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ABSTRACT

The response of the ocean at low latitude to idealized westerly wind bursts can be described as a wave wake
composed of equatorial gravity and Rossby-gravity modes. The excited waves are those with phase speeds that
match the zonal translation speed of a wind burst, typically 10 m s~'. These modes sum to produce oscillations
near the local inertial frequency at each latitude, analogous to near-inertial internal gravity waves generated by
moving storms at midlatitude. Linear theory predicts that typical wind burst amplitudes (stresses of 0.1 Pa)
will generate substantial current oscillations [O (1 m s™")] in the upper ocean. Response is initially confined
to the region directly beneath a wind burst, after which the wake descends and refracts equatorward as a
propagating beam. Waves are of sufficient amplitude to dominate shear and vertical strain in the upper ocean.
Phase differences between oscillations at neighboring latitudes induce motion in the meridional-vertical plane
at ever-decreasing meridional scales. Mixing associated with predicted low Richardson numbers is expected to
check development of nonlinearity from vertical and meridional advection by the waves.

1. Introduction

While air-sea interaction in the tropics occurs on a
variety of time and space scales, most recent research
has emphasized mainly long-period, large-scale vari-
ability because of widespread interest in El Nifio~
Southern Oscillation phenomena and the seasonal cy-
cle. Yet, evolution of upper-ocean structure on long
time scales is often the result of a sequence of intense
events, For example, seasonal deepening of the surface
mixed layer at midlatitudes is accomplished via storms,
which are relatively easily identified as discrete epi-
sodes. Recent investigations in the tropical western Pa-
cific Ocean indicate that stratification of the tropical
upper ocean depends in part on the occurrence of in-
tense wind events anomalous to the seasonal cycle of
gentle trade winds. Lukas and Lindstrom (1991 ) found
that while a warm, rain-freshened surface layer usually
caps the ocean in this region, occasional episodes of
gale winds tend to mix the ocean well into the pyc-
nocline. These mixing events have the effect of exposing
the atmosphere to relatively cool water; hence, influ-
encing air-sea fluxes of heat and moisture, and thus
the sites and intensity of atmospheric convection. These
wind events are commonly termed “westerly wind
bursts” and the dynamical response of the ocean to
these events is the subject of study reported here.

Westerly wind bursts were identified in Pacific island
weather records by Luther et al. (1983) as episodes of
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relaxed trade winds lasting from a few days to a couple
of weeks. In strong episodes, winds run counter to and
are of comparable intensity to the trade winds normally
found in the region. They occur most frequently from
November through January and in El Nifio years. The
transition from easterlies (trades) to westerlies often
takes place in only a few hours. These bursts are as-
sociated with disturbances in tropospheric circulation
that meteorologists call “intraseasonal oscillations” or
30 to 60-day waves.” Nakazawa ( 1988 ) demonstrates
that cloud superclusters that are manifestations of in-
traseasonal oscillations carry behind them anomalous
westerly winds, particularly evident between the In-
donesian archipelago and the international date line.
A particular westerly wind burst scems even to have
played a role in the course of history. While the oc-
currence of sudden westerly wind events was doubtless
recognized by all who plied the tropical western Pacific
for trade and conquest, an early report of the phenom-
enon comes in the account of Sir Francis Drake’s cir-
cumnavigation during the reign of Queen Elizabeth of
England. While sailing before northeast trade winds
through the uncharted waters of the Celebes, Drake’s
ship foundered on a reef. His crew discarded several
tons of loot and munitions, including cloves and can-
nons, in a vain attempt to free the ship, which was
pressed upon the reef for almost a day by the trades.
On the afternoon of 10 January 1580, the wind sud-
denly weakened, reversed direction, and freshened to
a gale, driving the Golden Hind off the reef (Drake
1628; Wilson 1977; Lessa 1984; Sugden 1990). Drake
then completed his voyage, surviving to later ravage
the Spanish Main, defeat the Spanish Armada, and lay
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the groundwork for England to build an empire
through maritime conquest. While observational evi-
dence is admittedly thin, the winds that saved Drake
and his crew fit the general character of a westerly burst
and occurred at the right time of year, although ap-
parently not in an El Nifio year. [Quinn et al. (1987)
list 1578 as a very strong El Nifio year, making westerly
bursts likely late that year and early in 1579.]

The characteristic space-time structure of westerly
wind bursts determines what motions are excited by
these bursts in the tropical ocean. Island wind records
indicate that westerly bursts have long zonal and nar-
row meridional extent. They can be described reason-
ably well by a Gaussian shape in latitude, typically only
a few degrees wide, and are most often centered on the
equator or a few degrees south of it (Harrison and Giese
1991). They turn on and off over a day or two, last a
few days to a week or two, are manifested in mainly
zonal winds, and attain westerly wind speeds of 8-12
m s~! at the ocean surface. Nakazawa (1988) dem-
onstrated the link between intraseasonal oscillations,
which take the form of eastward-propagating (global)
wavenumber one waves of one or two-month period,
and westerly wind disturbances following cloud super-
clusters. These eastward-traveling cloud superclusters
are fed by convergent motion in the lower troposphere;
hence westerly winds follow the clouds and are partic-
ularly intense in the western Pacific over a large pool
of very high sea surface temperatures (leading to annual
rainfall as high as 5 m). The cases Nakazawa presented
indicate that westerly wind bursts propagate east-
ward at roughly 10 m s~ with zonal scales of 1000 km
or so.

The response of the tropical ocean to idealized west-
erly wind bursts with the characteristics described above
is considered in this paper. Because they translate zon-
ally at speeds faster than the phase speed of the gravest
internal-mode Kelvin wave in the ocean, westerly wind
bursts are particularly effective in exciting equatorial
gravity wave modes, much as a midlatitude storm
excites slightly superinertial internal gravity waves
(Kundu and Thompson 1985). That impulsively ini-
tiated winds excite gravity modes was noticed by Moore
and Philander (1978), but they considered merely a
single baroclinic mode in their tropical modeling re-
view. While very many papers written following Light-
hill (1969 ) describe models of low-latitude oceanic re-
sponse to wind forcing, very few have bothered to in-
clude equatorial gravity wave modes in the solution.
This is largely because interest has focused on low-
frequency variability. Exceptions are Wunsch and Gill
(1976)and Luther (1980), in which peaks in equatorial
island sea level spectra are explained as being due to
energy accumulating near frequencies corresponding
to vanishing zonal group speed of equatorial gravity
wave modes. In practice, these frequencies are indis-
tinguishable from those of vanishing zonal wavenum-
ber, hence infinite zonal phase speed. Wunsch and Gill

ERIKSEN

1209

offered a model of wave forcing by broadband wind
stress fluctuations but concentrated only on sea level
response. As the calculations presented here demon-
strate, a rapidly translating wind burst of modest
strength will generate robust current fluctuations as a
gravity wave wake trailing behind it. This wake appears
as a train of local slightly superinertial internal gravity
waves at each latitude.

Recent attention to wind burst response in the west-
ern Pacific has centered on the generation of Kelvin
waves. Wind systems that translate more slowly than
the wave speeds of available Kelvin modes generate
Kelvin and Rossby modes, as shown by McCreary and
Lukas (1986). The analogous solution for a rapidly
translating wind system is presented here, where gravity
modes rather than Rossby modes are resonant. Giese
and Harrison (1990, 1991) used a numerical model to
calculate the response to a stationary wind patch with
the spatial characteristics of a westerly burst. Not sur-
prisingly, the solution was dominated by Kelvin wave
generation. By contrast, the wave wake left by a rapidly
translating wind burst includes a Kelvin mode only as
a member of the directly forced equatorial (Yoshida)
jet solution. Equatorial gravity waves are manifested
as robust current fluctuations found not only within
the jet, but at higher latitudes and deeper depths as
well. Because the vertical shear produced by an equa-
torial gravity wave wake is both intense and meridio-
nally widespread, these waves can be expected to be a
principal source of upper-ocean mixing in the tropics.

