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An analysis of tropical instability waves in a numerical
model of the Pacific Ocean
2. Generation and energetics of the waves
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Abstract. The instability processes which generate unstable waves with chara-
cteristics similar to observed tropical instability waves in the Pacific Ocean are
examined through a local energy analysis based on deviations from the time mean
flow. Numerical experiments indicate that the waves develop preferentially in the
eastern Pacific along the northern temperature front and have a westward phase
speed and a structure with two peaks in amplitude: one located on the equator
and the other a few degrees north of it. The energy analysis shows that the
“two-peak” structure of the eastern waves is explained by two different instability
processes which occur at different latitudes. In the time mean sense the region
north of the equator is baroclinically unstable, while barotropic instability prevails
at the equator. The life cycle of the waves is revealed by the time evolution of
the energetics. Baroclinic instability is the dominant triggering mechanism which

induces growth of the waves along the northern temperature front. The eddy
pressure fluxes radiate energy south of the equator where the meridional shear
between the Equatorial Undercurrent and the South Equatorial Current becomes
barotropically unstable. From the numerical simulations, there is evidence of
a second unstable region in the central Pacific south of the equator where the
instabilities have a lower phase speed. The energy analysis also shows that these
waves grow from both barotropic and baroclinic conversions.

1. Introduction

To date, one of the most interesting unresolved issues
related to the tropical instability waves (TIWs) con-
cerns the instability processes which generate the waves
and the energetics involved during their growth. Some
data analyses suggest that TIWSs arise from an instabil-
ity of the mean flow, primarily through the barotropic
shear between the EUC and the SEC north of the equa-

.tor [Qiao and Weisberg, 1995]. However, other analy-
ses demonstrate a significant conversion of mean po-
tential energy to eddy energy through baroclinic con-
version [Hansen and Paul, 1984; Wilson and Leetmaa,
1988]. Most of the data suggest that both barotropic
and baroclinic conversions are occurring, but whether or
not they occur at the same time in the same location is
an important question that has not been answered yet.
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The hypothesis of two decoupled instabilities [Flament
et al., 1996], one occurring just north of the equator
and the second at the equatorial front between 3°N and
6°N, has been supported by an energy analysis [Luther
and Johnson, 1990] that shows a large mean flow to
eddy kinetic energy conversion in the former region and
a large mean flow to eddy potential energy conversion
in the latter region. The energy analysis by Luther and
Johnson [1990] shows that the two different types of in-
stabilities arise at different times during the year and
that the potential energy production at the equatorial
front (~ 6°N), which is at maximum during the winter,
is not temporally correlated with the barotropic con-
version occurring a few degrees south of it during the
boreal summer and fall. The hypothesis that the insta-
bility growing near 6°N is excited by the shear between
the South Equatorial Current (SEC) and North Equa-
torial Countercurrent (NECC) [Flament et al., 1996]
has not been supported by any evidence of significant
Reynolds stresses at that latitude.

Discrepancies in observation-based conjectures about
the mechanism of wave generation did not find an ulti-
mate explanation through the use of numerical models.
Philander [1976, 1978] used a 1.5-layer model to show
that oscillations with characteristics similar to the ob-
served TIWs derive their energy through barotropic in-
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stability arising from the latitudinal shear between the
SEC and the NECC. An energy analysis of a numeri-
cal simulation performed using a multilevel model [Coz,
1980] forced with monthly varying winds confirmed that
the barotropic instability is the primary source of en-
ergy of the TIWs but that the unstable meridional shear
is the one between the EUC and the northern branch of
the SEC. This energy analysis also indicated that baro-
clinic instability represents an important energy contri-
bution to the growth of the oscillations. The ratio be-
tween the barotropic and the baroclinic production is
~ 3/2. The westward propagating eddies produced by
Semtner and Holland’s [1980] multilevel model forced
with a constant and steady wind stress derived their
energy exclusively through baroclinic instability. This
model, as opposed to Cox’s model, does not simulate
the NECC. Similar to Cox’s model, in Semtner and
Holland’s model, there is evidence of barotropic insta-
bility in the equatorial region, but the authors believe
that is exclusively associated to low-frequency mean-
ders of the Equatorial Undercurrent (EUC) and not to
the westward propagating eddies. The baroclinic na-
ture of TIWs is supported by a midlatitude analysis of
the baroclinic instability of a 2.5-layer system on a 8
plane centered at 5°, which indicates a possibility for
baroclinic instability with a maximum growth rate for
waves of 780 km [Schopf, 1981].. Recently, McCreary
and Yu [1992] used a 2.5-layer model to show that the
equatorial temperature front is important in generat-
ing TIWs. In this study the instability, which involves
conversion of mean potential energy associated with the
variable upper layer temperature front to eddy poten-
tial energy, is called frontal instability. Yu et al.’s [1995]
energy analysis indicates that frontal instability as well
as barotropic instability associated with the SEC shear
contribute to the growth of TIWs in a linearized version
of the 2.5-layer model.

In a recent study, Proehl [1996] suggests that the lo-
cations of the critical layers within the fluid might be
the controlling factors for the dispersion and growth
of the TIWs according to the overreflection theory.
He proved this hypothesis for temporally and zonally
invariant zonal flows in which cases he also showed
that the instabilities draw their energy through varying
mixes of baroclinic, barotropic, and Kelvin-Helmholtz
mechanisms. He concluded that any attempt to clas-
sify the instabilities through these energy conversions is
misleading. However, in a very recent work, Qiao and
Weisberg [1998] examined the energetics of the waves
detected during the Tropical Instability Wave Experi-
ment (TIWE) through the use of the traditional energy
conversions and found that barotropic instability is the
main energy source for TIWs. They showed that both
the SEC and the EUC are important for the waves to de-
velop and that the baroclinic instability due to the mean
meridional temperature gradient is small compared to
the barotropic instability. However, they note that their
analysis is limited to a latitudinal band between 2°N
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and 2°S at 140°W and carefully conclude that baro-
clinic processes might be enhanced farther east, where
the waves are more energetic, and away from the equa-
tor.

The relative importance of the barotropic versus the
baroclinic conversions, the possibility of having two
spatially and/or temporally decoupled instabilities ver-
sus a single instability arising from two simultaneous
(barotropic and baroclinic) instability processes, and
the role played by the NECC are three of the important
issues that motivate this study. A multilevel general
circulation model configured for the equatorial Pacific
Ocean and forced with steady summer winds [Masina
and Philander, this issue] (hereinafter referred to as
MP99) is able to reproduce instability waves that are
similar to the observed TIWs. We study the genera-
tion and propagation mechanisms of TIWs developed in
the numerical simulation of the Pacific Ocean through
a perturbation (deviation from the time mean) energy
analysis. We follow the approach that has been recently
used to study the growth and propagation of baroclinic
disturbances in the atmosphere, both in actual cases
and idealized numerical simulations [e.g., Orlanski and
Katzfey, 1991; Chang and Orlanski, 1993]. The diag-
nostics of local energetics show that the growth of at-
mospheric cyclones is a combined product of baroclinic
processes and convergence of energy fluxes from up-
stream decaying energy centers. This process explains
the presence of localized waves in the atmosphere ob-
served far downstream from a strong baroclinic source.
‘We apply this local energy analysis for the first time to
the ocean in order to explain the growth and propaga-
tion of TIWs in the Pacific Ocean.

