneity well except for the northwest comer of the domain where

the simulated variance is less than that of the data. Adjusting the simulated fields to

improve this does not make a significant difference in the confidence limits computed

from the simulations, and we did not include such an adjustment.
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FIGURE CAPTIONS

FIG. 1. Mixed-layer drifter trajectories for days 275-300 of 1987 interpolated and

filtered as described in the text. Many drifters were not deployed until day 280. Moor-

ings are indicated by the three large dots. Light lines define the geographic subregions

used in the analysis.

FIG. 2. Analysis of subinertial velocities from mixed layer drifters for days

280-300. (a) Subinertial velocity smoothed and sampled every 4 days (heavy arrows).

An objectively analyzed field of vectors (light arrows) is computed from these. Only

data with less than 60% error are shown. Contours of 80%, 60%, and 40% error are plot-

ted. (b) Surface dynamic height contours; contour interval is 1 dynamic centimeter, and

mapped velocity arrows from (a). (c) Relative vorticity; contour interval is 1% off, and

mapped velocity arrows from (a). (d) Absolute vorticity; contour interval is 2% off, and

mapped velocity arrows from (a).

FIG. 3. Dynamic height relative to 800 dbars from CTD data. Station positions are

indicated by the circles. Contour interval is 1 dynamic centimeter.

FIG. 4. Wind stress and inertial current generation. (a) Wind stress (Crawford and

Large 1994a) at mooring C. (b) East and north velocity components predicted from (1)

with H = 55 m. (c) Corresponding speed and direction.

FIG. 5. Surface chart for 12Z, day 277. All wind and pressure observations from

1OZ to 14Z are used. Observations are advected by the mean speed of the storm to their
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estimated position at 12Z. Heavy lines give frontal positions; dashed lines give wind

speed contours; arrows are wind speed measurements.

FIG. 6. Evolution of mixed layer inertial currents. Each panel shows mixed layer

inertial current from drifters and moorings (arrows) and speed and direction contours

from an objective mapping of these data. Only regions with an error less than 80% are

shown. Speed contour interval is 0.02 m s-1. Direction contour interval is 22.50. Speed

contours are shaded starting at 20 m s-] and darkening at 40 m s-1.

FIG. 7. Parameters of plane-wave fit to mixed layer inertial currents for all data.

(a) Fit energy Efit (shaded), total energy Ett (line), and phase of Ufi& (heavy line).

(b) Wavenumbers k (light solid line); I (heavy solid line). (c) Number of data points in

fit. Diagonal dashed line has a slope of -5. Other dashed lines show results of evaluating

the model (20) with ý = 0 for each parameter. Symbols show parameters for 20 Monte

Carlo simulations of the fit residuals and serve as confidence limits.

FIG. 8. Parameters of plane-wave fit to mixed layer inertial currents for subgroup

NW.

FIG. 9. Parameters of plane-wave fit to mixed layer inertial currents for subgroup

NE.

FIG. 10. Parameters of plane-wave fit to mixed layer inertial currents for subgroup

CL.
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FIG. 11. Parameters of plane-wave fit to mixed layer inertial currents for subgroup

STH.

FIG. 12. (a) Contours of relative vorticity as in Fig. 2c (shaded; contour interval =

2% of J) and of average inertial speed I &, I for days 280-284 (interval = 0.02 m s~l).

Only data with less than 40% error are shown. Heavy contour is 30% error line for iner-

tial velocity. (b) Relative vorticity as in (a), with vectors of spatially high-passed I U& I.

FIG. 13. Parameters of plane-wave fit to data (heavy line) and to the Lagrangian

model (20). Cases are advection only (4 = 0), measured ý, and • = <A >-f. Display is

as in Figs. 7-11.

FIG. 14. Mixed layer inertial currents produced by the model (20). Field (a) is ini-

tialization on day 280.5. (b)-(d) are field on day 288.5: (b) Advection only, - 0, in

Fig. 13; (c) Advection and measured ý, case C in Fig. 13; (d) Advection and • from

<C>, case <U> in Fig. 13.

FIG. 15. Comparison of observed and predicted values of !/,2 the time for the mixed

layer inertial currents to decay to half their initial value. Confidence limits are approxi-

mately 95% from 20 Monte Carlo simulations. Circles are prediction with unrealistically

high value of c % = 2.5 m s-1.

FIG. Al. Estimated correlation functions for subinertial velocity data in Fig. 2. (a)

longitudinal, (b) transverse. Symbols indicate type of averaging: small dots = all data

grouped in 5 km bins; plus = data with speed greater than 0.04 m s-l in 5 km bins; large
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dots = data from each day averaged in 20 km bins and these covariances averaged to

form correlations; lines = correlation functions used in analysis.