The approach taken here is to calculate the linear
response of a realistically stratified ocean to determin-
istic wind stress patterns that approximate westerly
wind bursts. The model equations are developed in
section 2, followed by a discussion of what wave modes
are excited by wind bursts with different characteristics
in section 3. The spatial and temporal structure of lin-
ear response to particular wind events is described in
section 4 and the implications of the linear calculation
for advection and mixing are discussed in sections 5
and 6. A discussion of the limitations -of these calcu-
lations appears with conclusions in section 7.

2. Model of a continuously stratified equatorial
ocean forced by wind stress

The features essential to wave response that dis-
tinguish the tropical ocean dynamically from other re-
gions are its stratification, meridional variation of
planetary vorticity, and mean current structure. The
essential features that characterize westerly wind bursts
are narrow meridional confinement and rapid eastward
translation. Mean current structure can be neglected
in wave response to rapidly translating forcing. The
simplest model that retains the remaining features with
some realism while remaining analytically tractable is
one for a continuously stratified ocean where the back-
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ground buoyancy frequency profile N(z) is laterally
invariant, consistent with a resting basic state, and
variation of the Coriolis parameter f with latitude is
modeled by an equatorial § plane, f = 8y, where y is
the northward coordinate. The ocean is taken to have
constant depth 4 and be unbounded laterally. Wind
stress is applied as an equivalent body force in the sur-
face mixed layer. This stress divergence structure pro-
jects onto the dynamical modes of a flat-bottomed
ocean and linear solutions are sought. This kind of
model has been used frequently in equatorial ocean-
ography, although even for modest forcing amplitudes,
nonlinear advection of momentum and density can be
significant. Nonlinearities notwithstanding, a model for
linear response to a wind stress pattern translating at
a fixed zonal speed U is developed in this section.

The Boussinesq hydrostatic equations for momen-
tum conservation and the equation for mass conser-
vation for this simple system are

u—fo=—p.+H(z+ h)t*/h (la)
v,+fu=-p,+H(z+ h)r’/h (1b)
Du+ Nw=0 (1c)
Uy + 0, + w, = 0, (1d)

where u, v, and w are the perturbation current com-
ponents in the eastward, northward, and upward di-
rections, respectively; p is reduced perturbation pres-
sure; H is the Heaviside step function; 7* and 7> are
the zonal and meridional components of normalized
surface wind stress (stress divided by reference density
po); N(z) = (—gpi(z)/po)"/? is the buoyancy fre-
quency of the resting ocean; and po + p;(z) is its resting
density (p; < pg). Independent variables as subscripts
denote derivatives and 4 is the depth of the surface
mixed layer over which wind stress is applied. The sys-
tem (1) is subject to free surface and flat bottom
boundary conditions so that current and pressure can
be projected onto baroclinic modes as

u(x,y,z,t) = 2 um(x, y, 1) Gin(2) (2a)
(X, ¥, 2, 8) = 2 Um(x, p, 1)+ Gin(2) (2b)
p(x,y,z,0)= % DX, p, ) Gu(2)em  (2¢)

(2d)

W(X9 ya Z, t) = z pmt(-xs y, t)' Gm(z)/cm-

Then the system of three equations describing motion
in each vertical mode m takes the form of that for an
equivalent shallow-water barotropic system of depth

cmlg:
(3a)
(3b)

Umi = fOm + CnDmx = T

Up +fum + CmPmy = T')’n
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(3¢)

where G,,(z) satisfies the vertical structure equation
Go + (N(2)/¢m)?Gm = O subject to the normaliza-
tion [_,G'.(2)*dz = d, ¢, is the eigenspeed of the mth
vertical mode, and the coupling coefficients are defined
by 7 =77G,(0)/d and 73, = 77G",,(0)/d. For forc-
ing that translates zonally at a speed U, the time
derivative operator 9, is equivalent to —U - 9, so that a
governing equation for meridional velocity involving
only spatial derivatives can be found from (3):

(Uz/cgn - l)vmxx — Umyy + [(ﬂy/cm)z + 6/U]vm
= U (1h = Thy) = BYCn T — (U/Cot) T
(4)

Meridional current for each vertical mode v,,(x, y)
may be projected onto Hermite functions ¥,(7n)
= (2"n'Y7) /2 exp(—n?/2)H,(n); the normal modes
on an equatorial 8 plane, as

VX, ¥) = 2 Grun(X)¥n(n),

Umx + Uy + Do/ Cm = 0,

(3)

where 7 = y(8/cm)'’/? is the meridional coordinate
scaled by the equatorial deformation radius and H, ()
are the Hermite polynomials. Then the governing
equation (4) becomes an ordinary differential equation
for the amplitude g,,,(x) of vertical mode m and me-
ridional mode #:

Gnxx + KinGmn

= U [ st — (07 - G

o]

X (HUBIew'” [ rinbndn

o0

+(6Cm)1/2f®7fnmpndn}' (6)

This equation indicates that meridional current fluc-
tuations are forced by the two wind stress components
through different projections on their spatial structure.
These amount to different responses to stress curl and
Ekman transport divergence.

To evaluate the integrals describing forcing in (6),
particular forms for wind stress components must be
chosen. A reasonable idealization of westerly wind burst
structure is a boxcar in longitude times a Gaussian in
latitude centered at y = y, with a meridional width L.
That is, the model burst arrives suddenly, maintains a
constant strength, and then suddenly departs, as ob-
servations suggest. The boxcar in longitude can be
constructed as the sum of two step functions that are
equal and opposite but lagged spatially. When 7(x, y)
= 70(1 — H(x)) exp{—[(y — y0)/L]*} where H(x)
is the Heaviside step function, the solution to (6) is a
sum of Hermite functions modulated by sines and co-
sines behind the front (x < 0) for wind patterns that
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translate at speeds faster than the Kelvin wave speed
for each baroclinic mode (U > ¢,,). The solution van-
ishes ahead of the jump in stress. For slow moving

wind patterns (U < ¢,,), the solution decays exponen-
tially (evanescent waves ) both ahead of and behind the
jump. Expressions for meridional current v(x, y, z)
for the two cases are

U>cCm, x<0:0(x,y,2)= 2 Gn(2) 2 Yn(n)- {_Tm(kan) lAmrz sin (KpmnX)
+ 'ricn[(l/’2 - Cm)kmn]_l(ﬁcm)”z[an + (Cm/U)Cm,,][COS(km,,X) - 1]}’ (7a)
U>cn, x=20:0(x,y,2)= (7b)
U<cm, x<0:0(x,y,2)= 2 Gm(2) E Yn(n)* { =T (KmnU) ™" An €XD (KrnnX)
+ 7'icn[(l]2 - cm)kmn]_ (ch)l/Z[an + (Cm/ U)Cmn][2 - exD(kmnx)]}/z, (7C)
U<cm, x20:0(x,p,2)= E Gm(z) Z Yn(0)* { — 700 (KmnU) ™" A €XP(—KonX)
+ 73 [(U? = c2) k2] " (Bem) /[ Bmn + (Cm/ U) Cn} [ XD (—KmnX)1}/2,  (7d)

where zonal wavenumber is given by
o = {Bem(2n + 1+ €/ U)/|U = ¢ [}'12. (8)

