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Rossby Waves in the Southern Ocean: 
A Comparison of TOPEX/POSEIDON Altimetry 
with Model Predictions 

C. W. Hughes 
Proudman Oceanographic Laboratory, Merseyside, England 

Abstract. Results •re presented from •n eddy-resolving model of the Southern 
Ocean which suggest that regions of moderate eddy •ctivity •re occupied by w•velike 
eddies with w•velengths of •bout 300 km •nd periods of 4 to 12 months. These 
w•ves tr•vel e•stw•rd where the current (•nd w•ve •mplitude) is strongest, •nd 
westward elsewhere, •nd it is •rgued that they •re Rossby w•ves •dvected by the 
mean flow. It is shown that TOPEX/POSEIDON •ltimetry d•t• should be •ble to 
resolve these w•ves in the P•cific sector of the Southern Ocean. A technique for 
w•ve detection is then presented which is c•p•ble of extracting useful information 
•bout the w•ves in this •s well •s other regions. Altimeter d•t• •re then presented 
which confirm the existence of w•ves in the P•cific sector •nd •re consistent with 

w•ve presence elsewhere. An •n•lysis of tide model errors shows that such errors 
•re incapable of producing • signal which could mimic the modeled waves, •lthough 
tide model errors m•y explain the difference between •ltimetry •nd model results 
in shallow regions of the ocean •nd in regions of low eddy •ctivity. 

1. Introduction 

The Southern Ocean, especially the Pacific sector, is 
a region which has been very poorly sampled by oceano- 
graphic measurements. It is also unique in being a 
zonally unbounded ocean, a fact which makes South- 
ern Ocean dynamics quite different from the dynamics 
of other ocean basins. 

The Geosat altimeter (and to a lesser extent the 
short-lived Seasat mission) provided our first glimpse 
of the eddy activity in this energetic region, producing 
the now familiar maps of sea surface height (SSH) vari- 
ability and inferred eddy kinetic energy (for example, 
Chelton et al. [1990] and $hum et al. [1990]), which 
showed very high energy regions associated with vari- 
ous topographic features, along with a band of moderate 
eddy activity roughly along the axis of the Circumpo- 
lar Current. The dynamical significance of this activity 
was quantified by Morrow et al. [1992] who calculated 
velocity variance ellipses and Reynolds stresses. This 
demonstrated that the eddies were often not isotropic, 
and in fact, acted to accelerate the eastward jets, in line 
with model predictions (for example, Mc Williams and 
Chow [1981] and Treguier and McWilliams [1990]). In 
addition to acting in the wrong direction, they proved 
that Reynolds stresses are at least an order of mag- 
nitude too small to balance the eastward wind stress 

which acts at the surface, confirming that bottom form 
stress must be important in Southern Ocean dynamics. 
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The complex interaction between spatial and tempo- 
ral sampling of the ocean surface by altimeters means 
that in order for a signal to be extracted from altime- 
ter data, either its structure should be well defined (as 
is the case for tidal components), or it must have long 
intrinsic length and timescales. Neither of these factors 
is generally thought to apply to the ocean mesoscale 
eddy field, but results from the Fine Resolution Antarc- 
tic Model (FRAM)[FRAM Group, 1991] presented in 
section 4 show that much of the Southern Ocean eddy 
field takes the form of waves with coherence lengths 
and times long enough to render them detectable by 
altimetry given suitable processing. It is shown here 
that these waves can indeed be reconstructed using 
TOPEX/POSEIDON altimetry, and that the resulting 
reconstructions can provide useful dynamical informa- 
tion about the Antarctic Circumpolar Current. 

2. Model Description 

FRAM is an eddy-resolving, primitive equation model 
of the Southern Ocean south of 24øS, on a grid of one- 
fourth degrees in latitude by one-half degrees in lon- 
gitude, with 32 levels in the vertical. It is based on 
the Bryan/Cox/Semtner code [Cox, 1984] and invokes 
the rigid lid approximation. This approximation al- 
lows the barotropic mode to be solved using a vor- 
ticity representation, thus permitting the model to be 
integrated without ever calculating absolute pressures, 
which means that the surface pressure fields necessary 
for comparison with altimetry must be calculated diag- 
nostically, outside the main run (and must necessarily 
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be approximate, since the relaxation scheme used to 
solve for the barotropic mode yields horizontal pressure 
gradients which do not have precisely zero curl). This 
task was performed by S. Thompson of the Institute 
of Oceanographic Sciences, Deacon Laboratory, Surrey, 
England, who supplied 72 surface pressure fields diag- 
nosed from the FRAM data dumps at monthly intervals, 
48 of which are used here. 

