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ABSTRACT

Current and wind stress time series obtained from the Fl-mooring are analysed
with the aim of examining linear correspondences and testing the adequacy of
linear coupling models at near-inertial frequencies. Significant linear
correlations are found in the data set which are consistent with a linear wind-
driven model of the current system. The current in the mixed layer can be
described by inertial oscillations directly forced by the local wind stress. A
wind-drigen s&mulation model of the mized layer currents yields an energy input
of 3-10 w/m . The current in the thermocline can be described by a linear
internal wave field of downward propagating wave groups driven via Ekm§§ sucgﬁon
by the wind stress field. Internal waves are generated at a rate of 10 ~ W/m °,
consistently estimated from both kinematic and dynamic considerations.

INTRODUCTION

Velocity oscillations with an inertial period have been observed in the ocean and
large lakes at all latitudes and depths. In general, an 'inertial peak' dominates
the spectra of horizontal currents in the frequency band of internal waves. Since
these motions make a major contribution to the kinetic energy in the mixed layer
as well as in the stratified water below considerable effort has been spent in
recent years to establish their basic characteristics and to study their
generation and decay. There is agreement among oceanographers about the most
prominent characteristics, namely the clockwise rotation (in the northern
hemisphere) of the horizontal current vector with time, a dominant frequency
which is slightly higher than the leocal inertial frequency (e.g. Day and
Webster, 1965; Gonella, 1971; Kundu, 197&), coherence scales of a few tens cf
metres for vertical and a few tens of kilometres for horizontal separations

(e.g. Webster, 1968; schott, 1971), upward propagation of phase and clockwise
turning of the velocity vector with increasing depth (e.g. Kundu, 1976;

Leaman, 1976; Perkins and van Leer, 1977). These features can also be found in
the kinematical structure of near-inertial internal waves in the IWEX spectrum
(Miller and others, 1878).

Except for intermittent occurrence of the cscillations in space and time (e.q.

Webster, 1968) and some relation of near surface currents to the wind, no clear
signatures have been observed which point towards a particular generation
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192 R. H. Kdse and D. J. Olbers

process. Hence, a variety of partly controversial concepts have been put forward
to explain the generation of near-inertial oscillations. It is generally agreed
that the wind is the driving force for inertial motions in the mixed layer. A
linear correspondence between currents and the local wind as substantiated e.g.
by Gonella (1971, 1972) could be exploited to construct simple linear forcing
models as the one of Pollard and Millard (1970) which successfully simulates
near-surface currents (e.g. Kundu, 1976; McPhee, 1978, Daddic and others, 1978).
However, no clear relation has been detected between the internal wave motion
below the mixed layer and the surface forcing function, in particular the wind
stress (e.g. Webster, 1968). There are medels which do not directly involve the
wind, such as Hasselmann's {1970) model in which inertial cscillations are
driven by the Stokes drift associated with surface waves. Stern {1977) considered
interaction with the mean current in the mixed layer as driving mechanism. Even
non-linear generaticn is conceivable. Thus Olbers (1976} suggested that the
inertial peak of mid-ocean spectra is a consequence of balancing the quasi-
equilibrium spectral shape by non-linear interaction within the internal wave
field, Evidence for nonlinearity in the wind-current momentum transfer has been
found by Yao and cothers (1977) in daia gathered on the Oregon shelf.

The lack of coherence across the base of the mixed layer, however, does not

necessarily demand non-linear models, If a description of the currents in the
thermocline as vertically propagating internal waves is adequate, then upward
propagating phase implies a downward flux of wave energy. Hence generation at

the surface seems to be likely. The lack of coherence may then be explained by

the almost horizontal characteristics of near-inertial waves. The energy has
been transferred into the ocean far away from the point of observation in the

thermocline and the lccal coherence between currents and wind may be in-
significant.

In the GATE field programme an internal wave experiment was performed which was
specifically designed to study the kinematical and dynamical characteristics of
internal waves in the upper ccean. A description of the experiment and data is
presented in this volume (Kise and Siedler, 1979). In the present work a subset
of the data is used to investigate the coupling between the wind stress and
currents in and below the mixed layer. By detrending the time series and
applying a low-pass filter a broad band around the inertial freguency is
retained, With these filtered time series the relevance of linear forcing is
demonstrated by studying time-lagged correlations of wind stress and currents
at several depths. Since the resolution of our experiment is too low to test the
relevance of different linear coupling models we restrict the analysis to show

linear correspendences and give some interpretation in terms of the simplest
linear models.