The constants A,,,, B.x, and C,,, are meridional in-
tegrals of the wind stress structure defined by

glvenA,,,,,, an [(n+ 1)/2]”2Amn+1 +(n/2)l/2Amn—
and Cmn - [(n + 1)/2] 172 Amn+l - (n/z)l/zAmn 1- De-
fining the parameters a = ¢n/(BL?) and b = yo(B/
¢m)'’?, Amn can be found as

= [2n/(2a + 1)]'* exp{ab?/(4a* ~ 1)}

1/2
X [(2a — 1)/(2a + 1)]"/2‘//,,[ab/(a2 - %) ]

o= [ um ep (=1 = wyLPyan (9)

= f: Yn(n)n exp{—[(y — y0)/L}’}dn  (9b)

Con = f_m IPn(n)a,,[exp{—[(y — yO)/L]Z}]d‘r) (9¢)

These can be evaluated using the rules for projection
on Hermite functions (McCreary 1980), derived using

(10)
(D. Moore 1991, personal communication._ Also,
Buo = o mo = Aml/\/5 By = Ao + AmO/VEa and

le = m2 mO/v_
Expressions for the zonal derivatives of zonal current
and pressure can be found from (3). These are easily

recursion relations for these functions. These state that, integrated zonally to obtain expressions for zonal cur-

rent and pressure:

U>Cmy Xx<0:u(x,,2)= 2 Gu(2)[—15Ux/(U?* = ci) + (Bem)'? Z 0u(n)
X {T'rn(kgsz)_’Amn(cos(kmnx) - 1) + T’r\‘n[( U2 - c%n)k:r;nn]_l
X (ﬁcm)l/Z[an + (cm/ U)Cmn][Sin(kmnx) - kmnx]}]; (lla)
p(x,y,2) = 2 G2 [~ T3Cmx/(U* = ¢i) + cm(Bem) ' Z ®nl(n)
X {T‘Yn(kf,,,,U)_lAmn(COS(km,,X) - 1)+ "';\‘n[({J2 Cm)k n]” !
X (Bcm) [ Bumn + (cm/ U)Conn}sin(kpnx) — knx1}1, (12a)
U>c¢n, x20:u(x,y,2)=0 (11b)
p(x,y,z)= (12b)
U<tCm, X<0:u(x,p,2)= 2 Gu(2)[—10Ux/(U? = ci) + (Bcm)''? Z 0a(n)
X {T'Kn(ki‘m U)_lAmn(z - exD(kmnx)) + T%[(Uz - c%n)k:r*}rm]_1
X (Bm) [ Bmn + (¢m! U) Crn Y 2kmnx — exp(kmnx)1}/2], (11c)
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P(x,¥,2) = 2 Gu(D)[=Tmchx/(U? = c) + cnl(Bem)'* T @nln)

id

X {T:jn(kfnn [])-lAmn(2 - exP(kmn-x)) + Tfn[(Uz - c%n)kgrm]_l
X (Bm) [ Byun + (€m! U) Crun1[2kmnx — €xp(kmnx)1}/2]1,  (12¢)
U<cm, x20:u(x,y,2)=2 Gu(2)[(Bcn)'?* X 0.(n)

X ATk U) ™ Apn(€XD(—Kmn X)) + 75 [(U? = c2)k3] ™!
X (:ch)l/Z[an + (Cm/ U)Cmn][exp(_kmnx)]}/z]s (lld)
p(x,y,2) = 2 G(2)[cm(Bem)'* 2 enln)

X A 5(k5in U) ™' A €XD(—kun X)) + 75 [(U? = c3) k3] ™!
X (Bem)'*[ Bynn + (€m/ U) Cunlexp(—kpmnx) }/2].  (12d)

The meridional structures of these quantities are spec-
ified through .

Oa(n) = —(1n/2)"" Y i () /(U + )
—[(n+ 1)/2]" 21 ()/(U = ¢) (13a)
@n(n) = (1/2)" s () /(U + Cm)
= [(n+ 1)/21"* it () /(U = ¢m).

Notice that two terms in each expression (1la,c),
(12a,c) describe linear growth in x. This portion of the
solution, commonly referred to as the equatorial or
Yoshida jet, is confined to the region in depth over
which wind stress is applied (here, the mixed layer —A
< z < (). Expressions for the spatial and temporal
derivatives of current and pressure needed to evaluate
other flow field variables are easily found from (7),
(11), and (12).

Response to translating Gaussian wind patches of
finite zonal extent can be described as the difference
between the above solution and an identical one lagged
by a prescribed zonal distance. While the solutions are
analytic, the sums must in practice be performed nu-
merically. Baroclinic mode shapes G(z) were calculated
from an average N(z) profile based on conductivity—
temperature-depth (CTD) casts collected in the west-
ern Pacific between 4°N and 4°S along 155°E by R.
Lukas. The first 50 baroclinic modes were used in the
above sums for this study. Except for calculations in-
volving meridional derivatives of zonal current or
pressure, solutions were evaluated by summing the an-
alytic solutions for meridional modes n = 0-99. Sums
over modes # = 0-199 were required in the exceptional
cases to allow quantities found from differentiated fields
to be comparably smooth to those not evaluated from
derivatives. The number of meridional modes in the
solution is determined from the requirement that the
highest meridional mode of the slowest baroclinic mode
have a turning latitude beyond the meridional domain
considered. Solutions were evaluated in planes aligned
normal to the vertical, zonal, and meridional directions

(13b)

using a grid of 41 X 151 = 6191 or 41 X 101 = 4141
points. The evaluations and summing of 104 modes to
calculate 20 flow variable terms at each grid point re-
quired approximately one hour of computing time on
a Sun Microsystems model Sparcstationl-+ computer
workstation.

3. Wave response spectra

The dispersion characteristics of equatorial waves
are such that a rapidly traveling wind pattern will excite
only gravity and Rossby—gravity modes. Rossby modes
are at most one-third as fast as Kelvin modes and west-
ward, but even the fastest Kelvin mode is slow com-
pared to typical eastward translation speeds of westerly
bursts. The dispersion curves based on western Pacific
stratification are drawn in Fig. 1, along with a typical
translation speed for a westerly burst, 10 m s™'. The
Kelvin, Rossby-gravity, and first meridional mode (#
= 1) Rossby and gravity dispersion curves are given
in this figure for the first 20 baroclinic modes. The
intersections of these curves with the heavy line indicate
the frequency-zonal wavenumber pairs of the equa-
torial waves excited by a translating wind pattern.
While the highest-frequency such wave indicated in
the figure has a period of just under five days, most of
the wave modes excited have periods around 20 days.
The pattern extends to higher frequencies for higher
meridional modes without altering the basic result: re-
sponse is dominated by high baroclinic mode waves at
low frequencies because these modes are so densely
spaced. »

How effectively each vertical mode is excited de-
pends on stratification. For comparison, mode shapes
for buoyancy frequency profiles typical of the equa-
torial western Pacific are shown in Fig. 2 where the
only difference between the profiles is the thickness of
the mixed layer 4. The left panel of this figure shows
mode shapes based on the observed average buoyancy
frequency at 155°E within 4° of the equator except
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Western Pacific Equatorial Wave Dispersion
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FIG. 1. Dispersion curves (thin curves) for free first meridional
mode equatorial Rossby and gravity, Kelvin, and Rossby-gravity
waves for the first 20 baroclinic modes based on stratification near
0°, 155°W. Intersections with the heavy line indicate frequencies
and zonal wavenumbers of waves that will be excited by a wind burst

traveling eastward at 10 m s™'. Phase speeds of Kelvin waves of the

first five vertical modes are indicated in meters per second.

