
k ' 

10 

36% m. Recall that it was at this depth, at the 
Cluster C site (15"N), that a critical layer was 
observed. Remarkably, Q,, 3 O at the Cluster 
C latitude. Indeed, close examination of the 
Qy(z) profile (Figure 2) used in Keffer (1982a) 
to calculate shear modes, shows that the sign 
reversal happens at 300 m. This comes from a 
completely independent data set using NODC 
Nansen bottle data. 
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Pedlosky (1982) described a two-layer 
model in which a critical layer and a weak po- 
tential vorticity gradient are present in the 
lower layer. The mean shear is slightly su- 
percritical. In the limit of low frequency, 
slightly dissipative waves, an instability devel- 
ops, grows, and then feeds back to the mean 
flow and potential vorticity gradients, result- 
ing in a finite-amplitude state where the poten- 
tial vorticity gradient in the lower layer (Le., 
the critical layer) has been homogenized. Al- 
though this is a simple model, more physical 
arguments, such as Bretherton's (1966), 
would also suggest that potential vorticity gra- 
dients within a critical layer may be especially 
susceptible to erosion and eventual homo- 
genization due to the large particle excursions 
in the layer. 

Cluster C is located far downstream in a 
2500 km long current, and most likely will be 
observing the finite-amplitude state of any de- 
veloping waves and resulting potential vor- 
ticity gradient. Indeed, no significant down- 
gradient heat fluxes were obseryed (Keffer, 
1982b). 

Two additional questions suggest them- 
selves. First, from Figure 1, it can be seen that 
the isopycnal u. = 26.8 that is suspected of 
containing a critical layer at the Cluster C laiti- 
tude and where Q, -+ O, is the same isopycnal 
that has undergone extensive homogenization 
within the subtropical gyre (latitudes 20"-36") 
due to processes described by Rhines and 
Young (1982). This may be coincidence or it 
may be due to the interactions between the two 
processes. 

Second, although the condition Q,+ O at 
z, removes the requirement for critical layer 
instability, it is unclear what it implies for 
baroclinic instability in general. 
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FIGURE 2 (Keffer) 
Northward potential vorticiy gradient (Q,,) calcu- 
lated as Q, = ß - (f&ipZjL)Jronz historical data 
(Keffer, 19828). The dashed line is the planetary 
vorticiry gradient p. Note that e,,+ O at 300 in.  

y ! l l~alll~~~~lPililnlI~~llllllll 1 The 1978 Occurrence of Hi 
in the Eastern Coral Sea i O 10025837 

Long-term changes in sea surface salinity 
in the Coral Sea, including high salinity values 
occurring in the periods 1957-58 and 1972-73, 
have been described by Donguy and Henin 
(1975). These phenomena were related to the 
El Niño events along the western coast of 
South America (Donguy and Henin, 1981). 
During these periods the Intertropical Conver- 
gence Zone (ITCZ) was on the equator and the 
eastward flowing South Equatorial Counter- 
current (SECC) was particularly noticeable 
north of 10%. South of this latitude a strong 
westward current advected high salinity wa- 
ters. At the same time, drastic drought condi- 
tions occurred in southwest Pacific countries. 

During 1978, when high sea surface sal- 
inities were observed (Figurel) in the eastem 
Coral Sea, the El Niño phenomenon did not 
occur in the eastern Pacific Ocean. In this note 
an attempt is made to determine whether 
changes in the current system explain the 
salinity variation. Generally, in the southwest 
Pacific Ocean, eastward flows carry low salin- 

I - x  J - --- 
ity wate:and westward flows transport samropieal-Countercurrent,-STCC), a westGarh-- 
water. flow on the north side (the South Equatorial 

The mean height of the surface dynamic, I- Current, SEC) and the eastward flowing South 
topography relative to 1000 decibars is quite 
variable in the Coral Sea. A zonal ridge is 
commonly observed near 15-l8"S, inducing 
an eastward flow on the south side (the South 

VILA- NOUMEA 

FIGURE 1 (Henin) 
(A) Monthly mean sea surface salinities recorded 
1975-81 by merchant ships between 21 3 - 2 2 3  arid 
16O"E-I8O0. (B)  Montlzly mean sea level differences 
between: Vila (1756.4'S, 168'11.4 E )  and Noifimea 
(22 "10.85,166"15.6'E) during 1977 to 1981. 
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Equatorial Countercurrent (SECC) which 
passes through the Solomon Archipelago. 