In section 2 we briefly present the results of a nu-
merical experiment in which TIWs are generated and a
discussion about the latitudinal variability of the simu-
lated unstable waves. The eddy kinetic energy equation
is derived in section 3. Sources and sinks of eddy kinetic
energy and the processes which control its propagation
and redistribution in the model domain are investigated
in the same section. In section 4 we discuss the energy
redistribution inside the domain via the eddy pressure
flux divergence. In section 5 we examine the life cycle of
the waves through the analysis of the time evolution of
the energetics involved during the generation and prop-
agation of the unstable waves. Finally, we conclude
with a discussion in section 6.

2. Wind-Forced Numerical Simulations
of the Pacific Ocean

Motivated by the data that have been collected in
the Atlantic and Pacific Oceans on TIWs [e.g., Leg-
eckis, 1977; Weisberg, 1979] a few attempts have been
made to numerically simulate realistic instability waves
le.g., Coz, 1980; Semtner and Holland, 1980]. MP99
have been able to simulate TIWs numerically using a
primitive equation general circulation model forced with
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steady winds. The simulated waves show characteristics
very similar to those observed in reality. All the details
about the model setup and the intial conditions used
are given by MP99.

One of the most interesting features of the TIWSs
is their latitudinal structure and, in particular, their
asymmetry about the equator. The oscillations grow
and develop on either side of the equator but not in a
symmetric way (MP99, Figure 5). Two different struc-
tures are evident: One is localized around 3°N in the
region of the SEC, and the second one looks very much
like a mixed Rossby-gravity mode symmetric about 1°S.
This last structure grows in the boundary region be-
tween the EUC and the SEC and is phase locked to
the northern one. The energy analysis (section 3) will
reveal whether the oscillations are really a superposi-
tion of two phase-locked, westward propagating unsta-
ble modes grown at two different latitudes or if there is
only one unstable mode north of the equator that ex-
cites a neutral wave confined to a latitudinal waveguide
south of the equator. The last hypothesis is clearly quite
unlikely since, in the case of a neutral wave trapped to
a waveguide, energy would not be allowed to come in
from other regions and therefore it would not be possi-
ble to explain the mechanism of phase locking between
the two modes.

The numerical simulation of MP99 also shows the
presence of unstable oscillations in the central Pacific
Ocean south of the equator. These instabilities have a
phase speed drastically lower than the phase speed of
the oscillations generated in the eastern Pacific north
of the equator but have a similar two-peak structure
(MP99, Figure 7). The energy analysis described in sec-
tion 3 will also explain the nature of the low-frequency
mode which develops south of the equator.

3. Eddy Kinetic Energy Budget

The traditional interpretation of the energy cycle in
terms of conversion terms and flux vectors has been
questioned [i.e., Plumb, 1983; Hayashi and Young, 1987]
after more recent reformulations of the eddy mean flow
interactions [McIntyre, 1980]. In particular, Plumb
[1983, p.1685] pointed out that “one cannot place any
absolute significance on individual conversion or flux
terms.” For example, the traditional source of energy
for baroclinic instability is “via” the conversion between
the available potential energy of the mean state and the
eddy available potential energy, but this term is identi-
cally zero if a new energy cycle using the transformed
Eulerian mean equations is considered. Another exam-
ple is the study of the energetics of barotropic equato-
rial jets by Marinone and Ripa [1984]. They pointed
out that any conclusions derived from the spatial struc-
ture of the conversion term between the eddy kinetic
and the eddy potential energy may be misleading since
two different functions can have the same volume inte-
gral. The same lack of definiteness applies to the flux
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terms. A nonzero divergence of the traditional “energy

flux” zﬁp’ does not necessarily indicate any increase of
wave activity since it can be exactly cancelled by a con-
version term. However, Plumb’s [1983] final remark was
that ambiguities appear in all the possible formulations
of the energy budget only if one uses only individual
terms instead of the total contributions of the fluxes
and conversions within the overall context of the par-
ticular energy analysis used.

In an effort to understand the energetics of the os-
cillations generated in the numerical simulation of the
Pacific Ocean, we perform an energy analysis of the
simulation, and as suggested by Plumb [1983], we an-
alyze each flux and conversion term. All the classical
energy analyses are based on deviations from zonal or
time mean flows and therefore require either a large do-
main for the zonal mean or a long time series for the
time mean. We chose to define the perturbations as
deviations from the time mean state because of the dif-
ficulties in defining a meaningful zonal mean basic state.
The waves develop only in a particular region of the do-
main, and a zonal mean calculated on the whole length
of the domain would not be representative of the ba-
sic state seen by any particular wave. An average flow
calculated for a period of 1 year can certainly be con-
sidered steady in our case since the wind stress that we
used to force the model is steady and does not induce
any significant variability at frequencies lower than the
frequency characteristic of the TIWs (see MP99). In
this paper, for brevity and convenience, we refer to the
time mean deviation fields as eddies or TIWs.

The eddy kinetic energy equation is derived from the
horizontal equations of motion which, in Cartesian co-
ordinates, can be written as follows:

B fEx 7=~V + AunV?i + (Auvi)s, (1)
dt Po
where 7 = (ui + vj), d/dt = (8/dt) + u(d/dz) +
v(8/8y) + w(8/8z) and V is the horizontal divergence
operator (9,1 + 8,7). We choose to retain the vertical
component of the advection because this term can be
as large as the horizontal advection for the time mean
deviation fields.

The horizontal and vertical viscosity coefficients are
Apyg and Apv, respectively. Each variable can be de-
composed into a time independent (mean) part and the

deviation from this time mean:

U(z,y,2,t) = V(z,9,2) + V' (2,9, 2,t),  (2)
w(a;,y,z,t) = W(x’y’z) + w'(m,y,z,t), (3)
P(-’L',y,z’ t) = P(fﬂ,y, z) +P'($7y,27t)- (4)

A further decomposition of perturbation pressure into
external (sea surface pressure pg) and internal (hydro-
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static pressure p,) components is performed according
to

P’(ﬂv,y,z,t) :pS(zayat) +ph(x,y,z,t). (5)

Time-averaged fields have been obtained through aver-
aging the last 360 days of integration of the numerical
model.

If we apply the above decomposition to each variable
in (1) and then take the time mean, we obtain the time
mean momentum equation as follows:

DV o o 1 - === =
—Z'f‘kaV:——LVP—v"V’U"—’w"U’z
Dt Po
+AMHV217+ (AMV‘-)z)zy (6)
where
D 0
—v2iviw? (7)

Dt oz dy 0z

and the time mean of the perturbations is zero by con-
struction.