The model was spun up by relaxing the temperature 
and salinity values toward the Levitus [1982] climatol- 
ogy, while imposing an annual mean surface wind stress 
taken from Hellerman and Rosenstein [1983]. At the 
end of the sixth model year, the relaxation to Levitus 
was ceased except in the surface layer, where it is taken 
to represent surface heat and freshwater fluxes, and the 
winds were changed to climatological monthly values, 
again from Hellerman and Rosenstein [1983], with a lin- 
ear interpolation between each pair of values. It is from 
this "free-running" period that the 48 surface pressure 
fields are taken. 

The forcing of the model leads to a number of limita- 
tions. The monthly mean wind stress means that there 
is too little forcing, and therefore very little activity, at 
higher frequencies. Since the signals we will be looking 
at here are at lower frequencies, this makes them eas- 
ier to pick out in FRAM data than in reality, as the 
background noise is underrepresented in FRAM. 

The representation of heat and freshwater fluxes by a 
surface relaxation to Levitus and also the rigid lid ap- 
proximation (see Greatbatch [1994] for a discussion of 
this) means that steric changes in SSH due to the sea- 
sonal cycle will be very poorly represented in FRAM. In 
addition, the bias of the Levitus data set toward sum- 
mer values means that FRAM produced no Antarctic 
bottom water. As a result, the gradual erosion of den- 
sity gradients by the eddy field produced a slow spin- 
down, with the volume flux through Drake Passage de- 
creasing from about 188 Sv to 180 Sv over a 6-year 
period (1 Sv - 106 m 3 s- •). This flow compares with 
observed values of typically 134 Sv [Nowlin and Klinck, 
1986] and is in line with other modelled values such as 
approximately 200 Sv from $emtner and Chervin [1992]. 
Apart from effects directly related to this lack of bottom 
water formation, heat fluxes diagnosed from FRAM are 
in generally good agreement with current beliefs [Saun- 
ders and Thompson, 1993], which is encouraging evi- 
dence that eddies in FRAM are doing the right thing. 

In addition to the above, some differences between 
FRAM data and reality should be expected from the 
representation of topography, which was smoothed to 
a scale of approximately i degree (Plate la) in order 
to avoid instabilities. Nonetheless, although there are 
differences in detail [Stevens and Killworth, 1992], SSH 
variability from FRAM (Plate lb) is very similar to ob- 
servations from Geosat, and the band of high variability 
clearly corresponds with the core of the Circumpolar 
Current (shown in Plate lc). The momentum balance 
of FRAM also shows that eddies act to accelerate the 

eastward jets (D.P. Stevens and V.O. Ivchenko, The 
zonal momentum balance in a realistic eddy resolving 

general circulation model of the Southern Ocean, sub- 
mitted to J. Phys. Oceanogr., and Killworth and Nan- 
neh, [1994]) and the wind stress is predominantly bal- 
anced by bottom form stress, in agreement with deduc- 
tions from Geosat'. Despite the limitations of FRAM, 
this agreement augurs well for the predictive power of 
FRAM with respect to at least the qualitative features 
of the eddy field. 

3. Processing of Altimeter Data 

Rossby waves depend for their existence on changes 
in the Coriolis parameter (the beta effect), which inter- 
acts only with meridional velocities. For this reason the 
wavelike features seen in FRAM (see next section) are 
most clearly visible in the meridional velocity or in the 
zonal gradient of SSH. This is the quantity which was 
extracted from the altimeter data. 