Scarcity of hydrological casts in the Coral 
Sea prompted the development of data collec- 
tion using XBT measurements from merchant 
ships. In this way, data have been collected 
routinely along shipping lanes between New 
Caledonia and Japan, New Guinea, Vanuatu 
and Fiji (Meyers and Donguy, 1980). How- 
ever, the XBT program only became opera- 
tional in 1979, so no data are available to infer 
the current system during 1978 when the high 
salinities were observed. 

The relationship between monthly mean 
values of dynamic height and sea level in trop- 
ical areas (Wyrtki, 1980) was exploited to 
monitor the current system variations in the 
Coral Sea. Sea level data from three stations 
were used. Honiara (Solomon Islands) lies in 
the dynamic trough between the SECC and the 
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curves u, and up. This suggests that about half 
of the remaining variability for this model is 
accounted for by changes in SST between the 
equator and 30"N. 

These conclusions are further supported 
by a more comprehensive study by Manabe 
and Hahn (1981) who integrated the GFDL 
(Geophysical Fluid Dynamics Laboratory) 
spectral climate model for 15 years with pre- 
scribed but seasonally varying boundary con- 
dition of SST. They found that the ratio of 
zonally averaged values of standard deviation 
of seasonal mean for observations and model 
simulations was about two in the near equato- 
rial regions and reduced to about one in the 
middle and high latitudes. 

This supports our earlier hypothesis that 
the slowly varying boundary conditions play 
an important role in determining the inter- 
annual variability of time averages for the 
tropics. Additional effects of soil moisture 
(Shukla and Mintz, 1982) or snow cover could 
possibly bring the u, and u, curves still 
closer. It is however to be noted that the long 
period internal dynamical changes (tropical- 

extratropical interactions, etc.) also contribute 
to the interannual variability of time averages, 
and boundary forcings alone cannot explain 
the total observed variance. 

It is reasonable to conclude that although 
for short and medium range the instantaneous 
state of the tropical atmosphere is less predict- 
able, the time averages (monthly and seasonal 
means) are potentially more predictable in the 
tropics. Since there is sufficient observational, 
theoretical and numerical model experimental 
evidence that tropical heat sources can also in- 
fluence the middle latitude circulation, it is 
likely that the monthly means for middle lati- 
tudes could also be potentially predictable due 
to their interaction with low latitudes. 
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Erosion of Potential Vorticitv Gradients bv Critical Lavers 
in the Atlantic North EquatGrial 1 eurrent 

Bretherton (1966) showed that the pres- 
ence of a cGtica1 layer, which occurs at depth 
z, when U(z,) = cp, where c(z) is the 
zonal mean flow profile and cp is a disturbance 
phase speed, implies the instability of the 
flow. At depth z, the particle speed equals the 
phase speed and a given particle is always ex- 
posed to the same phase of a wave cycle. Par- 
ticles which are initially moving north will 
continue to do so, and conversely, southward 
moving particles continue to move south. 
These excursions imply a large north-south 