FIG. A2. Estimated covariance functions for UR in (19) from data (dashed line) and

from average of 20 Monte Carlo simulations of data (solid line). Error bars are approxi-

mate 95% confidence limits from these simulations.
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TABLE 1. Modal properties.

n i Ok C,
k=1

m

1 0.14 2.18
2 0.44 1.27
3 0.64 0.92
4 0.71 0.66
5 0.78 0.52
6 0.89 0.44
7 0.96 0.39
8 0.97 0.34
9 0.98 0.29

10 0.98 0.26
20 0.98 0.13
30 0.98 0.09
40 0.98 0.06
50 0.98 0.05
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ABSTRACT

In Part I, we described the generation of inertial frequency currents in the mixed

layer by a strong storm and the decay of these currents over the next month. Here, we

expand this description to include inertial currents throughout the full ocean depth using

moored and profiling current measurements. Inertial motions propagate downward from

the mixed layer into the upper thermocline. By 20 days after the storm, the mixed layer

inertial currents are weak and a maximum in inertial energy has been created at about

100 m. The inertial frequency shear, initially concentrated at the mixed layer base,

decreases by about a factor of 5 during this period. This pattern occurs over the entire

300 km x 300 km experimental region with only minor variations between locations. A

depth-dependent horizontal wavenumber, varying in time due to the 03 effect, fits the hor-

izontal structure of both the mixed layer and the thermocline inertial currents. The iner-

tial currents rotate clockwise with depth in the thermocline, indicating downward and

southward energy propagation. The estimated vertical component of group velocity

correctly predicts the observed rate at which the thermocline maximum descends, within

large uncertainties. The southward component of group velocity is sufficient to pro-

pagate all the energy in the first mode and much of the energy in the second and third

modes out of the experimental region in 20 days, roughly consistent with the observed

decrease in total water column inertial energy. The modulation of the inertial currents by

mesoscale vorticity is much less than predicted. We conclude that the mixed layer iner-
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tial currents decay by a combination of southward propagation of the low internal modes

and vertical propagation of the higher internal modes. A more detailed comparison of

data and theory is presented in Part III.
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1. Introduction

Part I (D'Asaro et al. 1994) described mixed layer inertial currents generated by a

strong storm in October 1987 during the OCEAN STORMS experiment. Part I showed

that the rate of decay of the mixed layer inertial currents was qualitatively consistent

with the propagation of inertial energy out of the mixed layer as linear internal waves. In

detail, however, linear wave theory was inconsistent with the observations. Here, we

look below the mixed layer and describe the evolution of the inertial frequency energy

and shear in response to the same storm.

The generation of mixed layer inertial motions by the wind and their subsequent

decay have been observed and modeled for nearly a quarter century (Webster 1968; Pol-

lard and Millard 1970; Pollard 1970). The generation mechanism appears to be simple:

the momentum imparted to the ocean by the wind stress is distributed nearly uniformly

across the mixed layer by turbulence within the mixed layer. The mechanism for decay

of these mixed layer inertial motions is less clear, partially because there have been few

detailed observations. Linear wave theory (reviewed in Part I) suggests that the horizon-

tal structure of the inertial motions is key to understanding their behavior. Here, we

present observations of the three-dimensional structure and evolution of inertial motions

using a moored array of six elements, plus a single rapid survey of 31 velocity profiles.

These provide an unusually detailed description of upper ocean inertial currents and

shear. The inertial currents clearly propagate downward into the thermocline and south-
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ward out of the experimental area, at rates that are roughly consistent with group veloci-

ties estimated from their spatial scales. This indicates that they evolve, at least in part, as

predicted by linear internal wave theory. However, a more detailed analysis, presented

in Part IIM (D'Asaro 1994a), finds that linear wave theory cannot describe these observa-

tions correctly in detail.

2. Instruments and data processing

a. Moored array

The moored array is shown in Fig. 1. Davis et al. (1994) describe the instrumenta-

tion in detail and present the entire data record.

Four moored Acoustic Doppler Current Meters (ADCP) measured profiles of hor-

izontal velocity once per hour (Davis et al. 1994). Three of these, labeled C, N, and W in

Fig. 1, looked upward from about 110 m depth. These produced reliable velocity esti-

mates every 3.88 m to about 25 m. An Argos transmitter measured the position of the

surface float of the ADCP moorings. A fourth ADCP, labeled E in Fig. 1, looked down-

ward from 2 m below a surface float and obtained velocity estimates from 7 m to 112 m

every 3.88 m. The Argos transmitter failed on this mooring.

A profiling current meter (PCM in Fig. 1) sampled velocity, temperature, and salin-

ity every 10 m over approximately 40-200 m at 4 hour intervals (Eriksen et al. 1982). A

subsurface mooring (OSU in Fig. 1) was instrumented with Vector Measuring Current
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Meters (VMCM) at 20 m intervals from 60-160 m and at 195 m, and with Aanderaa

RCM-5 current meters at 500 m, 1000 m, 2000 m, 3000 m, and 4000 m. These measured

currents and temperature at 15 minute (VMCM) and 1 hour (Aanderaa) intervals.

The inertial component of velocity was extracted from each moored record by

backrotating the velocity vector to OOZ on day 278 at the inertial frequency correspond-

ing to 47.5°N and averaging these vectors over three inertial periods with a half cosine

window. We thus present all inertial velocities with the oscillatory inertial motions

removed, so that a velocity vector rotating at the inertial frequency corresponding to

47.5*N is represented as a constant vector. For clarity we will use the term "backrotated

inertial vector."

b. Mooring motion removal

The motion of the surface floats of moorings C, N, and W was computed from the

Argos fixes, using the objective analysis scheme described in Part I and Davis et al.

(1994), and added to the measured ADCP velocities to form an estimate of the true water

velocity. The error in the estimated mooring motion is XX cm s-1 . The error in its

estimated inertial component is XXX, consistent ? with the measured inertial component

of mooring motion during times of very small inertial current, about 1.2 cm s7'. The

backrotated inertial vector of mooring motion on moorings C, N, and W during the

period investigated here is predicted by the linear model
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SM = 0.12 SU, 0 M ±- 1 40
141()

with an rms error of 0.018 m s~l. SM and Q3 f are the speed and direction of the backro-

tated inertial vector of mooring motion, and Su and OM are the speed and direction of the

backrotated inertial vector measured by the ADCP at 30 m. Since the physical

configuration of mooring E is very similar to that of the other moorings, we use (1) to

remove the motion from mooring E.