In part 3 we show by correlation methods and simulation of the correlation
pattern by a linear model that the momentum transfer from wind to the mixed
layer 1s basically linear. Part 4 deals with some kinematic characteristics of
the internal wave field in the upper thermocline. In particular we analyse the
direction of the vertical energy flux, It is found that energy propagates down-
ward at a rate which is in rough agreement with previous estimates. Linear
correspondences between the motions in the thermocline, the mixed layer current,
and the wind stress are revealed in part 5. Correlations between these fields
are obvious but are only marginally significant, as may be expected in view of
non-stationary conditions and possible contamination of the current by motions
not related to the wind. As noted above, in a linear model even the wind-driven
part of the motion in the thermocline is not directly related to the local wind
stress. The appearance of a local correlation thus must be attributed to a large
horizontal correlation scale of the wind stress field at perlods of a few days
which was observed in the GATE area (Reed and others, 1977). Further evidence
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for wind-driven waves is discussed in part &, In particular the energetics of the
coupling and relations between the correlation pattern of wind stress and that one
of the wave field are examined.

DATA SET

The data used in this work are part of the internal wave experiment performed
during the third phase of the GATE field programme in 1974 near the equator. The
current meter array was supported by the H-shaped mooring Fl1 launched at

8%4.76" N, 23%4.24' W. It covered horizontal separations from a few metres to
about 500 m and vertical separations from a few metres to about 250 m in the
upper ocean. About 19 days of current data and 17 days of wind data have heen
cbtained. We have used the wind data and current data from instruments 12, 15,

16 and 17 (VACM) and 18, 12 and 22 (Randeraa). These have almost purely vertical
separations. The average profile of the buoyancy frequency N(z) and profiles of
the mean current components are displayed in Fig. 1. The mooring was located in
the North Eguatorial Counter Current which has an almost eastward direction. Wind
stress was computed frem T = C_ p g}g{ where C_ = 1.3 x 10_3, Py = 1.22 x 10'3g
"3 and u is the wind velocity lggarithmically extrapclated to a standard height

cm
of 10 m.
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Fig. L Profiles of buoyancy frequency N(z) and mean current
components U, {z) (east) and U_(z) (north) at the Fl-site.
Instrument positions are indicated.
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Fig. 2. Rotary spectra of currents (average of 5 horizontally spaced
instruments at 56 m depth from F1) and wind stress (data
from E3).

The distribution of energy in the frequency domain is demonstrated in the plots
of rotary current and wind stress spectra in Fig. 2. Note the separation of the
current spectra by two spectral gaps into three parts: a low-frequency part
around the lecal inertial frequency £ = 0.0128 cph (period 78.16 h}, a tidal
peak, and a high-frequency part above the buoyancy frequency of the water column
beneath the upper thermccline (about 2 cph). This latter part is discussed by
Kase and Siedler {(1979). In agreement with linear internal wave theory (e.g.
Miller and others, 1978) the main contribution of the low-frequency energy is
contained in the clockwise rotating part of the motion. The spectra of wind
stress show a concentration of energy between 2 and 4 days with a slight
dominance of the counterclockwise rotating component.

For the analysis described in this paper the time series were converted to
hourly values and linear trends were removed by a least-squares method. Then

a low-pass filter (Lanczos taper with 40 h band limit) was applied which
eliminates high freguencies and retains a broad inertial band. The total length
of the records was recovered by adding zerces before filtering. Particular care
was taken so that the filtering procedure conserved the relative phases between
the time series because this i{s an essential requirement in our correlation
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analysis. The combination of detrending and low-pass filtering was chosen since

the relatively short duration of the experiment prohibited isolation of the

inertial frequency by a band-pass filter,
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Fig. 3, Bastward component of filtered current at all depths.