The disadvantage of this approach is that values can 
only be determined at altimeter crossover points (points 
where ascending and descending passes of the altime- 
ter cross, Figure 1), since gradients can only be deter- 
mined along the altimeter track, and two components 
are needed in order to extract the zonal gradient. If 
both passes are near to meridional, determination of 
the zonal gradient will be very sensitive to errors, mak- 
ing this method unsuitable for regions near the equator. 
The low inclination of the TOPEX/POSEIDON orbit 
(approximately 66ø), however, means that the ampli- 
fication of errors in the Southern Ocean is reasonably 
small, although the opposite is the case for meridional 
gradients. A thorough examination of these issues, and 
of their interaction with the temporal sampling, is given 
by Morrow e! al. [1994]. In the present case, where the 
gap in time between the two passes is never longer than 
5 days, the lack of coincidence is not a problem, but it 
can become a problem for satellites with a longer repeat 
period. 

The chief advantage is an insensitivity to long wave- 
length errors; the differentiation of SSH implicit in look- 
ing at slopes amplifies short wavelength signals relative 
to longer wavelengths. Since the chief sources of error in 
altimetry (orbit error, tides) are at wavelengths of sev- 
eral thousand kilometres or more, this gives slopes an 
advantage over heights in detecting these signals. Er- 
rors in tide models in particular, have made unambigu- 
ous identification of Rossby waves very difficult using 
SSH [$chlax and Chelton, 1994]. 

TOPEX/POSEIDON data from the merged Geo- 
physical Data Records (GDR-M) [AVI$O, 1992] were 
read, and sea surface heights relative to the OSU91A 
geoid [Rapp et al., 1991] calculated using the Centre 
National d'Etudes Spatiales (CNES) orbits, which have 
been estimated to have a radial accuracy of about 2.5- 
cm root-mean-square [Nouel et al., 1995]. The usual 
path length corrections were applied (modelled atmo- 
spheric pressure "dry" correction, radiometer-measured 
water vapour "wet" correction, ionospheric correction 
from the dual-frequency altimeter when TOPEX was 
in operation, from Doppler orbitography and radioposi- 
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Plate 1. The Southern Ocean as represented by FRAM, (a) bottom topography, (b) sea surface 
height variability on a logarithmic scale, (c) 6-year mean of sea surface heights. 
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Figure 1. TOPEX/POSEIDON crossover points in the Southern Ocean. 

tioning integrated by satellite (DORIS) tracking when 
POSEIDON was on), the inverse barometer correction 
was used, and tidal corrections for Earth and pole tides 
and the Cartwright and Ray [1991] model for the elastic 
ocean tide were taken from the CD-ROMs. The elec- 

tromagnetic (EM) bias values were calculated according 
to the formula of Gaspar et al. [1994] as recommended 
in the AVISO user handbook. The resulting sea surface 
heights were linearly interpolated onto a set of latitudes 
with approximately constant along-track spacing of 7 
km. A mean value at each point was calculated from 
36 cycles of data starting with cycle 11, since earlier cy- 
cles have a slightly degraded accuracy due to a satellite 
mispointing error. This mean represents approximately 
i year beginning on December 31, 1992. This mean 
was subtracted, and the resulting residuals from the 48 
cycles, numbers 5 to 52, (November 1, 1992, to Febru- 
ary 20, 1994) form the data set from which crossover 
values were calculated. Forty-eight were chosen as a 
convenient number for input to a fast Fourier trans- 
form, with cycle 52 being the last one available at the 
time of writing. It was felt that the slightly degraded 
accuracy of cycles 5 to 11 was outweighed by the advan- 
tages of a longer time series. In calculating the means, 
both TOPEX and POSEIDON values were used with 

a relative bias of 16 cm (TOPEX measures longer than 
POSEIDON) consistent with the EM bias formulation 
used [A VI$O, 1992, Appendix B], and mean values were 
only calculated where at least 20 cycles were present. 
This is not a crucial factor in the following work which 
is only considering deviations from the mean of sea sur- 
face slope. 