ity unless the potential 
vanishes at zc. If Q,, 

d by growth of the instabil- 

yer at 300 m depth within the Atlan- 
Equatorial Current. (1) The 3.5 cm 

rresponds to the 300 m flow velocity. (2) 
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FIGURE 1 (Kefler) 
Potential vorticity (10-13 cm-i s - I )  along 50"W computed fiam GEOSECS data and contoured as afitnction 
of density (e8) and latitude. The stippled region is where Q, < O and these latitudes will be a likely site of 
baroclinic instability. Just below this region is a heavy solid line that marks the 300 m isodepth. Note that at 
ISON, Qy + O at this depth. This may be due to critical layer homogenization. The dashed line is the winter 
outcrop. 
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The primary temperature balance at 300 m is 
T ;  i- ÜT: = O, where T' is the tempera: 
ture perturbation measured at the current me- 
ters. (3) The moored temperature measure- 
ments indicated a maximum eddy potential 
energy at 300 m. (4) Historical Nansen bottle 
data from the National Oceanographic Data 
Center (NODC) indicated a maximum eddy 
potential energy at 300 m. 

Given the existence of a critical layer and 
the importance of the north-south eddy flux of 
potential vorticity, it becomes important to 
ask: What is the mean potential vorticity gradi- 
ent atz,? 

Figure 1 is a contour plot of potential vor- 
ticity along the GEOSECS cruise track 
(-50"W) in the western Atlantic from 
McDowell. et al. (1982). Potential vorticity 
was evaluated from 

where ape/az is the vertical adiabatic density 
gradient, p is the density and f is the Coriolis 
parameter. In Figure 1, Q is contoured as a 
function of surface referenced density anom- 
aly (ue) and Iatitude. Such a prescription for Q 
is consistent for large scale slow motions 
where relative vorticity and horizontal compo- 
nents of vorticity are small. 

Also shown in the North Equatorial Cur- 
rent area is a curve representing the density at 

TROPICAL OCEAN- ATMOSPHERE NEWSLETTER November 1982 



11 

ward STCC carries low salinity water and 
moves at an average speed of 25 cm s-l. 
However, in 1978 the rate of flow was consid- 
erably weaker, about 5 cm s-1. It therefore 
seems that the higher salinities observed are a 
consequence of the smaller volume of low 
salinity waters being carried to the Coral Sea. 
The origin of the southward moving low sea 
level disturbance has not yet been elucidated. 
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FIGURE 2 (Henin) 
Monthly mean sea level values recorded at Honiara 
(9°15.6'S,15954.2 'E), Vila(17"26.45,168"11.4 'E) 
and Nounzea (22 90.8 'S, 166'15.6 'E). 

SEC. Vila (Vanuatu) is located either on 'the 
ridge between SEC and STCC or on the north 
side of the eastward STCC. Noumea (New 
Caledonia) has always been observed to be in 
the STCC. 

Because of the uncertain location of the 
ridge between 15"s and 18"S, the sea level dif- 
ference is significant only between Vila and 
Noumea, which are always in the south east- 
ward flux. Available time series of mean sea 
levels for the 1975-81 period are shown in Fig- 
ure 2. Using harmonic analysis, Wyrtki (1980) 
showed annual and semi-annual sea level vari- 

ations at Honiara and Noumea. These varia- 
tions are masked by a southward travelling 
low sea level disturbance which was recorded 
in late 1977 at Honiara, in late 1978 at Vila 
and in mid 1979 at Noumea. In order to e l h i -  
nate the variations of periods shorter than one 
year, a twelve month running mean was used 
before computing cross-correlation coeffi- 
cients between Honiara and Vila, Vila and 
Noumea, and Honiara and Noumea. The larg- 
est correlation coefficients were obtained at 
lags of 11 months for Honiara-Vila, 5 for Vila- 
Noumea and 16 for Honiara-Noumea, indicat- 
ing a southward movement of the low sea level 
disturbance of about 4 cm s-1. 

The geostrophic flow between stations is 
related to the difference of dynamic heights at 
these locations, so the relationship between 
dynamic height and monthly mean sea level 
allows us to use the difference of monthly 
mean sea level between two islands to monitor 
the magnitude of the geostrophic transport. 
Thus, the southward travelling low sea level 
disturbance observed in the Coral Sea pro- 
duces a change in the current strength. 