Although no measurements of mooring motion were made at either the OSU or

PCM moorings, the magnitude of the motion can be bounded by simple models using the

pressure measured near the top of each mooring. A mooring may move horizontally like

a pendulum in response to inertial currents. Given the 0.3 m rms inertial frequency pres-

sure fluctuations of the OSU mooring, and assuming, pessimistically, a perfectly stiff,

4000-m-long, mooring pivoting at the ocean floor, we estimate an rms inertial mooring

speed of less than 0.5 cm s-1. A mooring may also rotate in a circle, like a precessing top,

in response to the clockwise rotation of inertial currents. The maximum sustained vertical

descent of the OSU mooring is less than a meter. Again, assuming a 4000-m-long rigid

mooring implies an inertial frequency velocity of less than 1 cm s-1. In fact, the buoy-

ancy of the OSU mooring was concentrated below 200 m, while the inertial currents are

mostly above this. If we assume, optimistically, that the mooring pivots at 200 m and

remains motionless below, the motion of the top of the mooring is about 5 times less than

estimated above.
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Similarly, the PCM mooring descends a maximum of 10 m, corresponding to a max-

imum inertial motion of about 3 cm s-1. It also has buoyancy concentrated near 200 m,

so the actual motion should be less than this.

Figure 2 shows the backrotated inertial vector at ADCP mooring C before (top) and

after (bottom) removal of the mooring motion. The mixed layer base is at about 40 m.

Notice the increase in mixed layer energy due to the storm on day 278. Velocities below

the mixed layer on days 278-280 in the uncorrected data are due to mooring motion. This

pattern does not occur at either the PCM or OSU moorings, indicating that their mooring

motion is indeed small and can be safely neglected.

c. AXCP survey

A single survey of Sippican air-expendable current profilers (AXCP) was made on

25 October 1987 (day 298) aro the moored array (Fig. 1) using a NOAA WP-3D air-

craft as described by D'Asaro a &i. (1990). An AXCP measures temperature and the

horizontal velocity relative to its conductivity-weighted depth average (Sanford et al.

1982). These were processed as described by Sanford et al. (1982) but with the incre-

mental changes discussed by D'Asaro et al. (1990) and Kennelly et al. (1989). The

resulting relative velocity was averaged in 10 m, half overlapping bins between 15 m and

1600 m and has an accuracy better than 0.01 m s-1 .
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Time since deployment determines the depth of an XCP datum. We estimate the

error in depth by matching temperature and velocity features in simultaneous XCPs.

D'Asaro and Morehead (1991) found depth differences of about 2 m for a pair of XCPs

dropped through adjacent holes in the Arctic pack ice. Since the NOAA WP-3D had

only a single drop chute, AXCP pairs deployed during OCEAN STORMS exited a few

seconds (a few hundred meters) apart. Two pairs were dropped; each showed depth

differences of less than 2 m in the upper 200 m and less than 4 m in the 600-1000 m

depth range.

Above about 50 m, surface wave velocities often dominate the signals measured by

XCPs. Although this signal can be partially removed by fitting a surface wave profile to

the data (Sanford et al. 1987; D'Asaro 1994b), this technique is ineffective here, as the

mixed layer is too shallow. We choose instead to ignore AXCP data above 50 m.

Frequency spectra. We will need frequency spectra of velocity to interpret the

AXCP profiles. Spectra of horizontal velocity from the OSU mooring for days 278-304

(Fig. 3) reveal a strong inertial peak at all depths, a slight shoulder corresponding to the F

semidiurnal tide, a broad peak near 2f, and the usual internal wave band. The near-

inertial frequencies are clearly the most energetic component. Figure 4 shows the energy

in the subinertial (<1.33 cpd), inertial (1.33-1.66 cpd), and superinertial (>1.66 cpd) fre-

quency bands as a function of depth for days 277-304 from the OSU mooring. The

mixed layer subinertial and inertial kinetic energy is estimated from the drifter data
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band contains more than 80% of the energy at all depths in the upper 150 m, but drops to

about 50% of the energy below 1000 m.

Inertial velocity component. We interpret the referenced AXCP velocities as iner-

tial currents plus an error due to noninertial components and AXCP errors.

We reference the relative AXCP velocity profiles to the 1400-1600 m average

velocity, thus making them absolute with a depth-independent error equal to the rms

currents at this depth, about 0.045 m sý- (Fig. 4). Alternative schemes-such as using

the velocities directly from the AXCP, equivalent to using the electromagnetically deter-

mined barotropic flow as a reference, or using different reference levels-make little

difference in the results.

The high frequency internal waves have horizontal coherence scales that are short

compared with the AXCP spacing (D'Asaro and Perkins 1984) and therefore contribute a

random error of about 0.07 m sý- at 100 m.

We partially remove the low frequency contribution to each AXCP profile by inter-

polating the near-surface velocity field from the drifters (Fig. 2a of Part I) to the position

of each AXCP. Matear (1993) and Part I find that the geostrophically determined subsur-

face velocity is highly correlated with the surface flow, so we construct a profile of velo-

city at each AXCP using the correlation function described in Part I. To form our esti-

mate of the backrotated inertial vector, we subtract this velocity profile from each AXCP
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corresponding to 47.50 N. The residual low frequency error is less than the rms variabil-

ity of the low frequency velocity, 0.06 mr s-.