For each cycle the ascending passes were used as a 
reference, and crossovers were calculated from these as- 
cending passes and whichever descending passes were 
closest in time (no more than 5 days apart). The 
crossovers for cycle 14, for example, consisted of data 
from the ascending passes from cycle 14, and descend- 
ing passes from cycles 13, 14 and 15. The exact lati- 
tude of the crossover was found by linear interpolation 
of the satellite position (assuming locally Cartesian co- 
ordinates), and a quadratic was fitted to the patch of 

12 SSH residuals surrounding this latitude, with along 
track distance as the independent variable. Residual 
heights departing by more than 10 cm from this fit 
were discarded and the fit repeated iteratively until ei- 
ther, no points were more than 10 cm from the fitted 
curve or, fewer than six points or only points on one 
side of the crossover were left. In this latter case the 

crossover was discarded as a bad point. From these fits, 
which encompass a distance of about 77 km around the 
crossover point, the along-track slopes were calculated 
at the crossover. From the two along-track slopes, the 
zonal slope was calculated from Sz = (Sa + Sd)/sin 0, 
where Sz is the zonal slope, Sa is the along-track slope 
on the ascending (northward travelling) pass, Sd is the 
along-track slope on the descending (southward trav- 
elling) pass, and 0 is the angle between the altimeter 
track and north (0 < 0 < •r/2). 

Where either of the along track slopes involved is a 
bad point, the zonal slope will be missing. If a value is 
missing for one repeat cycle of the altimeter, but values 
are available for the cycle before and after, the missing 
value is filled by the average of the surrounding values. 
Other missing values are set to zero. 

Having calculated the zonal slopes, a time mean value 
(excluding points set to zero) was calculated for each 
crossover point, and subtracted off. The resulting resid- 
ual zonal slopes form the data set used in the following 
analysis. The root-mean-square value for each crossover 
point is shown (Figure 2), with above-background levels 
of activity again at the core of the Circumpolar Current. 
Typical values in the moderate activity band are about 
2 microradians, or 20 cm per 100 kin, a value well above 
expected errors due to tides or other corrections. 

4. Model Results 

Figure 3a shows a snapshot of the residual zonal gra- 
dient of SSH from FRAM day 4717. The moderate ac- 
tivity regions are seen to be occupied by wavelike struc- 
tures with wavelengths of about 270 km (the apparent 
variation of scale with latitude is mostly produced by 
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Figure 2. Root-mean-square variability of the zonal gradient of sea surface height, calculated 
from TOPEX/POSEIDON altimetry, cycles 5 to 52. 

the projection used) and coherence lengths of order 15 
degrees (about 750 km or 3 wavelengths). 

This sort of length-scale may be derived in two dif- 
ferent ways. For Rossby waves over topography in a 
stratified fluid (see Rhinos [1970]), there is a surface- 
trapped mode which has a node approximately at the 
bottom. Flows in rotating stratified media obey a nat- 
ural scaling (see for example Gill [1982], section 12.8) 

NH 

fL = 1, (1) 

where N is the Brunt-V/iis/il/i frequency, f is the Cori- 
olis parameter, H is the vertical scale, and L is the 
horizontal scale of the disturbance. Setting H to 5 km 
(the depth of the ocean), N to 10 -a s -t (a value appro- 
priate to the Southern Ocean), and f to 10-4s -• (the 
value at about 45 degrees) produces a horizontal scale 
of 50 km or, multiplying by 2•r, a wavelength of about 
310 km. 

Nondivergent, zonally propagating Rossby waves in a 
uniform eastward flow of speed U obey the dispersion 

Zonal gradient of residual heights from FRAM day 4717 
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Figure 3. Snapshots of residual zonal gradient of sea surface height in the Southern Ocean, 
(a) FRAM day 4717, (b) approximate reconstruction of FRAM day 4717 from a local complex 
principal component representation of the data (see text), (c) similar to 3b but reconstructed from 
FRAM data sampled only at TOPEX/POSEIDON crossover points, (d) the same as 3c but using 
TOPEX/POSEIDON measurements to produce the principal components, and reconstructing the' 
field for early February 1993. 
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relation 

so stationary waves are possible when k - (/•/U)-}, or 
wavelength A - 2•r(U//•)-}. A flow of 200 Sv pass- 
ing through a 1000 km by 4-km slice of the ocean 
represents a mean flow of 5 cms -• giving, for /• - 
2 x 10- • •m- •s-•, a wavelength A - 2•r x 50 m 310 
km. Clearly, the observed waves are at a wavelength 
we would expect to see for Rossby waves in the South- 
ern Ocean. 