In (6) an overbar is used to indicate the time mean
of terms that are a combination of variables. The to-
tal momentum equation minus the time mean gives the
momentum equation for the time deviation

o 0 08 9 . -
(E+Ua—$+Vb;+W$)v +v

+v' - Vo' +w'', — v Vo —wl, =

.4 1. . .
—fkx v — p—OVp' + AV + (Apvv',), (8)

11

VYV + 'V,

The equations for mean kinetic energy K = 1/2poV-
V and eddy kinetic energy K. =1 /2p00" - v are ob-
tained by multiplying (6) by V and (8) by ', respec-
tively. '
The equation for K, is thus given by

0K, 5 o T )

‘6t +V - VK. +WK,,+v'-VK. +w K.,
=~ - Vp' + po[—0 - (v - VV) = o - (w' V)
+o - (v - V') + 0 - (W)

+AMH('I;' : Vz’l;;) + ’l;" . (AMV'I;;z)z]- (9)

The terms on the left-hand side of (9) are the local
tendency, the total (horizontal plus vertical) advection
by the mean flow; and the total advection by the eddies
of K., respectively . The first term on the right-hand
side of (9) is the pressure work done by the eddies. The
second and third terms are the horizontal and vertical
deformation work terms, respectively. The fourth and
the fifth terms on the right-hand side of (9) are zero in
the time mean. Finally, the last two terms represent
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the horizontal and vertical dissipation by the eddies,
respectively.

If we apply the same decomposition described by (2)-
(4) to the density p(z,y, z,t) and substitute it into the
vertical equation of motion under the hydrostatic ap-
proximation, the time deviation component becomes

p.=-p'g. (10)

Equation (10) and the time deviation of the continu-

ity equation,

V.o +wl =0, (11)
can be used to write the pressure work term as
—v - Vp' = -V (vp) - (w'p). —gp'w'.  (12)

The first two terms in (12), whose sum is equal to
—Vs3- (vip'), where v} = u'T+v'j +w'k, redistribute K.
spatially and are identically equal to zero when averaged
over the volume. The last term of (12) represents the
rate of work done by the vertical velocity against buoy-
ancy and represents the energy conversion between P,
where P, is the eddy available potential energy, and K..
For a constant value of the term —v' - Vyp', the value
of the total divergence of the eddy pressure flux, i.e.,
V3 - (v—f;p" ), determines the value of the term —gp'w’,
i.e., the vertical motion of the mass field. When the
term -gp'w' is positive, it represents the conversion of
eddy available potential energy P. into eddy kinetic en-
ergy K.

P. - K.. (13)

This conversion is commonly known as baroclinic con-
version.

When the horizontal deformation work terms in (9)
are positive, they represent the corversion of mean ki-
netic energy Kjs into eddy kinetic energy K.

Ky — K. (14)

Such an energy transfer is commonly referred to as
barotropic conversion. Also, when the vertical defor-
mation work terms in (9) are positive, the energy con-
version is in the same direction, i.e., from mean ki-
netic energy to eddy kinetic energy, and is referred
as Kelvin-Helmholtz conversion. The barotropic, baro-
clinic, and Kelvin-Helmholtz conversions represent pos-
sible sources of eddy kinetic energy. In section 4 we
analyze the time mean of these conversion terims to de-
termine the nature of the instabilities observed in the
Pacific simhulation. .

The eddy kinetic energy distribution reflects the re-
gion of eddy activity. Therefore, in order to better lo-
calize the oscillations and prove some of the hypotheses
concerning the energy propagation that we advanced in
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Figure 1. Snapshot at t=20 days of horizontal sections of eddy kinetic energy at (a) 5 m (contour
interval (CI) is 100 dyn/cm3), (b) 95 m (CI is 100 dyn/cm?®), and (c) 1800 m (CI is 1 dyn/cm?®).

the previous section we calculate the eddy kinetic en-
ergy and its time mean in the model domain. A snap-
shot of eddy kinetic energy at three different model lev-
els is shown in Figure 1. At the first model level (5 m)
the horizontal distribution of eddy kinetic energy co-
incides with that of the fluctuations observed in the
temperature field (MP99; see their Figure 1b for com-
parison). The eddy kinetic energy is confined between
2°S and 4°N where the southern and northern temper-
ature fronts, respectively; are located. The eddy kinetic
energy centers west of 150°W and and around 2°S (al-
though isolated and relatively weak) indicate that the
eddy activity south of the equator has a longer zonal
extension than north of the equator. Below the surface
(Figure 1b) at 95 m the eddy kinetic energy decreases
with respect to the surface and becomes confined mostly
north of the equator. South of the equator, the magni-
tude of the eddy kinetic energy is comparable to the val-
ues north of the equator only near 148°W. At z=1800
m (Figure 1c) the eddy kinetic energy magnitude de-

creases by 2 order of magnitudes with respect to the
values found above the thermocline, but its horizontal
distribution shows that energetic signals are present in
the far eastern and the far western Pacific. This sig-
nal suggests that the unstable eddies generated close to
the surface excite neutral equatorial waves which prop-
agate downward both to the east and to the west of the
instability region [Coz, 1980].

The time-averaged eddy kinetic energy provides a sta-
tistical representation of the spatial distribution of the
eddies. In Figure 2 we show two vertical sections at 130°
and 170°W of the eddy (contour) and mean (shaded
area) kinetic energy. For clarity, the section is limited
to the uppermost 13 model levels (300 m) where most
of the eddy kinetic energy is confined. In Figure 2a
the mean kinetic energy Kjs clearly shows where the
mean flow is localized. For example, in this case the
K s maximum coincides with the core of the EUC: The
vertical distribution of K. shows two distinct maxima
on either side of the equator indicating that the eddies
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Figure 2. Depth-latitude sections of time mean kinetic energy (shaded) and timeé mean eddy
kinetic energy (contour) at (a) 130° and (b) 170°W. For the mean kinetic energy the CI is
400 dyn/cm?® in both plots. For the eddy kinetic energy the CI is 20 dyn/cm?® in Figure 2a and

10 dyn/cm? in Figure 2b.

are decoupled below the surface. The same figure shows
that the eddies are confined to the upper ocean and, in
particular, in the mixed layer. At this longitude the
thermocline is asymmetric about the equator, and this
asymmetry is reflected in the K. distribution, which
extends deeper in the region of the SEC north of the
equator where the thermocline is deeper (180 m).

Figure 2b is identical to Figure 2a, but the cross sec-
tion is taken at 170°W; that is, the central longitude of
the region at which the phase speed of the TIWs de-
creases drastically. At this longitude, K. is confined
mainly south of the equator. North of the equator,
there is only one secondary maximum in K, localized
between the EUC and the SEC. South of the equator
the K, absolute maximum is confined at the surface be-
tween 1° and 2°S in the southern branch of the SEC.
In the northern branch of the SEC the eddy activity is
clearly very weak at this longitude. Below the surface
at ~ 100 m, another K, maximum is localized between
the EUC and the southern branch of the SEC.

In Figure 3a, Kjs and K. are shown as a function
of longitude and depth at 2°N. The maxima of the

v

two fields coincide and are localized at the surface at
130°W. Below the surface, two secondary K. maxima
are present at a depth of 80 m (one at ~ 120° and
the other at ~ 135°W), suggesting that the K. might
propagate downward to the east and to the west of the
surface maximum. This downward propagation is more
clearly demonstrated by the vertical distribution of K,
at the equator (Figure 3b). At this latitude the K, max-
imum is localized at the surface between the northern
branch of the SEC and the EUC. Below the surface the
K. pattern shows that part of the energy is distributed
downward and westward (remaining above the EUC)
and another part extends to deeper levels in the east.
Even more clearly, at 2°S (Figure 3c) the K, distribu-
tion in longitude and depth shows a preference for the
K, to be confined above the EUC and to descend with
the westward deepening of the EUC.