that buoyancy frequency N(z) has been set to zero for
depths shallower than 30 m to include a surface mixed
layer. The right panel shows the mode shapes for an
identical N(z) profile except that the mixed-layer depth
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has been set to # = 100 m. The mode shapes for the
two profiles are similar for depths deeper than the pyc-
nocline but differ substantially closer to the surface. In
particular, when 4 = 100 m, the surface value G},(0)
of the mode shape describing horizontal current is
much higher for the first baroclinic mode m = 1 than
for higher modes. For a thinner mixed layer, 2 = 30
m, G',(0) is somewhat higher for the fourth, fifth, and
sixth modes than for modes other than the first. The
relative contribution of each mode, (4/d)G",(0)?, in
describing the variance of the prescribed step function
form of stress divergence is plotted in Fig. 3 for the two
mixed-layer depth choices, where these terms sum to
unity for an infinite number of modes. While modes
m = 3-10 are similarly excited for the two mixed-layer
depth choices, stress projects on a broader band of ver-
tical modes and the first baroclinic mode is less prom-
inent when the mixed layer is thinner.

The joint vertical wavenumber—frequency spectrum
E,.. of wave response can be calculated as an integral
over depth and latitude:

_po [T

0
Emn -5 dyf dZ[ugnn + Ugnn
2 —co —-d

+ (N(Z)Wmn/wmn)zL (14)

where U, Umn, and w,, refer to the oscillating portion
of the zonal, meridional, and vertical current compo-
nents for each vertical and meridional mode, and fre-
qQUENCY Wy, = kmnU is determined through the disper-
sion relationship (8); E,., describes the wave response
kinetic plus potential energy per unit zonal distance in
each mode to step function surface wind stress exci-
tation specified by 7§ and 7. The integrals are easily
evaluated through the vertical-meridional decompo-
sition (2) and the solutions (7), (11), and (12) to pro-
duce an expression for the response spectrum:

Enn = (p0/4)G'n(0)2d™" (cn/ B) {1 + [n/(U + c)* + (n + D/(U = )’ WU* = c3)/(2n + 1 + ¢,/ U)}
XA (T0kmn U™ Apn)* + (181U = ) Kiun] ™ (Bem) [ Bonn + (€ U)Crn])*}. (16)

The wave energy in any particular vertical-meridional-
mode pair depends on how effectively the forcing pro-
jects on that mode, both vertically [through G',(0)]
and horizontally (through A4,.,.,, Bn,., Cn., and
¢n/U). The total wave energy E = 2, 2,Em is
inversely proportional to mixed-layer depth 4, since
Zm(h)d)G(0)2 = 1.

How effectively each meridional mode is excited de-
pends on the meridional scale of the wind stress pattern
applied and the direction of the wind stress. Plots of
the wave energy per unit zonal distance E,,, excited in
the gravest 11 meridional modes and 100 vertical
modes are shown in Fig. 4 for various wind stress pat-
terns applied to a thin mixed layer (4 = 30 m). All are
Gaussians in latitude with width L = 3.6° (as suggested
by Harrison and Giese 1991), translateat U= 10 m s ™!

(as suggested by Nakazawa 1988), and are single steps
in longitude (i.e., wind turns on and stays on behind
a translating front). The two upper panels in Fig. 4 are
for a wind pattern centered on the equator (3, = 0°)
while the lower panels have wind centered at 3° latitude
(¥o = 3°). The left two panels in this figure are for a
stress jump of 0.1 Pa in zonal wind and the right two
are for a jump of the same size in meridional wind. A
comparison of the right two panels with the left two
demonstrates that zonally translating changes in me-
ridional stress excite the available equatorial wave
modes more effectively than do equal changes in zonal
stress. As expected from the structure of the solutions
(7), (11), and (12), zonal stress applied with even
symmetry about the equator excites only waves with



1214 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 23
h=30m h=100m
N(z)(cph) (N/¢)6(z) G'(2) N(z)(cph) (N/¢)6(z)
0 5 10 -5 5 -5 o] 5 5 0 5
0- i N | 0- 1 J
250 250
500 500
750 750
1000 ,10001
E £
£ 1250 £ 125%
3 [
o Q
1500 1500
1750 1750
2000 2000+
2250 - 2250 -
2500J 2500 -

FI1G. 2. Mode shapes for the barotropic and first ten baroclinic modes for surface mixed layers # = 30 m deep (left
panel) and # = 100 m deep (right panel). Each panel shows profiles of buoyancy frequency N(z) and mode shapes
Gn(z) and G,(z) describing structure of vertical and horizontal motions, respectively. The stratification, based on
CTD profiles from 4°N to 4°S along 155°W, is identical in the two cases except for the depth of the mixed layer,

where N(z) has been set to zero.

even symmetry in zonal current (i.e., » odd: top left
panel) while a meridional stress with the same shape
excites only waves with even symmetry in meridional
current (i.e., n even: top right panel). Stress patterns
centered off the equator excite all meridional modes
(lower panels). As expected from the dispersion curves
(Fig. 1), most energy is concentrated at periods 10
days and longer (higher vertical modes have longer
periods to maintain the prescribed zonal phase speed
of 10 ms™!). The relative contributions of vertical
modes indicated in Fig. 3 are distorted in Fig. 4, but
still recognizable. In particular, baroclinic modes m
= 4-6 tend to be the most energetic in each of these
examples. The relative weakness of lower (higher)
baroclinic modes compared to these is due to their
broad (narrow) scale relative to that of the prescribed
wind stress pattern.

Response is sensitive to mixed-layer thickness be-
cause stress applied at the ocean surface is converged
uniformly and completely through the mixed layer in
this model. Not only will the distribution of energy
with vertical mode be narrower for a thicker mixed
layer (as in Fig. 3), but the total response summed
over all modes energy will diminish in inverse pro-
portion to mixed-layer thickness, as discussed above.
Comparison of spectra for # = 100 m (Fig. 5) with
those for 4 = 30 m (Fig. 4), where the details of forcing
are otherwise identical, demonstrates this result. In ad-
dition to having narrower bandwidth in vertical mode
and smaller total response, excitation through a thicker

mixed layer skews the response to a lower vertical mode
number range, hence higher frequency. For example,
excitation through a thicker mixed layer by a wind
pattern centered off the equator is nearly the same in
the lowest two vertical modes as when the mixed layer
is thinner, but much smaller for higher vertical modes
(compare the lower two panels of Fig. 5 with the same
two panels in Fig. 4).