The filtered current time series are displayed in Fig. 3, starting on
30 august O hours GMT with 464 hourly values. Only east components are shown,
the north components have a similar appearance except for slight differences

in the r.m,s. values {see Table 1}. The dominant pericd of the currents is about
3 days which is roughly the local inertial period. Except for an event of higher

pericd in the first half of the experiment the wind stress variations show a

similar time scale,
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TABLE 1 Depths and r.m.s. values of filtered time series of wind
stress and current components

r.m.s. values

Instrument Depth {(m) Fast North
Wind stress - 10.0 0.18 dyn/cm2 0.24 dyn/cm

12 7.0 10.2 cm/sec 3.0 cm/sec
15 40.0 5.4 7.1

16 45,5 5.0 5.7

17 51.0 5.9 6.5

18 64.0 4.9 5.1

19 74.0 4.5 4.3

22 216.0 4.0 5.3
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Fig., 4, Filtered wind stress components at Fl1 and E3.
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Fig. 5. Wind speed and direction in the C-scale triangle from
research vessels Meteor, Planet and Fay (with kind
permission of E. Augstein).

The magnitude of the horizontal coherence scale of the wind field at these
periods is demonstrated in Figs. 4 and 5 showlng wind stress and wind time
series at different stations in the GATE region. Mcoring E3 is located about

30 km southeast of Fl. The wind stress is completely coherent over this
distance. The coherence scale of periods of some days is obviously much larger
as can be seen in the wind time series of the three ships Planet, Meteor and Fay
which are about 100 km apart {Fig. 5).

For the purpose of detecting linear correspondences in the data auto- and cross-
correlation functions have been computed. Autoccrrelations Py (2) of the time
series xs are estimated by

n-% n

2
r ) = fxsxs-z / fxs (
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where n is the n
Hannan, 1960) n1
and variance

er of data points. Under very general conditicns (e.g.
{rx(E) - px(iJ} is asymptotically normal with zero mean

o
2
z px (s} {2)

-}

var {r (23} ~ 1
x n

We do not know the true autocorrelation but have a rough impression of the shape
of the spectrum Fx(m) of Xs. Thus the variance is conveniently estimated from

4 4o
~ 1 2 2 _ 1
var {rx(i)} 7 {m Fi(w) du /U F lw) du)® = 5 T (3

where Bx is the spectral band width of Fx(m) and T the record length.

—o

Cross—correlations p (&) are estimated in analogy to {1). Confidence limits
for zego true correla io?/ip = 0) follow from the t-test stating that
(U-Zl/ Y < (1 - s at distribution. The degrees of freedom,

U, are lef than the™fumber of data points because of dependence in the time

series. Under the hypothesis p = © the variance of the estimator asymptotically
becomes *y

+c0 +m +o
var {r (L)} ~ 1 SF (W) P lw dw/( JF (w} dw « JF (W) du) (4)
Xy ESR Y - % o ¥

which is bounded by (2T(BxBy}l/2)_1. Thus, approximately

1

v ivar {r_ ) 3 21(3 8 ) /2, (3)
Xy Xy

The value of u measures the effective number of independent data pcoints in the

time series, In our case T (BxB y1 2. 0{10). The figures of cross-correlations
include the 90 % confidence 1im{ts for v = 20.

Cross-correlation functions are presented and discussed in the following
chapters. Autocorrelation functicns of the wind stress and currents at some
depths are displayed in Fig. 6. The dominant period in current auto-
correlations is about the inertial period. There is a slight difference in the
periods of east and north component in the mixed layer (instrument 12) and the
upper thermocline (instrument 16 and 17) which disappears with increasing depth
(instrument 18 and those below). An explanation of this feature is given in
part. 4. The autocorrelations of the wind stress reveal similar time scales as

those of the currents but behave more complexly due to the absence of one
dominant peak in the spectra,
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Fig. &, Autocorrelation functions of wind stress and currents from
7m, 51 m and 74 m depth. Dashed lines indicate two

standard deviations.
WIND-FORCING OF THE MIXED LAYER CURRENTS

It is generally accepted that inertial motions in the mixed layer are excited
directly by the wind stress at the surface. Satisfactory progress has been made
vith simple linear models like the one of Pollard and Millard (1970). In this
model the wind stress is treated as constant body force in a mixed layer of
constant depth d. Dissipation and radiation of energy into the thermocline is
modelled by a linear damping term. Thus

1
. = = = [
G =3 u € 8 fuB T ru (o 1,2) {6)
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An alternative but essentially equivalent way of coupling is to transmit the
surface stress into the interior via turbulent shear stress parameterized by

an eddy viscosity. This Ekman-type model has some points in its favour since it
allows for vertical shear. Models of this kind are able to reproduce chserved
currents but fail, of course, if the inherent assumptiocn of local forcing is not
adequate as in the case of advection and non-linearities. The model (6) was
successfully applied to the F1 and E3 mixed layer currents by Redell {1979) with
r~! of about 300 h. Here we discard the simulation of individual events and

attempt to verify linear coupling in the average by studying correlation
functicns.