3.1. Barotropic and Baroclinic Instability

The horizontal and vertical deformation work terms
(represented by the second and third terms on the right-
hand side of (9), respectively) express the transfer be-
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Figure 3. Depth-longitude sections of time mean kinetic energy (shaded) and time mean eddy
kinetic energy (contour) at (a) 2°N, (b) the equator, and (c) 2°S. For the mean kinetic energy
the CI is 400 dyn/cm3, and for the eddy kinetic energy the CI is 30 dyn/cm? in all plots.

tween the mean kinetic and eddy kinetic energies. In the
equatorial region, where the circulation is dominated by
zonal flow, the dominant time mean deformation work
term is —u/v'(8U/8y). In this region the variationsin V
mainly arise because of the wave transient and are nor-
mally smaller than 8U/8y. The term gp'w’ is present,
with opposite sign, in the time mean eddy kinetic en-
ergy equation (when the decomposition written in (12)
is used in (9)) and in the time mean eddy potential en-
ergy equation and therefore represents the conversion
between the eddy kinetic energy and the eddy potential
energy (see Peizoto and Oort [1992] for the derivation
of the eddy potential energy equation).

Horizontal sections of these two terms are shown,
with the same contour interval, at z=5 m (Figures 4a
and 4b). At the uppermost level of the model the mag-
nitude of the two terms is comparable (the ratio be-
tween the maximum of u/v’(8U/8y) and the maximum

of gp'w' is 3/2), but the horizontal distribution is sig-
nificantly different. The term —u'v'(0U/0y) (which we
will henceforth call the barotropic term for the sake
of brevity) is positive mainly in a narrow band strad-
dling the equator between 150° and 115°W. Another
positive region but with smaller values is present north
of the equator between 2° and 4°N and between 133°
and 123°W. Poleward of the positive regions on both
sides of the equator the time mean barotropic conver-
sion term is negative. In the central Pacific near 170°W
and 2°S, there is another small region characterized by a
weak positive barotropic conversion. At the same level
(Figure 4b) the time mean baroclinic conversion term
is positive everywhere with maximum values attained
between the equator and 5°N and between 145° and
105°W. Positive regions of time mean baroclinic con-
version are also evident south of the equator. These
regions are isolated, and the values of the baroclinic
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Figure 4. Horizontal sections at 5 m of (a) time mean barotropic conversion and (b) time mean

baroclinic conversion. The unit is 10™° c¢cm?/s?,

both plots.

conversion are much smaller than those north of the
equator. In particular, in the central Pacific Ocean at
~ 170°W and 2°S, there is evidence of barotropic and
baroclinic conversion occurring in the same area. In
summary, at the surface the main sources of eddy ki-
netic energy are mean kinetic energy at and very close
to the equator and eddy potential energy north of 1°N.

The time mean barotropic and baroclinic terms below
the surface at z=95 m (Figures 5a and 5b) have both a
magnitude and a horizontal distribution very similar to
those near the surface. The magnitude of the barotropic
term is ~ 1/3 of the surface amplitude, and its maxi-
mum is shifted 10° to the west. Another noticeable dif-
ference in the eastern Pacific is a shift of the baroclinic
conversion term to slightly higher latitudes north of the
equator. The isolated eddy region in the central Pacific
south of the equator, which at the surface, was charac-
terized by an equal amount of barotropic and baroclinic
conversion, at this depth shows only barotropic conver-
sion.

and the contour interval is 5 x 107° cm?/s® in

A more complete picture of the vertical distribution
of the time mean barotropic and baroclinic conversion
terms as a function of latitude in the eastern Pacific
(130°W) is given in Figure 6. The maximum barotropic
conversion (Figure 6a) is clearly taking place in the up-
per 150 m in the region characterized by the strong
meridional shear between the core of the EUC and the
northern branch of the SEC. The meridional shear of
the EUC south of the equator has a magnitude com-
parable to the shear north of the equator but is, nev-
ertheless, not barotropically unstable even if the po-
tential vorticity meridional gradient 3 — U,, changes
sign in the vertical in both regions around 1°N and 2°S
[Masina, 1996]. However, this criterion is a necessary
condition for barotropic instability only at middle lat-
itudes under the quasi-geostrophic approximation and
in nondivergent conditions [Kuo, 1949]. The strong di-
vergent and ageostrophic effects that characterize the
equatorial region preclude us from using Kuo’s criterion
as a strict proof of barotropic instability in the region
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close to the equator. Furthermore, this result suggests
that the presence of additional horizontal shear asso-
ciated with the SEC is crucial for the eddies to grow
by barotropic processes. The meridional shear between
the SEC and the NECC at this longitude is not strong
enough to trigger barotropic instability. However, it
is necessary to point out that the maximum speed of
the simulated NECC is 30 cm/s, a speed which is near
the lower limit of actual speeds characteristic of the
NECC (during some periods of the year this current
can be almost as fast as the EUC and reach a veloc-
ity of ~ 100 cm/s; see McPhaden, [1996] and Flament
et al. [1996]. On the basis of the present results we
would expect that during periods of intense NECC flow,
barotropic instability could arise at latitudes poleward
of the region where TIWs grow in our numerical simu-
lations. The time mean baroclinic conversion at 130°W
(Figure 6b) shows that the maximum conversion of eddy
potential energy to eddy kinetic energy occurs between
1° and 5°N in the uppermost 300 m. This is the latitudi-

nal band in which the northern temperature front is fo-
cused as a consequence of the wind-driven upwelling and
surface divergence. At this longitude the ratio between
the maxima of the barotropic and baroclinic conver-
sion terms is 5/4. The development of a weakly strati-
fied mixed layer at the surface of the ocean is another
consequence of wind forcing, and in the equatorial re-
gion the combination of strong meridional temperature
gradient and weak stratification creates a reservoir of
eddy potential energy. In fact, the maximum baroclinic
conversion at 130°W occurs in the mixed layer (upper
90 m) where the stratification of the fluid is very small.
Another region of weak baroclinic conversion is evident
between 1° and 2°S in the first 60 m. This region co-
incides with the location of the southern temperature
front. The weaker and shallower nature of the baro-
clinic conversion south of the equator is consistent with
the smaller meridional temperature gradient associated
with the southern front and with the shallower mixed
layer south of the equator, respectively [Masina, 1996).
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At 170°W (Figure 7) the vertical distribution of the
time mean energy conversion terms is more complex and
reflects the differences in the mean flow circulation and
the associated thermal field between the eastern and
the central Pacific. First of all, we notice that the am-
plitudes of both the conversion terms is much smaller
than those in the eastern Pacific (the contour interval is
10 and 4 times smaller for the barotropic and baroclinic
conversion, respectively), indicating that the dynamical
and thermodynamical conditions in the eastern Pacific
are more likely to be unstable than in the central and
western Pacific. The barotropic conversion (Figure 7a)
attains two maxima below the surface (which is consis-
tent with the deepening of the EUC toward the west) in
two distinct regions. The barotropically unstable region
at the equator coincides with the location of the maxi-
mum meridional mean flow shear between the EUC and
the northern branch of the SEC as in the eastern Pacific,
but in the central Pacific this shear occurs at a deeper
level because the EUC is deeper. The other barotropic
conversion maximum occurs at the southern border of

the EUC just below the southern branch of the SEC.
The time mean baroclinic conversion at 170°W (Fig-
ure 7b) is confined to the upper 100 m between 3° and
1°S, and its magnitude is twice the barotropic conver-
sion magnitude. The asymmetric behavior of the baro-
clinic conversion about the equator at both 130° and
170°W is consistent with the asymmetric nature of the
temperature front in the equatorial region. In fact, in
the central and western Pacific the southern temper-
ature front is clearly stronger than the northern front
and vice versa in the eastern Pacific (MP99).