The duration of a wind burst affects the mixture of
modes excited by interference of the wave wakes gen-
erated by the leading and trailing edges of the burst.
The panels in Fig. 6 depict wave response to two equal
but opposite step changes in wind separated in time
by differing amounts. As these panels show, longer
bursts tend to generate bigger wave wakes and waves
at frequencies equal to integral numbers of cycles per
burst length cancel. The fundamental frequency of a
10 d burst is 0.10 cycles per day (cpd); hence, the wave
wake for this burst contains no energy at this frequency
and its multiples (lower right panel, Fig. 6). The shorter
bursts considered in the examples of Fig. 6 have fun-
damental frequencies too large to appear as nulls in
the spectra as they are drawn because of scale. The
mixture of modes excited tends to favor low-frequency,
high vertical wavenumber fluctuations for typical burst
durations (5-10 d, lower two panels, Fig. 6). Wind
patterns that grow and decay more gradually than the
boxcar idealization used here will excite different mix-
tures of modes, but interference of the wave wakes from
the leading and trailing edges of a wind event will like-
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FIG. 3. Fractional contribution (4/d)G",(0)? of each baroclinic
mode m to describing stress divergence variance (where stress diver-
gence is uniform in a surface mixed layer of depth, &, and otherwise
vanishes) based on the modal structures plotted in Fig. 2. Note
Zm(h/d)G',(0)?) = 1. The heavy (light) curve depicts contributions
for # = 30 m (A = 100 m). Contributions at various modes m are
labeled by number.

wise tend to produce spectral nulls at the fundamental
frequency given by burst duration and its harmonics.
The spectral description given here identifies which
wave modes are excited by a given wind, but phase
information which describes how the modes sum to-
gether to produce current and pressure fields is sup-
pressed. It is clear from the examples given here that
a modal description, while convenient analytically, is
not particularly efficient. When the modes are summed,
however, the resulting flow fields are less complicated
than the spectral description suggests at first glance.

4. Wave response flow fields

The flow fields found from summing a large number
of modes appear as simple, smooth functions of loca-
tion as long as sufficient numbers of modes are included
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in what formally are infinite sums [the solution given
by(7),(11),and (12)]. The spectral description given
above guides a sensible choice of the number of modes
necessary to describe flow fields accurately. The choices
listed at the end of section 2 can be seen from the
spectra in Fig. 6 to be sufficient because they include
all but a few percent of the variance in each field. The
resulting flow fields are presented here in a sequence
of two-dimensional plots: latitude versus time at fixed
depths, depth versus time at a fixed latitude, and depth
versus latitude at fixed times. In these plots, current is
depicted as a vector stick and vertical displacement as
a vector stick with fixed orientation. Two wind burst
idealizations are presented as examples, one centered
on the equator and the other centered at 3°S, both
with a boxcar zonal stress jump of 0.1 Pa, duration of
5 d, eastward translation speed U = 10 ms™!, and
width L = 3.6°. The relatively simple response flow
fields that result are easily interpreted as identifiable
parts of the solution.

Response to wind bursts can be thought of as the
sum of an equatorial wave wake and a Yoshida jet
from the leading edge of the burst and equal and op-
posite responses from the trailing edge. The Yoshida
jet response is most prominent in zonal current and
pressure alone, grows linearly with distance behind the
burst edges, and is both confined to and uniform within
the mixed layer. It is given by the two nontrigonometric
terms in (11a)and (12a). The remaining response both
oscillates and propagates three dimensionally. The up-
per two panels of Fig. 7 depict horizontal surface cur-
rent vectors as functions of latitude and time after a
burst passed by a fixed location. The lower two panels
depict horizontal current at 50-m depth (beneath the
30-m deep mixed layer). Because the burst propagates
eastward, time after the burst passes is equivalent to
distance behind the burst, as labeled in Fig. 7. Eastward
current sticks are plotted upward to highlight the
Yoshida jet solution.

When the burst is centered at the equator, surface
currents (upper left panel, Fig. 7) grow eastward lin-
carly in time along the equator over the 5-d interval
between the onset of eastward winds and their cessation
as the trailing edge of the burst passes by. At this time,
growth of the eastward jet is arrested as the equal, op-
posite, but lagged Yoshida jets generated by the burst
edges interfere exactly to leave a steady zonal jet. Dur-
ing the 5-d growth interval, off-equatorial surface cur-
rents tend to converge water toward the equator as well
as accelerate it zonally. Surface currents poleward of
1° both oscillate and turn anticyclonically. These os-
cillations are the wave wake of the burst. The wake
resembles none of the individual meridional modes.
Instead, the oscillations resemble near-inertial internal
gravity waves at each latitude, since the frequency of
oscillation is everywhere slightly above the local inertial
frequency. The oscillation frequency ranges from less
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FIG. 5. Forced equatorial wave spectrum for mixed-layer depth # = 100 m plotted exactly as in Fig. 4.

than 1% above the local inertial frequency at 5° latitude

to 55% above it at 1° latitude. wind patch occurs and also oscillate at what amounts
When the burst is centered off the equator at 3°S  to slightly superinertial frequency against a background

(upper right panel, Fig. 7), the Yoshida jet develop- of eastward flow.

ment still takes place, although more weakly, since The response at depth is made up entirely of wave

winds in the vicinity of the equator are much weaker. response. Only slightly deeper than the mixed layer,

Currents are prominent in the hemisphere where the
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FIG. 6. Forced equatorial wave spectra in response to boxcar function changes of varying duration (as labeled by pane!) in zonal wind
stress of 0.1 Pa applied as a Gaussian with width 3.6° in latitude centered at 3° latitude where mixed-layer depth 2 = 30 m, plotted as in

and with the same scales as the previous two figures.

currents tend to diverge water meridionally at the
equator at the same time surface waters converge, and
conversely, leading to a varicose oscillation along the
equator (lower left panel, Fig. 7). The wave wake is
concentrated initially at the latitude of forcing, but
propagates, as will be discussed below.

The pressure field is expressed at the surface as sea
level, and deeper as internal displacement. The upper

panels of Fig. 8 show the sea level signal that accom-
panies surface current. The Yoshida jet requires a pos-
itive sea level displacement and downward pycnocline
displacement to maintain it geostrophically after the
burst passes, as is evident in this figure, both when the
burst is centered on the equator and when it is centered
south of it. The oscillatory character of the wave wake
in sea level differs from that for current, though. For
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F1G. 7. Horizontal currents excited in response to bursts of westerly wind stress 5 d in duration centered at the equator (left panels) and
at 3°S (right panels). Bursts travel eastward at speed U = 10 m s™! and response is based on # = 30 m for the stratification described in
Fig. 2. Upper (lower) panels depict currents at the surface (at 50-m depth). Currents are drawn as vector sticks every 8 h in time (288 km
zonally) and every 0.25° in latitude. The current scale is given above the upper right panel: a vector stick equivalent in length to the
separation between two time series and directed upward indicates eastward flow at | m s™'. The temporal and meridional variation of stress
is likewise indicated by vector sticks appearing alongside the plot axes (maximum stress is 0.1 Pa).
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both forcings depicted in Fig. 8, sea level oscillations
are not at all centered near the local inertial frequency.
Rather, sea level resembles one or two grave meridional
modes beating against one another at periods of 4-5
d. This appearance, despite the vigorous excitation of
higher modes in the solution, is because a sea level
signal filters out contributions from higher baroclinic
modes quite effectively (Wunsch and Gill 1976).
However, the internal displacement signal (lower
panel) has a character very similar to current in that
oscillation frequencies are locally somewhat superi-
nertial. Unlike midlatitude near-inertial internal gravity
waves, equatorial gravity waves generate substantial
internal displacements even at locally near-inertial pe-
riods due to the relatively high gradient of planetary
vorticity compared to planetary vorticity itself.

Remarkably, predicted currents and vertical dis-
placements for a modest 0.1-Pa wind burst strength
are rather large. For example, horizontal currents vary
by as much as 1 m s~! between the bottom of the mixed
layer and 50-m depth and between the equator and 1°
latitude (left panels, Fig. 7). Similarly, downward dis-
placements of as much as 100 m are predicted for iso-
pycnals found at 50-m depth at rest (lower left panel,
Fig. 8). These excessive shears and strains are well
above what is ever observed in the open ocean. Clearly,
the linear prediction will fail to satisfy fully nonlinear
equations of motion for amplitudes as high as these.
Discussion of the range of validity of the linear solution
is deferred to the next section. The linear results pre-
sented here can be regarded as valid for suitably weak
wind stress forcing.