Some correlations between wind stress and mixed layer current are included in
Fig. 8 below (upper panels). Around zero lag some significant estimates are
found at the 20 % cenfidence level. A much clearer picture (Fig. 7) of the
coupling is gained by correlating the time series G_{t}) with the stress
components T {t). This procedure eliminates free inertial oscillations but
retains the forced part of the moticn. Positive correlation at zeroc lag
demonstrates the principle balance (&} of a linear model. A secondary peak in

the correlation of east components (@ = 1) at lags around 50 h must cbviously

be attributed to autazormlations of TI (see Fig. 6}.

The free parameters (such as d and r in (6)} of a linear predicticon model may

be determined by correlation methods. This is essentially equivalent to fitting
an auto-regressive process to the data, a method proposed by Mofjeld and Mayer
(1976) to simulate wind-driven currents. A rough estimate of the mixed layer
depth obtained from <G 1 > = <r2>/od iz d = 30 m which favourably agrees with

the observed value. We did not proceed in the direction of detailed model fitting
and prediction. Instead we show that a linear meodel is able to simulate the
observed correlations., For this purpose an Ekman model

= tyr
Ga (uuu)
L] —_— -—
Huy = T, at z = 0 (7}
ua =0 at z ==d4

has been driven by the wind stress at E3 (see Fig. 4) starting about 10 days
before our data. Correlations have been computed for the overlapping time inter-
val. The model is designed for a step-functional form of uf{z). The evolution in
time is integrated numerically by fast Fourier transformation. The parameters u
and & were tuned to reproduce the cbserved r.m.s. velocity at 7 m depth and the
shape of the correlation functions. Observed and computed correlations for u

= 30 cm“/sec and d = 30 m are displayed in Figs. 7 and 8. Data and model are
quite similar. There is a slight difference in the correlation level (in the
model u_ and 1, are less correlated whereas G and T are better correlated than

observed) and In the overall appearance at po%itive %ags (i.e. correlations cf
the stress with past currents).

Included in Fig. 8 are model correlations at the surface z =

= 0 which may be
used to compute the energy flux <T_ u {0)> into the surface layer. In

contrast to greater depths both pagrsar and u , a = 1,2, are in phase at the

surface giving_positive contributions td the flux which is estimated as
3.3 - 1073 wmt.
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Fig. 7,Cross-correlation functions of G = - € £ u
and T (uw = 1,2) of data (upper panel} and mogel
(Lowe? panel} at 7 m depth. Dashed lines indicate
the %0 % confidence limits.
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Fig. 8, Cross-correlation functions of T and v, (a,B=1,2)
of data at 7 m depth (upper pane?s) and model at 7 m
depth (middle panels) and at the surface {(lower panels).
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THE MOTION IN THE THERMOCLINE

The currents in the thermocline are interpreted as vertically propagating low-
frequency internal waves. A detailed test of this assumption in terms of
censistency relations, or even a separation cof the currents in a wave and a
non=wave part (Miller and others, 1978), has not been attempted since the time
series are toco short for an adequate statistical treatment. Instead, we point
out scme features in the correlaticn functions which may be explained by linear
internal wave kinematics.

The waves are represented in the WKB approximation. Suppose the field of motion
consists of wave packets with frequencies w and horizoental wave vectors
k =k {cos$, sing). Then, according to WKB

u, (-w cosd - ifsind)y' (2)/k
v 1 (kex-wt)
U, (-w sind + ifc0s¢)wé(z)/k e LT +c. .
= Zac(ﬁ,m) (8)
w iw wa(z)
p - wle£2)y ! (2) /K2

where the summation symbol denotes an integral over k and w and summation over
the sign ¢ of the vertical wavenumber c8(z) where

7 _ 2 1/2
Blz) = k(N—mé-z%—?“ih) (9)

The vertical eigenfunction is
=-d

KV 20xp < ~i0 [az8(z) (10)
z

wcﬁz) = ¢U(Erw.z) = C{w) (E)

Wave packets with positive o have an upward vertical phase velocity and down-
ward vertical group velocity. The normalization factor € can be adjusted such
that

2<ac(b.m) a;(ﬁrm)> = E_ (k) (11)

is the spectral density of the total wave energy {see Miller and others, 1%878).
The covariance function of current components with purely vertical separation is