The sea level difference between Vila and 
Noumea (Figure I), which is representative of 
the magnitude of the eastward flowing STCC, 
shows a very well marked minimum in 1978, 
which coincides with the sea surface salinity 
maximum near 21°S-22"S. Normally the east- 
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Drifting Buoy Clusters in the Atlantic Equatorial Undercurrent 
The large horizontal shear of the jet-like 

Equatorial Undercurrent (EUC) could be the 
source of high horizontal mixing rates. Con- 
trary to this concept is the occurrence of the 
narrow (e.g., 200 km wide) high salinity core 
across the equatorial Atlantic (Katz et a l . ,  
1980). Thus, two questions are raised: are 
high mixing rates compensated by the horizon- 
tal advection of meridional circulation cells 

were located within the EUC. Ship's radar was 
used to track the surface buoys. Because of the 
relatively long (up to 6 hours) hiatus between 
the satellite fixes, one buoy is arbitrarily cho- 
sen from the cluster to be a reference buoy and 
the other buoys are positioned relative to 
reference buoy every 30 minutes. The trac 
the reference buoy is determined relative to 
ship, which itself is positioned by sate 

because of the drag on the buoy and on the 
wire. The error calculated from the observed 
current shear is about 15%. The measurements 

tor, brass plates embedded 
xpanded polystyrene sphere 

buoyancy 

Lead weight, 20 k g  

70-90m Perlon line 0 4mm 

and is horizontal mixing small enough to be 
neglected compared to the loss due to vertical 
mixing? taneous current m 

Four experiments with drifting buoy clus- out from thedrifting 
ters were carried out in the equatorial Atlantic tical shear of the c 
(Table 1) to measure horizontal turbulent dif- the verti 
fusion rates. The 21 m2 drogues (Figure 1) absolute 

navigation. 

termine the ver- 
The current shear in 
uces an error in the 
ment by the drogue 

TABLE 1 (Fahrb 

Experiment Number Duration Meanposition 

CIPREA OO"36'S 
03"43'W 

D1 00'30'N 
21"25'W 

D2 8 1730 GMT 1.88 d OO"16'W 
18 MAY 79 20"59'W 

D3 5 1800 GMT 1.60 d 00"O 1 'S 
14 JUN 79 21 "38'W 
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FIGURE! 1 (Fahrbaclz) 
Schematic representation of the buoys used to mea- 
sure horizontal turbulent diffusion rates in the equa- 
torial Atlantic. 
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ing and prediction, (b) imate I’ variations, (c) 
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agree within this range. 

coordinate system with the origin at the center 

experiment the spreading of the drifters 
seemed rather isotropic, whereas during D2 
the spreading was dominated by strong hori- 
zontal north-south shear. These observations 

due to space scales greater and smaller 
the array size. Molinari and Kirwan (1 
and Okubo and Ebbesmeyer (1976) assu 
horizoha<ly linear varying mean CU 

which a random turbulent velocity is 

the turbulent velocity is equal 

and their first horizontal derivatives are solved 
by minimizing the turbuIent velocity term. 

current meter moorings at the equator and at 
1”N. The horizontal derivative calculated from 
the drifters and the moored current meters 

to the methods* The divergence Of the 
mean field does not differ significantly from 
zero. This corresponds With the temperature 
observations that no significant cooling oc- 

1 5 10 50 100 
Experiment D1 was carried out between HORIZONTAL SEPARATION, km 

FIGURE 2 (Fahrbach) 
Horizontal turbulent diflrtsion coeficients versus the 
horizontal scales of the clusters which are given by 

center of gravity. The coefficients are marked with 
an x for the east-coordinate and with a y for the 
north-coordinate. The line represents a local j t  to 
413 power law given by Okrtbo (1971). 

agrees witin the errors’ This gives ‘Ome ‘Onfi- mice the mean distance of the buoys towards the 
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ate citation. Material for publication, com- 
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be sent to Dr.. David Halpern, JISAO, Uni- 
versity of Washington, AK-40, Seattle, 
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method described by Okubo and Ebbesmeyer 
(1976). The computed coefficients (Figure 2) 
agree with those given by Okubo (1971). 
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Energetic Propagating Sea Level Events 
Along the Pacific Coast of Mexico 