The wave wake of a wind burst, while formally con-
structed from vertically standing modes, appears as a
downward-directed beam of equatorial waves in the
upper ocean. Current fluctuations beneath the mixed
layer display the upward phase propagation character-
istic of a downward-directed beam (Fig. 9). The current
vector also turns anticyclonically with depth, just as
with midlatitude near-inertial internal gravity waves
sending energy downward. The locally near-inertial
oscillation of currents appears to be superposed upon
a “mean” zonal current directed in the same direction
as flow in the mixed layer. The source of this very low-
frequency current well beneath the mixed-layer jet is
not clear.

While the assumption of a large translation speed U
leads to the generation of waves with very long zonal
scale (see Fig. 1), meridional scales are much shorter.
Meridional currents of short meridional scale drive
convergence variations that produce vertical current
fluctuations. Examples of motions in the vertical-me-
ridional plane are given in Fig. 10, where the scale
vector applies only to the meridional component of
the vector sticks drawn. The vertical component of
current has been exaggerated identically to the exag-
geration of the vertical axis so that the slopes of the
stick vectors drawn represent the direction of flow in
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F1G. 9. Horizontal currents in the upper 200 m at 2°S excited in
response to the same westerly burst as in the right panels of Figs. 7
and 8. Currents are plotted as stick vectors as in the panels of Fig. 7
and to the same scale except that they are plotted against depth instead
of against latitude.

reference to the axes. The panels of Fig. 10 show the
development of a series of vertical-meridional cells
with increasing time after the passage of a burst. One
broad cell is centered initially at the latitude of forcing
and has its highest amplitude near the base of the mixed
layer (30 m). The cell moves equatorward in time as
others form behind it and also migrate equatorward.
For the case shown, where the wind burst was centered
at 3°S, the beam of equatorial waves shifts northward
as it penetrates more deeply. This pattern can be in-
terpreted as the refraction of rays on the equatorial 3
plane. These rays cross into the other hemisphere and
can be expected to turn back equatorward when the
local inertial frequency grows to match the wave fre-
quency.

Meridional structure develops in the solution as a
consequence of the spatial variation of the inertial fre-
quency f = Sy. Because the wave wake is dominated
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FI1G. 10. Currents in the vertical-meridional plane excited by the same westerly wind burst as in Fig. 9 and the right panels of Figs. 7 and
8 plotted for various times after the start of the 5-d burst. Currents are plotted as stick vectors where the scale in the upper right panel applies
only to the meridional component (a stick equal in length to the 5-m depth separation depicted and directed to the right indicates northward
current of 1 m s™'). The vertical component of current is exaggerated identically to the vertical exaggeration of the depth axis relative to
the latitude axis so that vector sticks preserve slope of currents rather than current magnitude.
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by locally near-inertial oscillations, oscillations at
neighboring latitudes develop phase differences in only
a few days, as is apparent in Figs. 7 and 10. The me-
ridional scale of the wave wake decreases roughly as
(Bt)" after the passage of a burst, just as with near-
inertial waves generated by a storm at midlatitudes
(D’Asaro 1989). The steady decrease of meridional
scale as the wake disperses leads directly to the failure
of the linear solution to satisfy fully nonlinear equations
of motion. This breakdown is considered next.

5. Advection implied by the linear solution

The linear solution described here is only valid when
the linear system (1) is a valid approximation to the
full equations describing momentum and thermody-
namic energy conservation. The validity of the linear
solution can be verified by calculating advection of
momentum and density from this solution and com-
paring these terms to the linear terms in these equa-
tions. Using the linear solution to estimate nonlinear
terms serves to identify the locations where the linear
conservation equations (1) do not apply for a given
wind stress strength and structure. This procedure ex-
tends what can be found from scale analysis by dem-
onstrating both which advection terms break the as-
sumption of linear dynamics and where in the flow the
breakdown occurs.

The linear system (1) is based on simplification of
the full equation for thermodynamic energy conser-
vation to one for density. In the absence of mixing,
density conservation is expressed as:

pr+ upk+vpy+ wlp, +p2)=0, (17)

where p(x5 Vs Z, t) = po + pl(z) + p,(xa Y, 2, t)
Through the hydrostatic equation p, = —gp'/po, den-
sity conservation ( 17) may be expressed as

Up.x — up,x — vp;, — N*w—wp,, = 0, (18)

where u, v, p, and w are the nonlinear flow field vari-
ables. Substituting the linear quantities identified in
the decomposition (2), the estimates of the size of terms
in (18) can be found easily by differentiating (12) an-
alytically. Since U » u, the second term in (18) can
be neglected. Estimates of the remaining terms are
plotted in Fig. 11 for the case of 3 d after the start of
a 5-d long, 0.1-Pa zonal burst centered at 3°S. The two
nonlinear advection terms vp, and wp/, are minuscule
compared to the basic linear balance of local rate of
change with vertical advection of the basic stratifica-
tion. Nonlinear advection becomes large at later stages
according to the linear estimate, but linear momentum
conservation has already broken down only 3 d after
the burst began, as will be shown next.

While scaling arguments demonstrate that vertical
momentum conservation is hydrostatic for time scales
short compared to N~!, advection of momentum can
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alter the balance of horizontal momentum from (1a,b)
to

w + uu, + vu, + wu, — fo=—p,+7*/h (19a)

(19b)

The linear inviscid terms in (19) are plotted as vectors
in Fig. 12 for the same forcing as in Fig. 11 along with
u- Vu, the total advection of horizontal momentum
(lower left panel), estimated from the linear solution
(7), (11), and (12) and its appropriate derivatives.
The horizontal momentum balance is effectively linear
deeper than about 100-m depth at this point during
the burst (3 d after its start), but linear estimates of
the nonlinear terms are comparable to the linear terms
in the balance at shallower depths directly beneath the
wind burst. Scaling shows that zonal advection cannot
be important but that advection in the meridional plane
can be. Estimation with the linear solution of the sec-
ond two terms in (19) as scalars (Fig. 13) shows that
meridional and vertical advection are the sources of
nonlinearity in the mixed layer and upper pycnocline,
respectively, at this stage of burst response.

These calculations call the validity of the linear so-
lution into serious question for wind bursts of the size
observed in the western Pacific applied to mixed layers
of typical preburst size. However, when the same burst
as in Figs. 11-13 has stress applied through a deeper
mixed layer (100 m instead of 30 m), a linear mo-
mentum balance is much more valid, even 5 d after
the burst began (Fig. 14). In this case, horizontal ad-
vection in the mixed layer is negligible and vertical
advection appears at most mildly important only in a
thin region at the top of the pycnocline. Applying stress
through a thicker mixed layer delays the development
of nonlinearities because currents are weaker (compare
top panels in Fig. 14 with those in Fig. 12); hence
development of significant advection in the vertical-
meridional plane.

U+ uv, + oo, + wo, + fu=—p,+77/h.