RQB(Z,Q,T) = <uu(§,z,t) uﬁtf,z-g,t—1)> (12)
= =2 - ¥ —iwT
=T Ea(}f'm){Dus k vc(z) (vo(z g)) e +c.c.}

where

w2c052¢+f25in2¢ [ iwf + %(wz—fz)sin2¢
( )
af

| {13)

-iwf + %{wz-fz)sin2¢ i wzsin2¢+fzcosz¢)
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Approximately, the covariance function is a weighted Fourier transform of the
spectrum with respect to frequency w (strictly true for { = O} and wavenumber k.
If Ec (k,w) represents a narrow band process R will show an oscillating
behaviour. In the observed correlaticn functions (see Figs. 6, 9 and 10} this
is evident in the dependence on the time lag T but not in the dependence con the
separation lag 4. In all correlaticon functions an overall degradation of the
correlation amplitudes with increasing lags T and [ is visible, which is due

to non-vanishing band widths of the spectrum.

1 ! 1
120 50 ] BG Lag [hours] 120

Fig. 9, Cross-correlation functions of u, and u, at the same
position for the five Instruments below the mixed layer.

Figs. 6 and 9 display some correlations of the current components at the same
position (i.e. £ = 0). then interpreted in terms of the internal wave model
the difference in the periods of the current autocorrelation functions
necessarily requires a horizontally aniscotropic energy spectrum. Since the
pericd of R 1 is longer than that in R the weighting of the spectrum by the
function D,, must result in a shift to ﬁigher frequencies as compared to the
weighting %y D.,. This is the case if there is a preferred meridional direction
in the wave fleid‘ At greater depths this anisotropy seems to vanish, as is
illustrated by the autocorrelations of the instrument at 74 m depth. An
explanation of this feature as an adjustment of the wave field in the upper
thermocline (which is anisotropic because of the proximity of the generation
region] to a more isotropic wave field in the deep ocean by nonlinear wave

interactions is speculative but not inconsistent with further results derived
in the following.

For near-inertial waves the current compenents u, and u, at a fixed position are
almost 7/2 out of phase. The wave model (12) addltlonalfy implies that R

behaves as sin wr around zero lag. This signature is clearly shown in the
chserved cross-correlations (Fig. 9).
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< Uy Uy > 455m—

Fig. 10 Cross-correlation functions of u_ at 45.5 m depth with
u, at 51.0m, 64.0m and 74.0m gepth, upper panel:
east components (a = 1), lower panel: north components
(o = 2).
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Some cross-correlations of current components at different depths are shown in
Fig. 10. The pattern of the correlations appear to be similar except for a phase
shift towards positive time lags with increasing separation (i.e. the deeper
instrument leads the upper in phase). These phase shifts allow some conclusions
about the vertical symmetry of the wave field. Analysis of (12) yields that the
phase of R a dees not depend on T if the wave field is symmetric i.e. E, = E_.
If there is a dominance of energy in one of the spectral components, say E_, then
the rate of change of the phase shift in Raa with separation is simply

ar aRaa/ac _ aB -1

a TR Jit T w - % @

411

This relation allows one to determine the direction and magnitude cof the vertical
phase propagation in the wave field. The pattern of phase shifts recognizable in
Fig. 10 is supported in a consistent way by all cther combinations of instruments
not shown. The lag T_ corresponding to the first maximum in the correlation
functicon has been plotted against the separation of the ceorresponding instru-
ments in Fig. 11. Since 4t1/df>o, there is a dominant upward phase propagation,

and hence a downward propagation of energy. The vertical phase speed c,= 0.027 cm/
sec estimated from Fig, 11 agrees with the findings of Perkins and Van Leer (1977)
from their repeated current profiling in the GATE area. The vertical wave length

2 n/B = 2nc+/f turns out to be about 75 m. In view of the vertical variations of
the stability frequency this order of magnitude of the vertical wavelength makes
the adequacy of WKB somewhat questicnable. However, the results of our analysis
are correct to some degree since the large-scale waves do not feel the actual
N(z)-profile but rather a smoothed one. The effect of deviations may be treated

as a scattering problem of WKB waves on a smooth profile with variatiens in

N(z} on a scale comparable to the wavelength (see e.g.