Along low latitude ocean boundaries (in- 
cluding the equator), baroclinic long waves 
are a preferred mode of oceanic response to 
transient wind forcing. Poleward propagating 
disturbances with frequencies of O. 1-0.5 cpd 
and properties similar to those of internal Kel- 
vin waves have been observed equatorward of 
15"s along the Peru coast (Smith, 1978). The 
source of forcing for these waves-along the 
coast or in the equatorial waveguide-is not 
known and is one of the questions prompting 
current research. As such waves propagate 
poleward along an eastern boundary, the inter- 
nal Rossby radius of deformation decreases 
with increasing latitude. When it is compara- 
ble to the offshore scale of the continental 
margin, the waves are theoretically expected 
to be more of a hybrid form, retaining some of 
the characteristics of internal Kelvin waves, 
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while becoming more like topographically 
supported continental shelf waves. For typical 
topographic scales this transition should occur 
in the 10-20 degree latitude range (see, e.g., 
Allen and Romea, 1980), though Brink (1982) 
finds that even at lower latitudes the waves are 
hybrids. Christensen and de la Paz (1982) 
have observed propagating sea level distur- 
bances along the continental Pacific coast of 
Mexico between Salina Cruz (16"N) and 
Guaymas (28"N), and conclude that they have 
internal Kelvin wave characteristics (see loca- 
tions in Figure 2). Their results are based pr 

sea level records for 1971. From 
correlations they find poleward p 

tion (10-30 cm) whose alon 

in that year were con- 
ason (May-October), 

straight off-vertical lines can be seen, indicat- 
ing poleward propagation speeds of the order 
of 250 km day-1. To document the atmo- 
spheric forcing of the events, we examined the 
eastern North Pacific storm tracks for the 1971 
storm season. Compared with other years, 
1971 was remarkable for the relatively large 
number of tropical storms and hurricanes that 
passed w?thin 600 km of the Mexican coast. 
Nine tropical storms (most of them of hurri- 
cane intensity) coincided temporally and spa- 
tially with corresponding sea level events in 
the Acapulco-Manzanillo region; the tracks for 
these are shown in Figure 2. All storm centers 

passed within 500-600 km of the coast. The 

hurricane force 
ense storm activity was 
region between Guate- 

forcing by tropical storms is 
ed by coastal wind records, 

by Mexican airports at Salina Cruz, 
o, Mazatlan and Guaymas. We found 
d speeds significantly above the usual 

daily maximum had occurred at Acapulco and/ 
or Salina Cruz, coinciding with the passage of 
storms and sea level events. The solid circles 
in Figure 1 show where both nearby tropical 
storms were reported, and coastal winds were 
stronger than usual. In contrast, during the pe- 
riods of sea level event passage at Mazatlan 
and Guaymas, no significant local wind in- 
creases could be found. These results suggest 
that the energetic sea level events were gener- 
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FIGURE 1 (Enfield and Allen) 
Sea level records for 8 months in 1971 from stations 
along the Pacific continental coast of Mexico. 
Coherent propagating events of elevation are indi- 
cated by slanted lines. Solid circles iridicate times 
and stations for which evidence of near coastal trop- 
ical storm activity was found. 
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FIGURE 2 (Enfield and Allen) 
Eastern North Pac$c tropical storm tracks that 
passed within 600 km of the mainland coast of Mex- 
ico in 1971. Sea level stations are indicated by solid 
circles. 

ated by storm activity along the southern Mex- 
ican coast, generally between Salina Cruz and 
Manzanillo, and subsequently propagated 
northwestward into the Gulf of California as 
freely propagating disturbances. 