6. Mixing suggested by the linear solution

The linear system ( | ) neglects more than advection,
it also neglects turbulent diffusion of momentum (out-
side the mixed layer of prescribed constant thickness)
and of mass. The real ocean does mix, particularly the
upper ocean, so it is worth examining whether the linear
solution predicts conditions favorable for mixing.
While parameterizations for mixing in stratified fluids
are imperfectly known, it is well recognized that vig-
orous mixing takes place when the gradient Richardson
number Ri= —gp.p5' /(4% + v2)is reduced somewhat
below unity (Gregg 1987). The linear solution predicts
a density gradient p, = p;, + p; = —po(N* + p;,)/g
giving a linear estimate of Ri = (N? + p,,)/(u?
+ vZ). As mentioned previously, reasonable choices
for wind burst strength lead to rather large estimates
of vertical shear by the linear model. They also lead to



3 Days After Burst Began
h=30m
P, vPy
'=0.10kg/m3%/day

_-(X RO Tx RUTTTTRIN TR
Latitude Latitude
5‘[’3 375 1:8 1.°N 3°N  5°N 5‘:5 3‘]’3 1‘:3 1°N. 3°N  5°N
(o] 0
25 25
50 50
:::“" U0
) (IH
75 75
£ E
: i ~
5100 7 100
8 o 3
125 s 100 125
- 0
:IIIIIIH:I:::
LT e
7S R 178 oo
A o
=
200 i | I!H””INIIIIllulmnmm ....... 200
55 S 15 1°N 3N &N 55 3°S 15 °N 3N 5N
wp,, wp,
Ko ””"m“"m”_m“”""“”"mLotifude x nm|||||n|||||llu|IIllllllllluluntlg;i'1-"‘-:&'; """""""""
5‘:3 3“’5 1‘:5 1i°N 3'I’N 5'I’N 575 3?5 1‘:5 1°N  3°N  5°N
[0} 0
25 25
50 m e 50 S
iﬁi':':ii::::::::: ..... AlI"ll|||||||:”:””Iillllllunm ..............
Y i L4 T
E E
=
3100 50_100
e &
125 125
150 180
i
I .,.....nnnnulllllllllll TR
178 A i!!::::”“"“” ]HIHII::::::::::::::::.... 178
AT 1 TITA—
1 IIMIIllllunmmm......
200 ;::::::::::::::::::::ll|....nm..uli:::::::::::::::::::::::: """ 200
5S 36 15 1°N 3N 5N 5°S 3S 15 1°N 3N &N

FiG. 11. Terms of the density balance in the vertical-meridional plane 3 d after the start of the same 5-d burst as in Fig. 9. Left panels
depict the linear balance between local rate of change of perturbation density p; and vertical advection of the background stratification
wpi(2). Right panels depict linear estimates of meridional and vertical advection of perturbation density.



3 Days After Burst Began

h=30m
ES ==
Uy 280 xu
—~ =2 x 10°® mss2 north —=2 x 10°% m/s2 north
'-r‘ TR IRUTETTHSE s ? WHHIRR R o
Latitude Latitude
5‘:5 3°S 1°S ‘l:’N 3‘;’N STN 5‘:5 3:’5 1‘:5 1:’N 3‘I’N 5‘I’N
0

1 L
0 \\\ ,/ ///// 1heere
NN
\ ‘%/%“‘W\\\wmmm

\) /MN\\\\\\\\\\““I"IIIHH""
NN ez
3 = . —
N em—\\ T |
W Y
NS
%0 S50 Wil

~
(o ]
~
(6.}

AW e

Depth(m)
S
e}
Depth (m)
I}
o

n

o
-
n
6]

R

150 150

175 175

ST

200 o o 200 o . o
T T T 1 T T T 1
5°S 3% 1°5  1°N  3°N  5°N 5°S 3%  1°5  1°N  3°N  5°N
7} Vﬁ 'py
—~ =22 x 10°% m/s2 north =2 x 106 m/s? north
? LT i X U o
Latitude Latitude
5°S 3°S 1°S 1°N 3°N  5°N 5°S 3°S 1°S 1°N  3°N  5°N
L L L i 1 J | I 1 1 1 i
0 0
25 25

w\\\\\\\\\\\\\\l\(\ |\ zuuﬂ”\x‘\\‘\‘\\\mum.
B— ,f,.»x\\\ Wi
“\\\\\\i\\\\ Wi

50 50

~
[8)]

~

(6]

e £
£ 100 £ 100
(3 [
o a
125 125
5o o 150
176 ... i , 175
200 e
5°S  3°S  1°S 1SN 3N 5°N 5°S  3°S 195 15N 3N 5°N

FIG. 12. Terms of the horizontal momentum balance evaluated in the vertical-meridional plane 3 d after the start of the same 5-d burst
as in Figs. 9 and 10. Local acceleration (upper left panel), Coriolis acceleration (upper right panel), and a linear estimate of momentum
advection (lower left panel) are plotted as vector sticks (eastward component down, northward component to the right, where a stick the
same length as the 5-m depth separation corresponds to acceleration of 2 X 106 m s72). The meridional component of pressure gradient
force per unit mass is plotted to the same scale, but with north up for clarity (lower right panel).



1226 JOURNAL OF PHYSICAL OCEANOGRAPHY

3 Days After Burst Began

h=30m
v uy wu b4 s
1=2 x 10° mss°
_T‘ R _Tl LTI G
Latitude Latitude
STS 375 1:3 1:’N 3TN 5“’N 5?3 3‘I'S 1‘:3 1°N  3°N  5°N

° - . o - e
DB LI o 25 .

N g

50 50 i L

75

Depth(m)
I}
e}
Depth(m)

-
n
[$)]

150 ...

75

200 Lo, 2000 T

. 200 Lo
r T T T L} I ] T T - 1
5°S S 155 1°N PN 5N 5°S S 15 1°N 3N 5°N
VVy WV,
N SR I T A
_ Latitude Latitude
5':5 3‘1'3 ) 1‘:5 1:’N 3"’N 5°N 5‘|’S 3‘:8_ 1‘:5 °N  3°N  5°N
o} 0 '
25 25 -
* i
50 50
75 75

Depth(m)
o)
o
Depth(m)
o]
e}

-
N
o

125
150 150
s s
200 B 200 oo R
55 3S 155 1°N 3N &N 55 3% 195 N - 3°N &°N

FIG. 13. Principal advection components of the horizontal momentum balance for the same burst as in Fig. 12. These terms

are plotted as in Fig. 12 as scalars instead of vectors, where positive quantities are upward.

VOLUME 23



5 Days After Burst Began

h=100m
-—
U 20 xu
~=2 x 10°® m/s2 north - ~=2 x 1078 m/sZ north
? ""||“||”|”||”|”|”HlllllH||||“"""""“"“" """""""""""" T PUELAOREL O TL DL A NUE R AT R ma e eaesesmsesees o :
Latitude Latitude
5?5 3:3 1‘:3 1:’N 3‘:N 5“’N 5"’5 3:3 1':5 1:’N 3‘1’N STN
(o} 0
25 25
50 50
75 75
E E
£ 400 £ 100
(-8 [-%
3 2 JE—
125 125
4150 450
175 175
200 200
55 3°S  1°S 1N 3N 5°N 5°S 35 1°S 1N 3N 5°N
VRAVAT] -Py
~=2 x 102 m/s® north t=2 x 10" m/s2 north
:r" LT T e -Tx BRI HSELL R gt e vannseeny
Latitude Latitude
5‘:5 3?5 113 1:’N 3"'N _f')j’N 5‘:5 3']’5 1°S 1:’N 3TN 5‘|’N
0 0
NEH
...... IH
25 25 i
110
50 50 i
I
75 75

PN

Depth(m)
o
te]
Depth(m)
o
o

-
N
o

125
150 450
175 175
200 200
r L) L) L) T " m T ) ) L L
5°¢ 3°S 1S  1°N  3°N  5°N 5°6 3°S 1°S 1°N  3°N 5&°N

FIG. 14. Terms of the horizontal momentum balance evaluated in the vertical-meridional plane 5 d after the start of a burst identical to
the one considered in Figs. 9-13, except for a mixed-layer depth / of 100 m, plotted as in and to the same scale as Fig. 12.