The depth-longitude sections (not shown) of the time
mean barotropic and baroclinic conversion terms at 2°N
and 2°S confirm that the baroclinic conversion strongly
dominates over the barotropic conversion at these lat-
itudes. In particular, it is very intense in the upper
120 m in the eastern Pacific north of the equator where
it dominates the barotropic signal by 4 times. South
of the equator the barotropic conversion is negative in
the eastern Pacific and positive in the central Pacific.
The baroclinic conversion is positive with two maxima
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at 148° and 170°W at 60 m below the surface. At the
equator the barotropic conversion term is > 1 order of
magnitude larger than the baroclinic conversion term
(which, nevertheless, is not zero) along the whole Pa-
cific Ocean.

In conclusion, through a local energy analysis we
have demonstrated that in the time mean sense both
barotropic and baroclinic conversions are important for
the development of TIWs in the Pacific Ocean. In fact,
the two phase-locked structures previously identified
in the eastern Pacific that determine the structure of
TIWs (section 2) have a different nature. The equato-
rial mode grows through a barotropic instability process
that draws on the kinetic energy of the mean flow in
the region of strong meridional shear between the EUC
and the northern branch of the SEC. On the contrary,
the northern mode grows through a baroclinic instabil-
ity process occurring in a region confined a few degrees
north of the equator where the strong temperature front
builds up available potential energy that can be used to

grow the eddies [Masina, 1996]. In our simulated TIWs
these two modes occur simultaneously, as opposed to
some observations which identify two instabilities at dif-
ferent times [Luther and Johnson, 1990]. The oscilla-
tions grown in the central Pacific south of the equator
have a nature similar to the waves in the eastern Pacific
with both barotropic and ba,roclinic conversions play-
ing an important role but in different regions. In the
central Pacific the southern temperature front is baro-
clinically unstable in the mixed layer, while the mean
flow is barotropically unstable below the mixed layer in
two regions which coincide with the maximum latitudi-
nal shear between the EUC and the two branches of the
SEC.

The results of the local energy analysis are consistent
with the results obtained from idealized experiments
performed in a channel model [Masina, 1996]. When
a westward surface parabolic jet with maximum veloc-
ity of 100 cm/s is made asymmetric about the equator
in order to simulate more realistically the structure of
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Figure 8.

Depth-latitude sections at 130°W of (a) time mean -vvdV/0y, (b) time mean -

wdV/dz, and (c) time mean -uudU/dz. The unit is 10~° in Figure 8a and 10~® in Figure 8b
and 8c. Contour interval is 10 x 107° cm?/s® in Figure 8a and 10 x 107 cm?/s® in Figures 8b

and 8c.

the SEC in the eastern Pacific, two kinds of instabil-
ity are generated in a channel model. The oscillations
that grow north of the equator have a baroclinic nature,
while those generated on and very close to the equa-
tor have a barotropic nature. The channel experiments
suggest that this two-peak structure can be sustained
by an asymmetric SEC alone without the presence of
the EUC. The results from the channel experiments
[Masina, 1996] also proved that for unstable westward
jets centered on the equator with the same meridional
temperature gradient the available potential energy and
the magnitude of baroclinic conversion increase with an
increase in depth of the mixed layer. On the contrary,
when the mixed layer depth is the same, the system
with the largest meridional temperature gradient has
the largest available potential energy. These conclu-
sions reveal why, in the eastern Pacific, the waves grow

north of the equator while they grow south of the equa-
tor in the central Pacific. The mixed layer in the eastern
Pacific is twice as deep (~ 100 m) north of the equa-
tor than south of the equator, and this explains why
the southern temperature front, despite having a merid-
ional gradient as large as that north of the equator, is
not baroclinically unstable. In the central Pacific the
mixed layer is equally deep on either side of the equa-
tor, but the meridional temperature gradient along the
southern front is larger than along the northern front,
allowing the mean flow to become baroclinically unsta-
ble only south of the equator.

Finally, the barotropic and baroclinic sources of en-
ergy are spatially consistent with the horizontal and
vertical distribution of eddy kinetic energy everywlere
in the model domain except in one particular region:
South of the equator in the eastern Pacific, the time
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the contour interval is 4 x 1075 cm?/s3.

mean K. maximum (see Figure 2a) is not explained by
either barotropic or baroclinic conversion, and therefore
an analysis of the other terms in (9) is required.

3.2. Deformation Work Terms and Advection

Apart from the barotropic conversion term
(—u/v'(8U/dy)) and the baroclinic conversion term
(—gp'w') that we have analyzed in section 3.1, other
possible sources or sinks of eddy kinetic energy are the
other horizontal deformation work terms and the verti-
cal deformation work term (second and third terms on
the right-hand side of (9)). The time means of these
three terms at 130°W are shown in Figure 8. Only the
term —v'v'(0V/8y) has a magnitude comparable with
the barotropic conversion term (note that the contour
interval in Figure 8a is the same as in Figure 6 but is 1
order of magnitude larger than in Figures 8b and 8c).

This term is positive, representing a source of eddy ki-
netic energy, between the equator and 4°N in the upper
50 m. However, this term is smaller than the barotropic
term everywhere in the horizontal domain and mainly
confined to the uppermost 30 m. Between the equa-
tor and 2°S this term is confined to the upper 90 m and
switches sign from negative to positive below 50 m. The
negative values close to the surface indicate that this
term is a sink of K, and therefore it is not a candidate
able to explain the presence of a time mean K, signal
south of the equator. The other two horizontal defor-
mation work terms, —u'v'(8V/dz) and —u'u/(0U/dz),
are negligible. The vertical deformation work term (not
shown) is usually negligible in the ocean because of the
small eddy vertical velocity, and this has been confirmed
in our simulation.

The analysis of all deformation work terms and the



29,650

(a)
10N

MASINA ET AL.: ENERGETICS OF TROPICAL INSTABILITY WAVES

6N -
4N 1
2N 1
EQ-
2S 1
4S

8Nd -

84 - ...... ....... .