Barcilon and others, 1972;
Miiller and Olbers, 1975).
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Fig. 1l.Lag 1_ of correlation maximum vs. vertical separation [

for all correlation functions of same current components
in the thermocline.
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Fig. 12, Correlation functions of eastward wind stress component
Ty with the current u, (@ = 1, 2} in the thermocline.

EVIDENCE FOR WIND-DRIVEN INTERNAL WAVES

Linear correspondences between the wind stress and the current in the mixed
layer have been demonstrated above. Here we will search for a coupling of these
fields with the wave field in the thermocline. A section of the correlaticn
pattern across the base of the mixed layer is given in Figs. 12 and 13 which
display some current-current correlations {(c-c) and stress-current correlations
(s—c}. Correlations with the deepest instrument at 216 m depth (not shown) are
insignificant, those above are significant at the 90 % confidence limits. In
general, c-c correlations are larger than s-c correlations. Further, c-c
correlations of east components and s-¢ correlaticns involving T, are slightly
larger than others (those inveolving T, are not displayed). This Is presumably
due to larger variances in the time series of u, at instrument 12 and 7, {see
Table 1) . The dependence of the maximum correla%ion level on the separagion

is certainly not monotonic, In general there is a maximum correlation at

207
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intermediate separations and a decrease to lower values at smaller and larger
separations.

<Uyuy = 70m-

<UpUp> 70m-

1.0 ! 1 ! | l ] ] l ] |
120 -60 0 60 Lag (hours] 120

Fig. 13. Correlation functions cf same current components across
the base of the mixed layer.
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Fig. 14.Correlation functions of u, and U, across the base of the
mixed layer.

Though some of the correlations are but marginally significant the overall
appearance of the correlation pattern gives ample evidence of a wind-driven
contribution to the metion in the thermccline. Further support can only be
achieved by searching for consistencies with specifiec coupling models. Since

the wave field is correlated with both, the wind stress and the inertial currents
in the mixed layer, coupling of the waves to the wind stress via Ekman sucticn

is likely. In addition to correlations this model implies simple phase relations
between the wave field and the hcrizontal mass flux M in the mixed layer. From
(7) we find &

M1 (kywit _ i w - if TI{E'N)
My (o)) wi-£liE w AT (kew)

(15}

According to the Ekman suction model internal waves are resonantly generated
by the divergence cf M_. The amplitudes a+(5,w) of the downward propagating wave
groups are then given by

1

a, (k,u) = ————
o wy (=)

k, M, (}f.lu) (16)

Inserting this into {8) we find that at near-inertial frequencies (where

Ml = iMz) the current of the wave field is approximately given by

u = ~fa@%kfap m iB0sl2) lkcx-et) o o (17
o o ¢+(—d)
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The absclute phase between Ma and ug strongly depends on depth because of the
e

almost discontinuous behavicur of the N(z)-profile in the upper part of the
thermocline. However, the phase lag between M; and uj is the same as that between
My and up whereas there is a phase difference of T between the pairs (M{, ujp)

and (M,, uy). Estimating the mass flux M, by d-ug at 7 m presumably introduces
only a small error in the phase. Correlations between the mixed layer current at
7 m depth and the current in the thermocline clearly show the above phase
relations (Fig. 13 and 14). However, the consistency of this phase pattern with
the Ekman suction model is a very weak statement since it is not independent

of the approximate phase difference of m/2 between the current components at
each depth discussed in the last section.

SUMMARY AND DISCUSSION

The following main results were cbtained from our correlation analysis of a low-
frequency current data set in the GATE area:

{a) The current system can be described by linear models.

{b) The mixed layer current is consistent with a linear model of wind-driven
inertial oscillations.

{c) The current in the thermocline can be represented by a linear internal
wave field of downward propagating wave groups.

(d) There is evidence of a linear coupling of the wave field to the wind

stress. The coupling mechanism is consistent with an Ekman suction model.

The first three statements agree with previous work on inertial motions in the
upper ocean. However, the existence of wind-driven internal waves has not yet
been established. Earlier studies of inertial motions were mainly performed in
mid- and high latitudes where there 1s a mismatch in the dominant time scales
of the wind and the inertial period. Inertial motions are therefore mainly
generated and destroyed by localized events in the wind field like storms and
fronts., Intermittent occurrence of the oscillations in space and time are
therefore a characteristic feature. Correspondences between wind and currents
below the mixed layer can only be detected if the events are tracked along

the rays. These, however, have extremely small slopes so that waves observed
at some depth in the thermocline are related to the driwving field some tens

or even hundreds of kilometres away. The present type of experiments with
emphasis on vertically spaced instruments and sparse horizental coverage

is in fact inadequate to search for a coupling of the internal wave field
to the wind.