1228

large values for the local buoyancy frequency, but not
large enough for the local Richardson number to re-
main above unity.

Using the burst examples cited in the previous sec-
tion, estimates of shear magnitude (left panels), and
a vector whose upward component is shear magnitude
squared and rightward component is local buoyancy
frequency squared (right panels) are plotted in Fig. 15.
The slope of the vector sticks above the horizontal axis
is Ri~!. Shear in both cases is concentrated at the base
of the mixed layer and Ri is locally reduced well below
unity in both cases. Local Ri remains much greater
than unity within the deeper portion of the thermocline
portrayed (i.e., depth 150 m and deeper). The size of
the shear is sensitive to the number of vertical modes
used in the solution; to faithfully depict the velocity
transition between a fixed mixed layer over which stress
is applied and a frictionless pycnocline beneath it re-
quires an infinite number of modes. The local Ri pre-
dicted is well less than unity for any sum of modes
truncated reasonably. While the 100-m deep mixed-
layer case is less extreme, both cases in Fig. 15 suggest
conditions for which mixing will occur. Significantly,
conditions become favorable for mixing well before
the development of nonlinearities according to the lin-
ear solution.

7. Discussion and conclusions

The purpose of developing this model was to provide
guidance in what equatorial wave response to expect
for an actual westerly wind burst in the western Pacific
Ocean. Although the model is reasonably realistic
with respect to characterizing the wind bursts as me-
ridionally confined, rapidly eastward-propagating dis-
turbances, there are aspects for which the model is
unrealistic. The model was also developed because
numerical simulations have generally ignored or sup-
pressed equatorial gravity wave response to westerly
bursts. Although the linear model presented here is an
exercise in geophysical fluid dynamics rather than a
simulation, it demonstrates that gravity wave response
may dominate current and internal displacement fields
in the upper ocean. Because the wave response includes
development of energetic shear and strain variability,
it is crucial in determining how stratification will evolve
through mixing. Since it extends beyond the Yoshida
jet, in both meridional extent and in depth, wave re-
sponse is particularly important to generating mixing
over broad regions of the tropical ocean. At the very
least, pycnocline distortions due to waves must be dis-
tinguished from those due to mixing for field mea-
surements to be interpreted properly. This task is par-
ticularly difficult at low latitudes because the wave wake
behind a wind burst generates substantial vertical strain
from convergence of horizontal currents. In contrast,
storm-generated near-inertial internal gravity waves at
midlatitude include only fairly small internal displace-
ments.
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The calculations presented here apply to a laterally
boundless, resting equatorial S-plane ocean with a flat
bottom. The real western Pacific has a circulation and
1s rich in islands and undersea topography. Since all
the waves in the linear solution have phase speeds equal
to the wind burst translation speed and this speed is
much faster than any current, the wave wake is not
expected to interact significantly with the mean cir-
culation. Because response is confined reasonably to
the latitudes of forcing and wind bursts are relatively
localized, the equatorial S-plane wave modes can be
expected to imitate those of a spherical or spheroidal
earth fairly well. Because wave response is concentrated
in the upper ocean and travels vertically relatively
slowly, neglect of deep-bottom topography is also rea-
sonable. However, shallow bottom topography, partic-
ularly island coasts, can be expected to influence re-
sponse only within the latitude range that wind burst
forcing is applied. In the western Pacific, relevant
boundaries are relatively close zonally; the distance
from the Celebes to the Gilbert Island Group is only
5000 km or so. The zonal proximity of boundaries can
be expected to alter the character of the wave wake,
comprised as it is of waves with O(10 000 km) wave-
lengths. Proximity to boundaries does not prevent
equatorial gravity waves from being generated alto-
gether, since at least low baroclinic modes of these
waves with comparably long zonal wavelengths account
for observed spectral peaks in island sea level records
(Wunsch and Gill 1976; Luther 1980).

Westerly wind bursts in this model have been as-
sumed to translate without change of form or intensity.
By contrast, other models of these bursts take them to
grow and decay in place as stationary features (e.g.,
Giese and Harrison 1990, 1991). Presumably, actual
wind burst events develop with a mixture of both
propagating and evolving characteristics. Bursts are
observed to develop over the Indonesian archipelago
and die away in the vicinity of the international date
line (Nakazawa 1988). Nevertheless, they translate
zonally at a brisk and roughly uniform rate. Equatorial
gravity waves are generated because wind stress changes
abruptly at a given location. The waves excited are
comparatively long because the abrupt transitions in
stress translate rapidly to the east in the vicinity of the
equator. The idealized form for the wind taken here
was chosen to replicate the crucial characteristics of
westerly wind bursts while remaining simple enough
that linear equations of motion could be solved ana-
lytically. Actual wind bursts can be expected to generate
somewhat different wave wakes, but the result that the
wave wake will be dominated by relatively high vertical
mode equatorial gravity and Rossby-gravity modes will
remain.

The estimates of nonlinear terms presented in section
5 indicate that, according to the model, wave response
will cease to be linear only a few days after a burst of
modest stress amplitude has begun. However, estimates
of shear and Richardson number indicate that mixing
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of mass and momentum will become vigorous in the
upper pycnocline within a day after the start of a burst.
The model is unrealistic in that mass mixing is pre-
cluded and momentum mixing is confined to a mixed
layer of constant prescribed depth. Wave response is
expected to be weaker in the ocean than in the model
both because wind stress is spread over an ever-thick-
ening mixed layer and because wave energy is lost to
mixing the upper pycnocline. Together these processes
can be expected to delay the development of nonlinear
wave momentum balances or prevent them altogether.
Observations of upper-ocean turbulent dissipation rates
in the western Pacific (M. Gregg and K. Brainerd 1991,
personal communication ) indicate that mixing is suf-
ficiently intense in a wind burst to absorb the kinetic
energy of a wave wake on time scales of several days.
Unfortunately, the modal decomposition employed
here works only for separable vertical and horizontal
forcing structure. A more realistic model would employ
numerical techniques to simulate the temporal struc-
ture of wind stress convergence within an actively
deepening mixed layer. The response can be expected
to remain reasonably linear for even strong wind burst
forcing as long as the mixed layer deepens sufficiently
and wave energy is siphoned into potential energy in-
crease.

Westerly wind burst forcing is a plausible candidate
for generation of spectral peaks in island sea level.
Luther ( 1980) noted that variance in given peaks varies
seasonally and interannually. The occurrence of west-
erly wind bursts also has significant variation on these
time scales. The Wunsch and Gill explanation of peaks
in sea level spectra is that broadband wind forcing leads
to wave energy accumulating at nulls in zonal group
speed for low baroclinic-mode equatorial gravity waves.
These frequencies are indistinguishable in most obser-
vations from frequencies for which zonal wavenumber
vanishes (Luther 1980; Eriksen 1982). They are also
indistinguishable from frequencies corresponding to
waves forced with high phase speeds, that is, speeds
comparable to translation speeds of westerly bursts.
Wunsch and Gill (1976) and Luther (1980) demon-
strated coherence between local meridional wind and
island sea level, identifying it as the source. Luther
(1980) also noticed that observed sea level peaks tended
to occur at frequencies a few percent higher than those
predicted for waves of vanishing zonal group speed.
The model presented here indicates that translating
wind bursts can be potent generators of spectral peaks
in sea level at frequencies several percent higher than
the minimum for low meridional-mode equatorial
gravity waves and that bursts of zonal as well as of
meridional stress are possible sources of sea level os-
cillations.
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