10$ +——— . —
170 180 170w  160W

1500 140W  130W 120w  110W

100w

Figure 10. Horizontal sections of the time mean divergence of eddy pressure flux at (a) 5m
and (b) 95 m. The unit is 10~3. Contour intervals are 20 x 10~° cm?®/s® in Figure 10a and 10 x

10~% cm?/s? in Figure 10b.

baroclinic conversion term has failed to explain the eddy
kinetic energy located in the eastern Pacific south of the
equator. Therefore the presence of eddy kinetic energy
in that region must be explained through energy prop-
agation or energy redistribution represented by the K,
advection terms (the four last terms on the left-hand
side of (9)) and by the divergence of eddy pressure fluxes
(first two terms on the right-hand side of (12)), respec-
tively. In Figure 9 we show the total horizontal and
vertical advection of K, (i.e., the sum of advection by
the mean flow and by the eddies) at 130°W. The val-
ues of the three terms are similar to each other but
are much smaller than those of the barotropic conver-
sion term (the contour interval is 4 as opposed to 10 in
Figure 6). Both the horizontal and vertical K, advec-
tions are positive between 2°S and the equator, indicat-
ing that in the eastern Pacific south of the equator the
presence of K, is partially explained by advection into
the region of K. that has been generated at other lat-
itudes, longitudes, and depths. The vertical advection

is the dominant term below the surface between 30 and
90 m, suggesting that K, is advected from the bottom
of the mixed layer to the surface. In the central Pa-
cific at 170°W (not shown), only the vertical advection
represents a significant positive term for the K, redis-
tribution. Nevertheless, advection of K, by the mean
flow and by the eddies cannot explain the K. maxima
south of the equator completely. Another important
term for the redistribution and dispersion of K, is the
divergence of the eddy pressure fluxes.

4. Eddy Pressure Flux Divergence

In the atmosphere the eddy geopotential flux has
been shown to be very important for the development
and decay of cyclone waves. Orlanski and Katzfey [1991]
showed a clear connection between the ageostrophic
pressure flux vector 'u_{;p’ and the kinetic energy cen-
ters in the energy analysis of the downstream develop-
ment of an atmospheric cyclon at midlatitudes. Unfor-
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tunately, in the equatorial band we cannot define a non-
divergent geostrophic velocity, and therefore we cannot
try to repeat the analysis of Orlanski and Katzfey [1991]
in terms of ageostrophic pressure fluxes. However, we
can still examine the divergence of the total eddy pres-
sure fluxes. The first term on the right-hand side of
(12) is the horizontal divergence of the eddy pressure
flux and represents the dispersion of energy. The sec-
ond term is the vertical eddy pressure flux divergence
that redistributes energy vertically and is zero if aver-
aged vertically over the entire domain depth (because
the vertical velocity is zero at the surface and at the
bottom). The third term is the baroclinic conversion
term.

In Figure 10 we show the time mean of the three-
dimensional (3-D) divergence of the eddy pressure flux
Vs - (v_:’;p' ) (sum of the first two terms on the right-
hand side of (12)) at two different depths. At the first

model level (=5 m; Figure 10a) the term —Vj - ('u_ép’ )
is strongest between the equator and 2°S and between
145° and 115°W. This term is positive also north of the
equator between 135° and 115°W, but.its magnitude
is much smaller than south of the equator. At 95 m
(Figure 10b) the same term reaches its maximum at
4°N and 130°W. It is positive also south of the equa-
tor and negative between the equator and 3°N. Another
positive region is visible around 170°W between 4° and
2°S. When —Vsj - (v_ép') is positive, it means that this
quantity represents a source of eddy kinetic energy ac-
cording to (9) and (12). Three vertical sections of the
time mean —V5 - (vzp’ ) at 2°N, the equator, and 2°S are
shown respectively in Figures 11a-c, respectively. From
Figure 11 it becomes clear that the role of the diver-
gence of the eddy pressure flux, in the time mean sense,
is to “radiate” energy from the regions where K, is gen-
erated through barotropic and baroclinic instabilities
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into other regions. In particular, the eddy pressure flux
tends to transport part of the K. generated between
the equator and 4°N (where the quantity B v (v_ép' ) is
negative) southward (south of the equator the quantity
—Vs- (vzp' ) is positive). This tendency is confirmed by
the distribution in depth of — V- (v_:’;p’ ) at two different
longitudes in the eastern (130°W: Figure 12a) and cen-
tral Pacific (170°W: Figure 12b). In the eastern Pacific
the eddy pressure flux tends to radiate energy south
of the equator in a vertical layer confined between the
surface and the thermocline (at ~ 1°S) and poleward of
3°N between 60 and 180 m. In the central Pacific the
time mean eddy pressure flux radiates K to the surface
between the equator and 2°S and below 60 m poleward
of 2°S.

In summary, if Figures 6 and 12a are summed, they
explain well the time mean K, distribution at 130°W
as a function of latitude and depth (see Figure 2a). K,

that is produced above the thermocline close to the
equator through barotropic instability and a few de-
grees north of the equator through baroclinic instabil-
ity is partly radiated poleward and downward on both
sides of the unstable region. A similar process is seen in
the central Pacific. The time mean K, distribution at
170°W (Figure 2b) arises from a sum of K. production
from barotropic and baroclinic conversions (Figure 7)
and from the radiative process determined from the di-
vergence of the total eddy pressure flux.

So far, we have analyzed the time average of some
of the terms of (9). The local eddy kinetic tendency
0K, /0t averaged over 1 year is negligible, and we have
shown that the main balance is between the first two
terms on the right-hand side of equation (9), i.e., be-
tween the deformation work terms, in particular
—u/v'(0U/8y), and the pressure work term. However,
if we do not perform time average, we can also examine
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how the evolution in time of the K. is determined by
the different processes expressed by each term in (9).

5. Life Cycle of TIWs

Chang and Orlanski [1993] showed that convergence
and divergence of geopotential fluxes can sometimes
dominate the baroclinic and barotropic conversions in
the downstream development of atmospheric baroclinic
waves. Initially, a wave amplifies through baroclinic
conversion, but then it decays through downstream ra-
diation of energy via geopotential flux with barotropic
conversion (inverse barotropic cascade) playing only a
minor role. This geopotential flux becomes the main
source of energy for the development of a downstream
wave for which the baroclinic conversion term becomes
important only in a subsequent phase. We are now in
a position to determine whether the westward propaga-
tion of TIWs in the Pacific Ocean is locally dominated
by unstable processes or if, as in the atmospheric case,

the radiation of energy through the pressure fluxes plays
a dominant role.

In Figures 13 and 14 we show snapshots of different
quantities at the first model level (2=5 m) in the east-
ern Pacific at t=9 days. The baroclinic conversion term
is shown in Figure 13a, and the barotropic conversion
term is shown in Figure 13b. Figure 14 shows the eddy
kinetic energy K, (Figure 14a) and the 3-D divergence
of the total eddy pressure fluxes, —V3 - (v_:’;p’ ) (Figure
14b). Because of the complex vertical structure of the
perturbation fields it was preferable not to perform a
vertical average in order to retain all possible informa-
tion about the generation and redistribution of K.

The K. maximum that straddles the equator
(Figure 14a) is explained by a combination of an insta-
bility process that is mainly barotropic at this latitude
(Figure 13b) and divergence of the eddy pressure fluxes
(Figure 14b). The K, maximum north of the equator
has the same mixed nature and arises from a combi-
nation of K. production through baroclinic instability
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(Figufe 13a) and divergence of the eddy pressure fluxes
(Figure 14b). An analysis of the horizontal and vertical
divergence of the eddy pressure fluxes separately (the
first and second terms on the right-hand side of (12),
respectively) shows that the two positive maxima in the
convergence field of eddy pressure fluxes (one north of
the equator and one south of the equator between 123°
and 126°W, where the barotropic conversion is maxi-
mum) are explained by the horizontal convergence.