We bound the error in AXCP inertial velocity from above as that due to all of the

preceding factors, 0.1 m s'l, since we have partially compensated for the low frequency

flow and because the error in referencing is correlated with the other errors. We bound it

from below as larger than the high frequency error alone, 0.07 m s-1 . We check these

bounds by applying the same procedure to the instantaneous moored velocity profiles

from the PCM and OSU moorings at the time of the AXCP survey. In the 60-200 m

depth range, the resulting profiles differ from the true demodulated inertial vector profiles

by 0.04 and 0.07 m s"- rms, for the OSU and PCM moorings, respectively, with max-

imum errors of 0.09 and 0.14 m s- 1.

3. Moored data

a. Temperature and density

Mixed layer depth. CTD profiles on days 277-280 (Tabata et al. 1988; Matear

1993) measured mixed layer depths from 33 m to 43 m from 5 profiles within 30 km of

the OSU mooring and mixed layer depths from 33 m to 49 m from 15 profiles within

120 km of the moorings. The AXCP survey on day 298 measured mixed layer depths

ranging from 35 m to 40 m; in some profiles the mixed layer is poorly defined. This vari-
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ability is comparable to the 8 m, peak to peak, tidal and inertial frequency displacements

in the upper thernocline measured in the PCM data. Moored temperature data at moor-

ing C (Davis et al. 1994) show an average mixed layer about 35 m deep during this

period. The average mixed layer depth is thus a few meters above the top of the PCM

mooring (40 m).

Evolution. The evolution of the density and temperature in the upper 200 m at the

PCM and OSU moorings is shown in Figs. 5c,d and 6d. The isotherms and isopycnals

spread and deepen in the upper 80 m during the storm on day 277 and for several days

thereafter. A more detailed analysis of the associated mixing is given by Crawford and

Large (1994ab). Before and after the storm, the isopycnals are remarkably free of

subinertial variations, consistent with the low levels of mesoscale activity described in

Part I. Some activity is evident in the PCM data near day 275 and in the OSU data near

day 300. These may be related to the near-surface fronts that appear both in the drifter

data (Paduan and Niiler 1993) and in closely spaced yo-yo profiles of density (William

Crawford, personal communication).

b. Inertial velocity: Data

The backrotated inertial vector from the moorings is shown in Figs. 5-10. The iner-

tial currents are very similar at all moorings. In each, inertial currents are generated in

the mixed layer by the storm and spread downward into the thermocline over the next 30

days. The evolution of these currents is the focus of this paper.
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We form an average picture of the inertial evolution at the four ADCP moorings by

fitting the backrotated inertial vectors at each depth and time by a plane wave. With

complex notation, the backrotated inertial vectors are U = u + iv1 . These are fit with the

model

U(x,y) = Uei'('+t'Y + UR(x,y), (2)

using the algorithm described in the appendix of Part I. Here U is the complex wave

amplitude, k is the east-west wavenumber, 1 is the north-south wavenumber, and UR is a

residual. The phase of U is set by referencing x and y to the position of the PCM moor-

ing. The resulting backrotated inertial vectors are shown in Fig. 11, and the

wavenumbers in Fig. 12. Over most of the domain, (2) accounts for over 90% of the data

variance, which is not surprising since (2) has four free parameters and we are fitting five

data points. More striking is the remarkable similarity between the average picture in

Fig. II and that from the PCM (Fig. 5a,b).

c. Inertial velocity: Description

We describe the evolution of the inertial currents in a series of stages:

Generation. The storm on day 277 generates inertial currents in the upper ocean

as described in Part I and Crawford and Large (1994a,b). Note that these currents

penetrate to about 60 m, well below the mixed layer, at all moorings. The thermocline

warms during the storm to the same depth (Figs. 5d, 6d). Crawford and Large (1994a,b)
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attribute these changes to turbulent mixing that penetrates below the mixed layer.

Spreading. For the first week after the storm (days 278-285) the inertial currents

spread slowly downward into the thermocline with only a slight clockwise veering of the

backrotated inertial vectors with depth, i.e., a slightly negative phase shift in U. On aver-

age, the inertial currents penetrate to about 75 m by day 284, although the amount of

penetration varies between moorings. The density and temperature profiles change only

slightly during this time. A vertical viscosity of around l0-4 m2 s-1, without an associ-

ated diffusivity, qualitatively describes the evolution.

Formation of the beam. On about day 284, the mixed layer inertial currents begin

to move downward into the upper thermocline, so by day 300 the strongest inertial

currents are at 100 m and little energy remains in the mixed layer. During this period, the

frequency of the inertial currents rises from about f to roughly l.Olf, and the 100 miner-

tial currents lead those in the mixed layer by roughly 60'. This pattern resembles a beam,

or packet, of near-inertial waves propagating downward from the mixed layer. We name

this thermocline maximum in near-inertial energy "the Beam."

The horizontal wavenumbers derived from fitting (2) to the moored data are shown

in Fig. 12. We only plot data for which I U I >0.1 m s-1, since only these appear stable.

For comparison, the solid lines show the approximate hori7ontal wavenumbers computed

for subgroup CL in the mixed layer in Part I. The east-west wavenumber k is nearly con-

stant, in both the mixed layer and below, while the north-south wvavenumber I increases
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as -03t, where 0 = fy. The value of I is somewhat below the dashed line, as was found for

the CL group. As the inertial energy propagates downward from the mixed layer it

retains its horizontal structure, as expected for linear wave propagation.