Approaching the equator the inertial peried increases towards the time scale
of synoptic disturbances in the atmocsphere which have periods of 3 to 5 days.
Hence inertial motions are resonantly generated by wind fluctuations. Local
correspondences between wind and waves in the thermocline can be detected if
the wind field has a large herizontal correlation scale. Even then
correspondences may be masked by free wave components (or other 'noise'} or
by interaction processes affecting the forced wave components along the rays.
The observed tendency of the wave field towards isotreopy at greater depths
may be an indication of nonlinear interactions within the wave field. The
travel time of near-inertial waves (estimates of the vertical group velocity
are given below} from the base of the mixed layer to our deeper instruments

is about 2-5 periods which might be long enough for interactions to become
effective (McComas, 1977).
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Even if contaminations are disregarded the pattern of correlations between the
wind stress and the wind-driven current field in the thermocline has a rather
complex structure. General expressions for the cross-spectral matrix of a forcing
field at the surface and the generated wave field are given in the appendix.
Detailed comparison of the observed correlations with those of a linear forcing
model is prohibited because sufficient knowledge about the horizontal structure
of the wind stress field is lacking. However, we can illustrate some general
features and discuss the scales invclved. Coherence will be used because of
analytical convenience.

Let us consider the coherence pattern generated by a wind stress field of simple
geometry via Ekman sucticn. Let T, = o and let Ty be a superposition of Fourier
components with meridicnal wave vectors, i.e. the ccherence function y(r,,w) of
T, is independent of r, and symmetric in r,. This essentially one-dimensional
mcdel may serve as a rough approximation for wind stress in the GATE region.
Using (15) and (16) the analysis in the appendix shows that the coherence be=-
tween the current u (x,z t) and the wind stress T (x r,t) can be expressed in
terms of Y(rz,m) as

ly'(x, ~ a0
Y g (Lrzw) = ———————— (18)

]Y"(O.w)|1/2

where the dash denotes differentiation with respect to r, and A(z,w) given by
(a5) is the horizontal distance between x and the interséction with the surface
cf the ray passing through (x,z} (a schematic view is given in Fig. 15). The
coherence between different current compcnents has a similar form involving the
second derivative of ¥({(r_,w). The ccherences remain constant along a ray and
vanish at the inertial f¥equency since in general y(r,,w) and its derivatives
tend to zero at infinite horizontal separations. As function of separation Yes
reflects the derivative of the coherence and therefeore shows in general a
larger spatial variability. As a remarkable feature ¥y vanishes at zero
separations. The coherence with the local wind stress li.e. r = o) attains its
raxima at depths z where A(z,w) coincides with an inflexion point of y{r,,w). Our
data substantiate a nonmonotonic behaviour of ¥y but ctherwise are inadequate
for further comparisen. The horizontal distance®

» Ny umf\172
Alz,w) = z 5 (2 7 ) {19}

to the intersection of the ray with the sea surface is of the order 100 km for
our deeper instruments which presumably is less than the meridional c¢cherence
scale of the wind stress. In passing we note that the maximum value of ¥ is
very roughly given by the ratio of the microscale (-Y"(o,m))‘1 2 of the wind
stress and the width of its first derivative.

There are a few signatures in the data, apart from the correlation pattern, which
support the hypothesis of wind-driven internal waves. First of all the energy of
the currents in the thermocline is propagating downward. A second consistent
feature is the preferred meridional propagation characteristic of the wave field
which, because of resonant excitation, has been impressed by the wind field:
synoptic disturbances have zonal wavelengths of a few 1000 km and meridional
length scales of a few 100 km {Reed and others, 1977). Alsc, the cbserved
energetics are roughly consistent with theoretical concepts. The vertical energy
flux of the wave field is given by