To demonstrate the vertical structure of the energet-
ics of the waves, we show in Figures 15 and 16 the
same quantities as in Figures 13 and 14 but at 2=95 m.
At this depth the baroclinic instability processes play
a more important role with respect to the barotropic
instabilities almost everywhere inside the domain (see
Figures 15a and 15b).

The horizontal distribution of K, at =95 m is out of
phase with respect to the surface (compare Figure 14a
with Figure 16a). All the K. maxima at 95 m are to the
east of the corresponding maxima at the surface. For
waves that have a westward phase speed, as is the case
for TIWs, this means that the deeper signal leads the

surface signal or, in other words, that the deeper signal
grows before the surface signal. Moreover, the K, max-
ima below the surface are confined near 3°N, and as we
demonstrated in section 3.1, the dominant instability
process at work north of 1°N has a baroclinic nature.
If we combine this result with the evidence that the K,
maxima below the surface north of the equator lead the
K, maxima at the surface, we can finally conclude that
the mechanism that triggers the development of TIWs
in the eastern Pacific is dominantly baroclinic instabil-
ity that starts below the surface. The K. maximum
at 123°W below the surface is explained through the
convergence of eddy pressure fluxes, probably from the
upstream K. center, and not through baroclinic con-
version. The same results have been found at different
snapshosts during the time history of the waves.

The energy analysis in the vertical direction helped us
to explain the triggering mechanism which determines
the wave growth. Now we follow the time evolution of
the different energy terms during the westward prop-
agation of the waves in order to understand their life
cycle. Figure 17 shows two snapshots in the eastern Pa-
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cific of the temperature field at the uppermost level of
the model superimposed on the vertically averaged K,
(shaded area). The boxes delimit the areas for which
we compute the volume budget of the energetics. It is
important to note that the crest of the fully developed
wave (wave 2) is distinguished by two separate K, max-
ima which develop on the upstream and downstream
sides of the crest. As in the atmospheric case, the. most
eastward K. maximum (wave 1 in Figure 17) has a
baroclinic nature. The K, maximum located at 1°S be-
tween 123° and 126°W in Figure 17b develops through
a barotropic process that we have shown happens at
the surface (see Figure 13b). On the contrary, north of
the equator, the K. center located at 2°N between 126°
and 128°W in Figure 17b develops both through eddy
pressure flux convergence and through baroclinic con-
version (compare Figures 13a and 15a). This process
is very similar to what happens in the atmosphere in
the downstream development of cyclone waves. In the
oceanic case the vertical eddy fluxes are very impor-

tant in the development of the waves. The previous en-
ergy analysis performed at different levels demonstrates
that the K. maxima of both waves 1 and 2 grow below
the surface mainly through baroclinic conversion. Sub-
sequently, vertical and horizontal eddy pressure fluxes
transport energy upward and westward to trigger the
secondary K. maxima north and south of the equator
that are seen in Figure 14a. The northern and south-
ern surface K. maxima then develop thirough baroclinic
and barotropic conversions, respectively, which domi-
nate the convergence of the pressure flux.

Since the waves are not stationary and have a west-
ward propagation, the evolution of each wave, i.e., its
life cycle, cannot be examined by computing the en-
ergetics for a given area or volume fixed in time. On
the contrary, it is necessary to isolate a volume which
identifies an individual eddy and calculate the volume
budget of the eddy kinetic energy equation as the eddy
is propagating westward. In particular, we examine the
life cycles of two individual eddies identified as waves
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1 and 2, shown in Figure 17 at two instants 6 days
apart, during their westward propagation. The area
which identifies each eddy is chosen so that it delimits
the same volume at all times and is centered over one
crest of the wave, extending over one wavelength. Since
there are two different energetic processes that happen
north and south of the equator, we decided to distin-
guish the northern part of the waves from the southern
part. As far as the length of the life cycle is concerned,
it is self-defined since it is determined by the growing
and successive decaying phase of the individual eddy.
The two eddies, waves 1 and 2, were tracked for 27 days
during their westward propagation. Figures 18 and 19
show the evolution of the volume budget of the northern
and southern part of each eddy during the growing and
decaying phase. Quantities in Figures 18 and 19 are
volume-averaged, where the volume is taken to be the
area delimiting each eddy at each time step times the
basin depth. We chose 27 days because 27 days repre-
sent approximately the period of the wave (see MP99).
During one period both waves 1 and 2 move westward,
covering one wavelength distance. In practice, after one
period, wave 1 is located where wave 2 was 27 days be-
fore, and wave 2 is centered over the most westward

crest of the wave, which is the one centered at 134°W
in Figure 17a and identified by the two most westward
K, relative maxima. Westward of that longitude, the
waves dissipate, and it is not even possible to identify
an individual eddy. The two curves in Figure 18a rep-
resent the volume-averaged K. of the northern part of
the two eddies. Wave 1 is captured during its growing
phase (increasing K. curve), while wave 2 is decaying
(decreasing K, curve). In the volume-averaged ener-
getics of both waves (Figures 18b and 18c) the largest
positive contribution is from baroclinic conversion (solid
circles), while the eddy pressure flux divergence (open
squares) is always a sink. The other two curves in each
plot represent the barotropic conversion (solid squares)
and the K. advection (diamonds), and they both are
clearly negligible in the volume average. As in the at-
mospheric case at the entrance of a storm track [Chang
and Orlanski, 1993, Figure 8a], eddy growth is due pri-
marily to baroclinic conversion and eddy decay to the
divergence of eddy pressure flux (see Figures 18b and
18¢). In the energetic analysis that we have performed
at each level, there is evidence of a region north of the
equator where the eddy fluxes are convergent, but in
the volume average, there is clear indication that the
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Figure 17. (a) Latitude-longitude snapshot at ¢=3 days of vertically averaged eddy kinetic

energy (shaded; CI is 10 dyn/cm3) and SST (contour; CI is 0.5°C). The boxes denote the areas
for which the volume budgets shown in Figures 18 and 19 are computed. (b) As in Figure 17a

but at t=9 days.

role of the eddy fluxes is mainly to transport energy
away from the region north of the equator. As the time
average analysis presented in section 4 has already sug-
gested, the eddy pressure fluxes transport energy across
the equator and trigger the growing phase of wave 1
south of the equator. This is nicely illustrated in Fig-
ure 19, which shows the evolution of the energetics of
waves 1 and 2 south of the equator. Here both the grow-
ing and decaying phases of the waves are time lagged
with respect to the correspondent phases of the waves
north of the equator. In particular, wave 1 south of the
equator starts to grow after its northern part (compare
Figures 18a and 19a), and it grows as a consequence of
the convergence of eddy pressure flux, which is the only
significative source of energy south of the equator in the
volume average (Figure 19b).