Persistence of the Beam. From day 295-305, the Beam persists with some weak-

ening and a slight deepening. The wind forcing increases after day 298. Stronger storms

pass over the OCEAN STORMS area after day 305, new inertial motions are generated,

and the evolution of the inertial motions due to the storm can no longer be followed.

d. Deep inertial currents

The deep data from the OSU mooring (Fig. 6c) suggest an inertial frequency

response that extends to the ocean bottom. A downward extension of the Beam, with

enhanced inertial currents and clockwise veering with depth, extends to about 1000 m.

Below this, the inertial currents reach a minimum near 2500 m and then increase toward

the bottom (4200 m). The inertial direction changes by about 1800 across the speed

minimum. Overall, the pattern in the bottom 3000 m on days 290-305 is suggestive of a

low mode with a node near 2500 m.

e. Inertial shear

The inertial shear, computed from the vertical first difference of the backrotated

inertial vectors in Fig. 11, is shown in Fig. 13. The storm generates a strong inertial shear

between the mixed layer base and about 70 m. The shear weakens over the next week
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(the "spreading phase") so that by day 285 the maximum shear is about half its initial

value. As the Beam forms, the shear weakens further and deepens. By day 290 there is

little shear left at the mixed layer base, and the remaining shear is associated with the

Beam. After day 300 the shear near the mixed layer base increases again, probably

because of renewed wind forcing.

4. AXCP survey data

The moored data span a region approximately 50 km by 100 km. On day 298 a

larger region, 125 km by 150 km surrounding the moored array, was surveyed using

AXCPs (Fig. 1). We now describe the three-dimensional structure of the inertial velcity

at that time.

a. Maps

The backrotated inertial vectors at 100 m (Fig. 14, heavy arrows) have a nearly con-

stant amplitude of about 0.25 m s-l. Their direction at 100 m (heavy arrows, contours), at

75 m (light arrow, smallest arrowhead), and at 140 m (light arrow, largest arrowhead)

rotates counterclockwise to the SSW, implying an increasing phase or equivalently a hor-

izontal wavenumber pointing in this direction. Generally the direction rotates clockwise

with increasing depth (i.e., with larger arrowheads), consistent with an upward pointing

wavenumber.
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b. Sections

Sections of backrotated inertial vectors along each of the three legs of the AXCP

survey (Fig. 1) are shown in Figs. 15-17. The sections are computed from moored,

AXCP, and drifter backrotated inertial vectors; each drifter vector (from Part I) is repro-

duced at 15 m, 20 m, and 25 m. These data were horizontally interpolated to the section

using two-dimensional smoothing splines (Craven and Wahba 1979) with essentially no

smoothing. The location of the data along the section is indicated by triangles whose size

indicates the perpendicular distance (0-20 kin) from the section to the data. Only the

PCM, OSU, and C moorings are close enough to a section to merit a triangle.

The Beam is present everywhere in these data; every velocity profile has a max-

imum in inertial energy between 100 m and 150 m. Section A (Fig. 15) is oriented

approximately perpendicular to the direction contours in Fig. 14, so it clearly shows the

clockwise rotation of the inertial direction to the north. The other two sections are nearly

parallel to the direction contours and therefore show the progression less clearly. In all

three sections, the clockwise rotation of the backrotated inertial vector with depth is

apparent.

For the most part, the inertial currents in the mixed layer are weak. In the few

regions where they are strong enough that their direction is well determined (about

0.05 m§ -1), the backrotated mixed layer inertial vectors are about 90' clockwise of those

in the Beam.
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Inertial currents generated by the storm extend well below the Beam (Fig. 6c).

Their spatial structure is seen in the AXCP survey (Figs. 15-17) and in Fig. 18, which

plots the currents within the Beam (100 m, smallest arrowhead) and below it (250 m,

heavy; 600 mn, largest arrowhead). The currents below the Beam show little variation in

direction, in contrast to the clear direction progression in the Beam. This results in a

change in direction across the Beam which, in Fig. 15, varies from about 1800 near

70 km to only 450 near 150 km.

c. Wavenumbers

We fit a plane wave (2) to the survey data, as described in the appendix of Part I,

and compute the average amplitude, direction, and wavenumbers of the backrotated iner-

tial vector at the time of the survey (Fig. 19). Confidence limits in these parameters were

determined using a Monte Carlo simulation as described in the appendix. The small sym-

bols give the parameter values from 50 such realizations; 95% confidence limits are

located between the second and third and 4 7 *h and 4 8th ranked values. The difference

between the energy in the fit (shaded region, top panel) and the total energy (line, top

panel) is about 0.007 J kg-1 near 100 m, which is about 3 times the estimated demodula-

tion error of 0.0025 J kg-1 (0.07 m s-). Equivalently, the fit explains about 75% of the

inertial energy, when corrected for the noise energy.

The maximum in inertial energy near 110 m is the Beam. Its direction is about 1300

clockwise of the inertial vectors initially generated by the storm, and turns approximately
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1350 clockwise between 80 m and 140 m. The peak speed is about 0.22 m s-7, and the

half-energy width is about 80 m. Above the Beam, the direction rotates clockwise

upward about 700 into the mixed layer, although this number is less reliable than it

appears, owing to the very weak mixed layer inertial currents (see Part I). Below, the

direction rotates clockwise, but the variation is barely significant.

The k and I wavenumbers at the center of the Beam are nearly statistically indistin-

guishable from those in the mixed layer at this time. They are also close to those com-

puted just from the ADCP data at this time (Fig. 12, error bars). Again, it seems clear

that the Beam acquires its horizontal wavenumber from the mixed layer.