A number of additional questions are 
raised by the analysis of 1971 sea level: (1) Do 
similar energetic events occur during other 
years? Are they as frequent as in 1971, simi- 
larly confined to the May-October period, and 
generated by tropical storms? (2) Are the 
above (visual) indications of generation and 
propagation of coastal trapped waves con- 
firmed by time series analysis? (3) How are the 
generation and propagation processes distribu- 
ted across the frequency spectrum? (4) Are 

there significant seasonal differences in the oc- 
currence of coastal trapped waves, in their 
propagation characteristics andlor their gener- 
ation? (5) Are there any systematic variations 
in the propagation characteristics, from one 
part of the coast to another, that would suggest 
forced versus free wave propagation, and that 
would indicate the type of wave involved? In 
an attempt to answer these questions, we have 
studied sea level and wind records for a three- 
year period (1973-1975) from stations be- 
tween San Jose, Guatemala (14”N) and Guay- 
mas. 

A detailed treatment of our work will ap- 
pear in a later publication, but we can 
summarize some of our results here. Similar 
large amplitude, propagating sea level events 

for the statistically-inferred propagation. A de- 
crease in speed from 400-450 km day-’ near 
Salina Cruz to 250-300 km 

. The lower and more 
Manzanillo appear to 

ee coastal trapped waves 
both stratification and topogra- 
e speeds, however, are func- 
, local shelf topography, strati- 

do occur during other summers, less fre- 1 References 
quently than in 1971, but also associated with 

existence of propagating 
eration by winds off saut 

show propagating wave a 

de (storm gen&ated) events, in- 
the latter are mainly responsible 

Instabilities on the Equ orial Beta Plane P 
The equatorial ocean and the tropical 

mosphere are regions of strong latitudinal c 
rent and wind shear, which results in instab 
ties at low latitudes. Kuo (1978) and 
(1978) have studied the barotropic 
clinic instability of zonal equatorial s, (Boyd, 1980): 
while Dunkerton (1981) has di 
ertial instability on the equato 
when the zonal wave number is 

This brief note will show that the equato- 
rial Kelvin wave and gravity waves in horizon- 
tal shear are unstable. Rossby waves can also 
be unstable, but will not be studied here. The 
mean zonal flow U contains a linear shear in 
the north-south direction, i.e., U(y) = Sy, 
where S is constant and y is the latitude. A lin- 
ear shear is always barotropically stable ac- 
cording to the “Rayleigh-Kuo” criterion, thus 
“filtering out” unstable Rossby waves from 
our calculations. This linear shear makes it 

possible to separate variables and formulate 
our model, which consists of the linearized 
shallow water wave equations for an inviscid, 
stratified fluid on the equatorial beta plane. In 
nondimensional form, the model equations are - 

ivii - ( y  -T(y)v t ik4 = O 

iku t v,, + i h $  = O 
yu + iuv + $,, = O (1) 

where k is the zonal wavenumber; v is the 
Doppler shifted frequency (U(y) - c )  k; c is 
the phase speed of the waves; subscript y de- 
notes differentiation with respect to latitude y ;  
u and v are the zonal and meridional veloci- 
ties, respectively; $ is the height; and T(y )  = 
dUldy = S. 

This model is too simplified to allow a di- 
rect comparison with the viscous and diabatic 
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atmosphere or ocean, where the dynamical 
and physical processes are very complicated. 
However, in terms of mathematical analysis, 
the model is sufficient to provide a basic un- 
derstanding of the mechanisms that trigger in- 
stabilities in the equatorial region. 

In an effort to reduce the calculations that 
arise in computing the complex eigenvalues, 
c ,  of equation (l), different approximations 
were introduced to gain sonie insight into the 
different modes of instability. Note that a 
phase speed with a positive imaginary part, 
tim, characterizes an unstable wave that grows 
as exp(kci,nt), where t is time. 

The first approximation is the “long 
wave approximation” (Boyd and Christidis, 
1982), which filters out all gravity waves and 
eliminates the wavenumber k as an explicit pa- 
rameter in our calculations. A shooting 
method was used for the computation of the 
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