F o= <wp> = Tv_(k,u) E(k,0,2) (20)
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where E4(k,w,z) is the spectrum of the energy per unit volume and Vg k,w) is the
vertical component of the group velocity. For near-inertial waves

vr =288 o (21)
Thus the determination of F requires knowledge of the frequency shift e-f which
is beyond the resclution of our data, If we believe that the range 0.05f— .2
obtained at mid-latitudes is applicable also near the equator we cbtain, from
our estimate of the vertical phase, the range 3-1073 - 1072 cm/sec for the
magnitude of vy, Assuming that all the observed energy 1 p<uyuy> is in downward
propagating waves the vertical energy flux is downward and of magnitude
(0.2-0.6) x 10-3 w/m2, which agrees with previcus estimates (Leaman, 1976;
Perkins and van lLeer, 1977). A theoretical transfer of 103 W/m2 sec to the
first few internal wave modes by Ekman suction has been found by Kise (1979}
using the observed wind stress spectrum and stratification at the Fl-site.
The WKB appreoximation yields a similar result. Using (15} and
flux in the near-inertial fregquency band becomes approximately

2 P__k,w)

F = fd kfdtum (22}

(16) the energy

where P__ 1s the clockwise rotary wind stress spectrum (shown in Fig. 2). The
estimate of v, yields F = (0.7-2.0) x 103 W/m2. Thus, the estimates of the
energy flux from the kinematic definition {(20) and the dynamic expression (22)
agree with E%_ on the larger side of the observational range.

The wind during phase III of GATE was extremely low, at 10 m height it never
exceeded 10 m/s at the Fl-site. Nevertheless, the energy flux cbtained here
for the low-frequency internal wave band in the upper ocean is comparable to
transfer rates of interaction processes affecting the deep-sea internal wave
field (Miller and Olbers, 1975). Though chservations unanimously show down-
ward propagation of near-inertial energy in the main thermocline (Leaman and
Sanford, 197%; Leaman, 1976; Miller and others, 1978) it still remains
questionable whether the energy flux associated with wind-driven internal
waves contributes directly with its total magnitude to the deep-sea inertial
peak. The travel time to the main thermocline is extremely lcng (a few months
in our case) so that exchange of energy with internal waves of higher
frequency by nonlinear interactions is likely to occur.
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APPENDIX
Cross=-spectra of internal waves driven at the surface

We derive relations between the cross-spectra of the surface forcing function

and that of the generated wave field. For linear coupling there is a linear
relation

(k,w)

a (kywy = T, (k,w)d (A 1)
+ = j o~

3
between the amplitudes of the generated waves propagating downward and the
driving fields ¢, (i.e. the wind stress cor any other field; the index j may
include a continuous component such as the vertical coordinate z).
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Fig. 15 Graph of the geometry associated with (A 3).
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The cross-spectra of current components u_ and driving fields QE may be
expressed in terms of the cross-spectral matrix

Tiglpedon) = <0 (x,0,w)d7(x-z,¢,u)>

(A 2)
= de<@j(k.¢,m)°1‘k.¢,m)>eik{rl cos¢é + ry sind)

of the driving field components travelling in the ¢-direction. Thus e.q.

—_— * -
A lEszw) = <uG(§,z,w}¢Q(§ r,w) >
2n (A 3)
= [d¢ Uy (90D (&) Ty, x=bnsd,w)
where Uu is the eigen wvector in the representation (8),
Dj(¢.m) = Tj(-ig = V,h,w) (A 4)

with E=(B/Br1,3/3r2) and n={ccs¢, s5ind} which is the unit vector in the ¢-
direction. Further

-d 2 y)
Alz,w) = fdz 5515£19~ 1/2 (A 5)
Z w ~f

is the horizontal distance between the point (x,z) where the current u_ is

; . ~ . &
observed and the intersecticn of the surface z = -d of the ray passing through
(x,2)} . The geometry associated with (A 3) is shown in Fig. 15. The
representation (A 3) of A illustrates a rather complex relation to the
cross-spectra of the driv?ng fields

2n
le(gtm) = £d¢ FJE(EI¢I‘M) (A 6)

Here the contributions T,

from the different ¢-directions are simply added
whereas A

L is superposition of directionally weighted derivatives of T,
sliding down the ray cone. A similar representation can be derived for E%e
cross-spectral matrix of the current components

= * -
Bugtg,zl,zz,w) <uu(§,21,w)u8(§ E,zz,w)>

o (A 7)
= * - -
£d¢DuB Dj(¢.w)D£(¢,w)Fjg(f (Al A2)§.¢.w)

Both cross-spectral matrices, A and B

and generally T g and its derivatives ténd to zero at infinity. This reflects
the fact that pére inertial oscillations generated at the surface do not
penetrate into the thermocline.

vanish at w = £ since here A » ©
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