Below the Beam both k and 1 fall to nearly zero by 200 m. There are few moored

data here, and the AXCP data are less accurate, so the significance of this is unclear.

d. Spatial variability

The spatial structure is not totally described by the fit parameters in Fig. 19. In

Figs. 15-17 the maximum speed in the Beam varies (0.1-0.3 m s-1) as does its depth

(95-140 m). These variations are spatially coherent, as seen by the speed contours in

Fig. 14, unlike the error, which is dominated by incoherent internal wave noise. Further-

more, the maximum inertial speeds in the Beam on day 298 measured at the six moorings

vary from about 15 cm s-l to 32 cm s-1, greatly exceeding the measurement error.
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S. Dynamical tests

a. Residence rime

The inertial currents remain in the mixed layer for 10-20 days after the storm. As

discussed in Part I, this time is nearly consistent with the predictions of D'Asaro (1989)

for storm forced inertial currents on a P3 plane. The decay of shear on the same time scale

as velocity is not predicted by this theory.

b. Ray propagation

Qualitatively, the propagation of energy from the mixed layer into the thermocline

looks like the linear propagation of a wave packet. Qui et al. (1994) explore this in great

detail using only data from the OSU and PCM moorings. Here we use wavenumber data

as well. We can compare the frequency and wavenumbers of the packet with those

predicted by the internal wave dispersion relation, and we can compare the motion of the

packet with that predicted by the group velocity. The WKB scaled dispersion relation-

ship for linear near-inertial waves is (Gill 1984)

N 2 a2

m 2 2f

where co is the wave frequency, a 2 = k2 + 12; k, 1, and m are the east, north, and vertical

wavenumber components, and N is the local buoyancy frequency. The vertical group

speed is
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GZ = -2 •(4)

We use N = 0.012 s: (Part Ill, Fig. 11). We compute wavenumbers for each of the 40

Monte Carlo realizations; m is computed from a least squares fit to the phase slope

between 90 m and 130 m and between 70 m and 150 m to yield 160 total realizations.

The median [95 percentile limits] value of m is 0.029 [0.017,0.0371 m-1 , of a is 2.2

[2.1,2.4] x I0- rni-, and of (co-f)/f is 0.004 [0.002,0.0071. The resulting vertical dis-

placement at the group speed in 10 days is 24 [10, 119] m. The large variability in the

group speed is due to the inverse cubic dependence of GZ on m.

We compare this with the observations of the Beam on days 290-305. In Figs. 5b

and 6b, the frequency of the Beam is approximately 1.005f. The depth of maximum

velocity descends about 40 m in this time at the PCM mooring (Fig. 5), and 20 m or less

at the OSU mooring (Fig. 6a). This agrees with the group velocity predictions above, but

the large errors provide only very weak verification of linear theory.

The above calculation does not address the issue of how the Beam is formed from

the initially uniform mixed layer currents. The more detailed modeling in Part III and in

Zervakis and Levine (1994) demonstrates that linear theory does not replicate the

observed separation of the Beam from the mixed layer.

c. Spatial variability

We can also estimate whether the spatial variability of the Beam could be due to a
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mesoscale eddy field. One effect of mesoscale currents is to shift the frequency of free

inertial currents from f to feff = f + %C, where ý is the vorticity of the background flow

(Kunze 1985; Smith 1973; Part I). Variations in feff, acting over a time T, will produce

variations in initially uniform inertial currents described by

u + iv = U(xy,z)e-if'g(x'y'z)T. (5)

The linear increase of / seen in Fig. 12 is a special case of (5) in which only J0 contributes

tofeff.

Figure 20 (light contours) plots feff using ý in the mixed layer from Part 1. Although

the general north-south trend induced by 13 is evident, the gradients in feff are much

larger than P3. Superimposed (dark contours) are the measured contours of inertial direc-

tion from Fig. 14, plotted so that if (5) were correct the light and heavy contours would

coincide. Clearly, they do not. The observed variations in direction are roughly 4 times

less than predicted by (5). The mesoscale variations in inertial direction are much less

than would be expected from the measured variations in vorticity.

6. Energy balance

In Figs. 3 and 7 of Part 1, we estimate the average mixed layer inertial energy den-

sity generated by the storm using the array of surface drifters. For the entire array we

find 0.14"±10.01 J cg-l; for the CL region near the AXCP drops and the moorings, we

find 0.16 ± 0.01 J kg-'. The moorings (Figs. 5-12) show that these currents are nearly

uniform across the mixed layer and extend somewhat below it; the total inertial energy
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put into the ocean by the storm, 8.4 + 0.6 x 103 J m-2 , is obtained by assuming that the

near-surface velocities extend uniformly to 55 m.

On day 298, the survey (Fig. 19) finds a total inertial energy, uncorrected for noise,

of 5.2 ± 0.3 x 103 J m72 in the upper 1000 m; the error is the standard deviation of the

total energy computed from the Monte Carlo realizations. From the OSU mooring

(Fig. 6c), the total energy above background levels and below 1000 m is

1 ±0.5 x 103 J m-2. The total inertial energy over all depths is thus 6.2 ± 0.6 x 10& J m-2.

The coherent energy on day 298, i.e., that fit by (2), is 3.2 ± 0.3 x I0W J m-2 in the

upper 1000 m. Assuming the same proportion of fit to total below 1000 m, the water

column coherent energy is 3.8± 0.3 x 103 J m-3 . A bit less than half of this,

1.5 x 10 j m-2, is in the upper 150 m.