Therefore, in the oceanic case the eddies south of
the equator evolve in a way similar to the atmospheric

downstream eddy development in the middle of a storm
track. In the atmosphere the eddy pressure fluxes
transport energy downstream from an upstream K.
center, whereas in the ocean they transport energy
from a northern K, center mainly southward across the
equator. The eddy fluxes trigger an unstable process
marked by baroclinic conversion in the atmosphere and
by barotropic conversions south of the 'equator in the
ocean. In contrast to the atmospheric case in which the
downstream eddies decay through divergence of eddy
pressure fluxes [Chang and Orlanski, 1993, Figure 8b),
the oceanic case exhibits southern eddies that weaken
through barotropic decay (see Figure 13b). Note that
these local dynamics are not revealed in the volume av-
eraged quantities of Figures 18 and 19 because of the
different roles played by the barotropic conversion term
in different parts of the wave.

We have shown that TIWs in the Pacific Ocean are
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Figure 18. (a) Eddy kinetic energy (dyn/cm?®) of wave 1 (open circles) and wave 2 (crosses)
north of the equator. (b) Baroclinic conversion (solid circles), eddy pressure flux divergence (open
square), barotropic conversion (solid squares) and eddy kinetic energy advection (diamonds) for
wave 1. (c) As in Figure 18b but for wave 2. In Figures 18b and 18c the unit is 10~% cm?/s°.

a complex, mixed phenomenon characterized by local
baroclinic instability north of the equator and eddy flux
convergence south of the equator. As in the case of at-
mospheric baroclinic waves, the disturbances grow ini-
tially through baroclinic instability. Later in the life
cycle, the convergence and divergence of eddy pressure
fluxes play a fundamental role. In the atmospheric case
the eddy pressure fluxes are the primary source of en-
ergy during the initial growth of a downstream eddy
with baroclinic instability becoming important 2-3 days
later. In practice, in the atmospheric case the eddy
pressure fluxes trigger the growth of a second down-

stream baroclinic eddy, whereas in the ocean case they
transport energy cross equatorial and downstream and
trigger the growth of a barotropic and a baroclinic eddy
south and north of the equator, respectively. This
means that if we consider averaged quantities in the vol-
ume containing an eddy, the pressure flux divergence in
the oceanic case is always negative north of the equator
(because it works to partly balance the energy produc-
tion due to instability processes) and is always positive
south of the equator (where the fluxes trigger an equa-
torial barotropic mode that is part of the wave struc-
ture). In the atmospheric case the pressure flux diver-
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Figure 19. As in Figure 18 but for waves 1 and 2 south of the equator.

gence represents an energy sink (it is negative) for the
eddies at the entrance of the storm track and an energy
source (it is positive) during the initial growth phase
of a downstream eddy [Chang and Orlanski, 1993]. In
the oceanic case we have shown that if we do not take
the volume average and look at the different terms of
(9) locally, the horizontal and vertical pressure fluxes
are seen to play an important role in the evolution and
propagation of TIWs at all latitudes.

6. Summary and Conclusions

By studying the energetics of the TIWs that arose in
the numerical simulation of the Pacific Ocean (MP99)
we have shown the key mechanisms that generate and
propagate these waves. We use a technique that is based

on an eddy kinetic energy budget that defines the eddies
as deviations from the time mean flow. A similar for-
mulation for the atmosphere has been recently applied
to explain the downstream development in atmospheric
storm tracks [Orlanski and Katzfey, 1991; Chang and
Orlanski, 1993).

The instabilities generated in the eastern Pacific con-
sist of two components phase locked to each other. One
component develops between 2°S and the equator, and
the other develops between 2° and 4°N. Diagnostics of
the local energy sources and sinks in the TIWs show
that these waves are primarily generated through baro-
clinic instability located from 2° to 6°N with barotropic
instability playing the dominant role closer to the equa-
tor. We have shown that the northern temperature
front becomes unstable in the eastern Pacific, while the
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southern front is weakly unstable in the central Pacific.
The mean flow is also unstable both in the eastern and
central Pacific through barotropic shear between the
EUC and the SEC. Our study shows that the shear be-
tween the SEC and the NECC is never barotropically
unstable in our simulations. In the eastern Pacific the
- barotropic and baroclinic instabilities explain the two-
peak structure of the TIWs. Despite some data suggest-
ing two different modes decoupled in latitude [Flament
et al., 1996] our study indicates that the two modes are
coupled and phase locked at all depths.

In the central Pacific, because of the deepening of
the EUC and the presence of a southern branch of the
SEC, the mean flow is barotropically unstable at deeper
levels (with respect to the eastern Pacific) and on both
sides of the EUC. This complicated mean state gives rise
to the complex structure of the unstable oscillations at
these longitudes. However, as in the eastern Pacific, the
oscillations grow both from barotropic and baroclinic
conversions.

The time mean energy budget indicates that the com-
bined barotropic (—u'v'(8U/dy)) and baroclinic
(—gp'w') conversions explain the energy distribution at
and north of the equator, respectively. The other de-
formation work terms and the advection terms are neg-
ligible in a time mean sense in these regions. The eddy
pressure fluxes transport part of the K, poleward of
the unstable region and, in particular, explain the pres-
ence of eddy kinetic energy south of the equator in the
eastern Pacific.

In summary, the processes that control the life cy-
cle of TIWs in the Pacific Ocean and their westward
propagation show some characteristics similar to the at-
mospheric development of a cyclone wave. We demon-
strated that both the growing and the decaying phases
of the eddies are controlled by baroclinic instability and
by the divergence of eddy pressure fluxes north of the
equator. The baroclinic conversion represents the only
important source of energy if the energetics of each eddy
are averaged in a volume containing the part of the
eddy which develop north of the equator. The diver-
gence of eddy pressure fluxes is the main sink of energy
and partly balances the baroclinic conversion at each
step of the life time of the waves. The barotropic con-
version, in the volume average sense, is negligible. On
the contrary, both the growing and decaying phases of
the southern (south of the equator) part of the eddies
are determined by the convergence of the eddy pressure
fluxes. In particular, these fluxes trigger the growth
of a southern eddy which grows and decays through
barotropic conversion. However, the barotropic conver-
sion is negligible in the volume average calculated south
of the equator because of the different roles played by
the barotropic conversion in different parts of the waves.
The baroclinic conversion, in the volume average sense,
is also negligible south of the equator. This mechanism
is similar to the development of cyclone waves in the at-
mosphere [Chang and Orlanski, 1993] where the initial
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source of energy at the entrance of a storm track is baro-
clinic conversion while in the middle of the storm track
a downstream eddy grows through the convergence of
geopotential flux from a decaying upstream eddy; baro-
clinic conversions come into play only after 2-3 days.
Therefore we can conclude that both the atmospheric
eddies at the entrance of a storm track and the north-
ern component of TIWs have a baroclinic nature. Also
the development of the southern eddies in the oceanic
case is similar to the downstream development of atmo-
spheric eddies in the center of a storm track. In both
cases the eddy pressure fluxes radiate energy away from
the initial baroclinic centers. In the atmospheric case
the pressure fluxes transport energy downstream and
trigger another baroclinic eddy, while in the oceanic
case they transport energy southward and trigger the
barotropic component of TIWs.

Finally, our results show that the primary source of
energy of the TIWs is baroclinic and that the waves are
initially generated below the surface in the mixed layer
north of the equator. The horizontal and vertical eddy
pressure fluxes radiate the energy in the domain, and
a subsequent barotropic instability occurs close to the
surface at the equator.
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