Using these numbers, the total water column's inertial frequency energy on day 298,

21 days after the storm, is 74 ±7% of the initial energy. Only 45 ± 5% of the initial

energy is described by (2) on day 298. Only 18% is both described by (2) and in the

upper 150 m on day 298. That is, only 18% is in the Beam.

Near-inertial internal waves are very close to their critical latitude and thus cannot

propagate much farther northward (Munk and Phillips 1968). They therefore tend to pro-

pagate southward from their generation region. The horizontal group velocity of the n th

vertical baroclinic mode of near-inertial frequency gravity waves is
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G, =,.- (6)
f

where c. is the phase speed of the mode. The horizontal wavenumber k obtained from

(2) (Figs. 12 and 19) points to the SSE at all depths with an average magnitude of about

10-5 m-1. Using the c. in Table 2 of Part Ill, this implies a horizontal group speed for

the first four baroclinic modes of, respectively, 0.5, 0.16, 0.08, and 0.04 m s-1 or,

equivalently, 860, 280, 140, and 74 km horizontal propagation in 21 days.

The storm on day 277 generated large inertial currents because its motion and struc-

ture conspired to rotate the wind stress clockwise at almost exactly the inertial frequency.

(Crawford and Large 1994a,b). The storm center passed about 500 km north of OCEAN

STORMS. Much weaker inertial currents were probably generated north of the storm

center, as the wind turned counterclockwise with time there. We estimate, therefore, that

strong inertial currents were generated in a region that extended at most 500 km north of

the OCEAN STORMS array. Mode 1 can clearly propagate out of this generation region

in 21 days, while modes 2 and 3 can only partially do so. Using a realistic initial velocity

profile, Table 2 of Part III shows mode I carrying 15% of the total inertial energy,

modes 1 and 2 carrying 49%, and modes 1-3 carrying 70%. The observed 45-75%

decrease in water column inertial energy in 20 days is consistent with mode I and part of

modes 2 and 3, propagating southeastward out of their generation region.

Figure 13 shows a large decrease in upper ocean shear over these same 20 days.

These low modes contribute little to the shear profile; the higher modes, which do
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contribute, propagate little in 20 days. The decrease in shear, therefore, is not explained

by these simple linear ideas.

7. Summary

Observations of the three-dimensional structure and evolution of inertial currents

generated by a strong storm show that

* Inertial currents are clearly generated by the storm and propagate into the thermocline

over a period of 20 days.

* The inertial currents generated by the storm extend 20-30 m below the mixed layer

immediately after the storm. Turbulent mixing is responsible for this (Crawford and

Large 1994a,b).

* Propagation starts as a spreading of the inertial currents approximately 10-30 m into

the upper thermocline over the first 10 days, followed by a more rapid propagation of

energy out of the mixed layer and into the upper thermocline. The net result is a max-

imum in inertial energy at a depth of about 100 m ("the Beam"), which persists for the

next 10 days.

* The transfer of energy out of the mixed layer is accompanied by a clockwise turning of

the inertial currents with depth and a slightly superinertial frequency.

* Twenty days after the storm, the Beam is present at all stations within the 150 km x

150 km array and exhibits a phase propagation to the southwest with a wavelength of
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about 300 km.

"* Significant smaller scale deviations from this large-scale structure occur.

"* Below the Beam, significant storm-forced inertial currents exist to at least 1500 m

depth and possibly below. These motions have a horizontal wavenumber that is barely

distinguishable from zero and clearly smaller than that in the Beam.

* The total water column inertial energy decreases to about 74% of its initial value in the

20 days after the storm. The fraction of energy described by a plane wave decreases to

45% of its initial value.

* The shear at the base of the mixed layer decreases by a factor of about 5 during this

period.

Several simple tests of linear dynamics can be made on these data:

I The vertical propagation and frequency of the Beam are consistent with WKB ray

theory, although the error bars are large.

* The decrease in total water column inertial energy is consistent with southward propa-

gation of the lowest few baroclinic modes out of the generation region.

* The mesoscale (50 kin) variations in inertial phase are at least a factor of 4 less than

would be expected from the vorticity of the mesoscale eddy field in which the inertial

currents evolve.
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* The large decrease in shear is inconsistent with linear theory.
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APPENDIX

Simulation of Fitting Errors

The parameters of the wavenumber fit (2) are determined by a nonlinear fit to the

data as described in Part I. Their errors are determined by a Monte Carlo simulation.

The fitting procedure is simulated by generating realizations of UR with a correlation

function similar to that found for the real UR. Figure Al shows the correlation function

averaged over data from 55 to 175 m (circles). This is simulated by generating a field of

complex Gaussian random numbers with expected variance at each depth determined by

I UR 12 computed from the fit of (2). These are then smoothed with splines (Craven and

Wahba 1979) with a smoothing parameter of 1000 m to generate synthetic realizations of

UR. The correlation function of these realizations is close to that of the data both in the

55-175 m depth range (Fig. Al) and below (not shown). These UR are used to generate

synthetic data which are then fit to form Monte Carlo realizations of the data. As in

Part I, the variance of UR appears to be spatially variable, but not so much that it could

not be a realization of this model.
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Figure Captions

FIG. 1. Location of OCEAN STORMS moored array (triangles) including ADCP

moorings (C, N, E, W, S), PCM mooring, and OSU mooring. The 25 October AXCP

drops (filled circles) are in three sections labeled A, B, and C.

FIG. 2. Inertial currents at ADCP mooring C before (top) and after (bottom) remo-

val of mooring motion. The errors due to mooring motion show up primarily below the

mixed layer near day 278.

FIG. 3. Horizontal kinetic energy spectra from current meters on OSU mooring at

59 m, 79 m, 99 m, 119 m, 139 m, 159 m, 500 m, 1000 m, 2000 m, 3000 m, and 4000 m for

days 278-304. The spectra are computed from 6-day-long, half-overlapped pieces win-

dowed with a half-cosine.

FIG. 4. Partition of horizontal kinetic energy by subinertial, inertial, and superiner-

tial frequency bands in the upper (top panel) and deep ocean (bottom panel). Below

59 m, spectra from currents meters on the OSU mooring for days 277-304 are used. The

inertial band is 1.33-1.66 cpd. In the mixed layer, data from surface drifters are used.

Their decomposition into inertial and subinertial energy is described in Part I. The mixed

layer superinertial energy is taken from the 59 m deep current meter on the OSU moor-

ing.

FIG. 5. Data from PCM mooring. (a) Backrotated inertial vectors with contours of

inertial speed. Speeds greater than 0.15 m s71 are shaded; contour interval = 0.05 m s-1.
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(b) Backrotated inertial vectors, shading from (a), with contours of backrotated inertial

direction; contour interval = 22.50. (c) Density contours; interval = 0.05 kg m-3 .

(d) Temperature contours; interval = 0.250.

FIG. 6. OSU moored data. (a) Backrotated inertial vectors with contours of inertial

speed, 0-200 m. Speeds greater than 0.15 m s-l are shaded; contour interval = 0.05

m s-1 . (b) Backrotated inertial vectors, shading from (a), with contours of backrotated

inertial direction; contour interval = 22.5'. (c) Backrotated inertial vectors with speed

contours, 200-4200 m. Speeds greater than 0.04 m s-1 are shaded; contour interval =

0.025 m s*l. (d) Temperature contours; interval = 0.250.

FIG. 7. Backrotated inertial vectors with speed contours from ADCP C. Speeds

greater than 0.15 m s-1 are shaded; contour interval = 0.05 m s-'.

FIG. 8. As in Fig. 7 but for ADCP N.

FIG. 9. As in Fig. 7 but for ADCP W.

FIG. 10. As in Fig. 7 but for ADCP E.

FIG. 11. Backrotated inertial vectors from fit of (2) to five ADCP moorings.

(a) Vectors and speed contours. Speeds greater than 0.15 mi s- are shaded; contour

interval = 0.05 m s-l. (b) Vectors, shading from (a), and direction contours; contour

interval = 22.50.



-36-

FIG. 12. Wavenumbers from fit of (2) to five ADCP moorings (a) k (light) and I

(heavy) in mixed layer (25-50 m). (b) Same but below mixed layer (70-100 m). Dashed

line has slope of -0 and a level that fits the I wavenumber for all surface drifters in Part I.

Heavy error bars are k and I in the appropriate depth range of Fig. 20.

FIG. 13. Backrotated inertial shear vectors computed from vectors in Fig. 11.

Shear vectors and contours of shear magnitude are plotted. Shear magnitudes greater

than 2 x 10-2 s"l are shaded. Contour interval = 5 x 10-3 s-1.

FIG. 14. Backrotated inertial vectors from AXCP and moored data on 25 October,

day 298, at 80 m (light, small arrowhead), 100 m (heavy, medium arrowhead), and 40 m

(light, large arrowhead). Contours of direction at 100m; contour interval = 22.50.

Shaded contours of speed at 100 m; contour interval = 0.1 m s-l; shading starts at

0.1 ms-1.

FIG. 15. Backrotated inertial vectors on day 298 interpolated to section A (see

Fig. 1) in upper 300 m. Triangles show the projected location of all data within 20 km of

the section. Moorings are labeled. The size of the triangle indicates the perpendicular

distance. (a) Vectors with speed contours. Speeds greater than 0.15 m s"l are shaded;

contour interval = 0.05 m s"1. (b) Vectors, shading from (a), and direction contours; con-

tour interval = 22.50.

FIG. 16. Backrotated inertial vectors on day 298 interpolated to section B (see

Fig. 1).
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FIG. 17. Backrotated inertial vectors on day 298 interpolated to section C (see

Fig. 1).

FIG. 18. Backrotated inertial vectors from AXCP and moored data on 25 October,

day 298, at 100 m (light, small arrowhead), 250 m (heavy, medium arrowhead), and

700 m (light, large arrowhead).

FIG. 19. Fit of (2) to backrotated inertial vectors on day 298. Fit parameters

include the fit energy (top panel, shaded); the total energy (top panel, line); the fit phase

(top panel, heavy line); east-west wavenumber (k, middle panel light); north-south

wavenumber (1, middle panel heavy); and number of data points in fit (bottom panel).

The dots and pluses are same parameters fit to 50 realizations of a Monte Carlo simula-

tion of the data errors.

FIG. 20. Contours of feff (light) from vorticity field computed in Part I and inertial

direction (heavy) from Fig. 14. Contour interval of feff (0.2% fo) is chosen so that if (5)

were correct the heavy and dark contours would coincide.

FIG. Al. Lagged longitudinal (heavy line, o) and transverse (light line, +) for fit

residual averaged from 55 m to 175 m. Symbols are for data; lines and 95% confidence

limits are from Monte Carlo realization.
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