Both estimates of length-scale are very rough; the full 
situation is much more complicated with vertical shear 
of the mean flow (and also significant horizontal shear 
in some places). This can result in very complicated be- 
haviour, particularly when the mean flow speed at some 
depth matches the wave phase speed (see for example 
Gill [1982], section 12.9). The detailed dynamics of such 
waves are beyond the scope of the present study, and U 
is merely supposed to be some kind of effective advec- 
tion velocity which the wave feels. The simple vertical 
structure of the modelled waves makes the idea of some 

sort of "steering level" velocity seem credible. 
A zonal section of a wavelike region in the Pacific sec- 

tor (Figure 4) shows that the waves are indeed surface- 
trapped, decaying to a much smaller amplitude at the 
bottom of the ocean. The phase tilt, if any, is most 
often eastward with height, indicating that the waves 
probably do not develop in situ (a disturbance growing 
by baroclinic instability must have a westward phase 
tilt with height, see Gill [1982], chapter 12) but more 
likely are radiated from local regions of instability. 

Animation of model results clearly shows that the 
waves in the core of the Circumpolar Current move east- 
ward while other regions (especially in the Pacific and 
Indian oceans) contain westward moving waves with 
lower amplitudes. A time/longitude section (Figure 
5a) shows eastward velocities of between 5 and 15 de- 
grees per year (about i to 3 cms-•), which is slower 
than the mean flow speed. This difference, and the 
fact that the eastward propagating waves occur in the 

region of higher than average eddy activity, suggests 
that the Southern Ocean can usefully be divided into 
two dynamical regimes in which the strength of the 
mean flow is, respectively, subcritical and supercritical 
with regard to the speed of propagation of natural-scale 
Rossby waves' in one region relatively low-amplitude 
waves have westward phase propagation, whereas in 
the core of the Circumpolar Current, higher-amplitude 
waves are advected eastward by the strong mean flow. 

5. Principal Component Analysis 
The relatively short coherence lengths of the waves 

in both space and time mean that Fourier analysis can 
only identify the wavelengths and periods very roughly 
and the phase speed, although clearly defined in Figure 
5a, would be very poorly constrained. In an attempt 
to find an objective way of extracting these parameters 
from the data, a method involving localised complex 
principal components was developed. 

The Fourier transform of a real time series has Her- 

mitian form, with negative frequency components being 
the complex conjugate of the equivalent positive fre- 
quency component. The inverse transform is thus effec- 
tively a sum of standing waves, producing the original 
time series. If the negative frequency components are 
instead set to zero and the positive components dou- 
bled, the real part of the inverse transform is again the 
original time series, but it is accompanied by an asso- 
ciated imaginary part which results from the transform 
being effectively a sum of travelling waves. If complex 
time series are synthesized in this way from the real 
time series produced at a number of different places, 
complex principal components (CPCs) can be derived 
from the synthesized data set. See Barnett [1983] for a 
more complete description of CPCs. 

The advantage of this is that a single CPC consists of 
a complex function of time, T, and an associated com- 
plex function of space, X, and can therefore represent a 
travelling disturbance. Real principal components must 
represent a travelling wave as a sum of two standing 
waves. 
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Figure 5. Time/longitude section of residual zonal gradient of sea surface height (a) from 
FRAM, at 58.25øS, (b) from TOPEX/POSEIDON altimetry at crossover points along 58.34øS, 
(c) the same as 5b, but also using altimeter data from the two neighbouring crossover latitudes, 
interpolated to the central latitude. 
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In the case of a disturbance which consists of several 

wave packets, each with the same wavelength, passing 
through a region, such a disturbance can be represented 
by a single CPC as 

= (s) 

where 

X - A(x)exp (ikx) (4a) 
T - B(t) exp [-i(cot - •b•)] , (4b) 

and A, B are real. B is zero between wave packets and 
•b, is a reference phase which can be different for each 
wave packet. Estimates of w and k can be derived from 

d d 

• - -• •g (•), • - • •g (x). (•) 
If mean values are calculated, A and B can be used as 

weighting factors to avoid incorporating into the mean 
random phases due to small amplitudes. The resulting 
values of w and k will then give a good representation 
of c - w/k, the phase velocity of the disturbance. De- 
viations from the mean of the weighted values of co and 
k will give an idea of the quality of fit' large deviations 
mean that the component is poorly represented by (4). 

For the FRAM data, time series were extracted for 
patches 33 grid points (16.5 degrees of longitude) long, 
along each latitude. In the following plots, each patch is 
only associated with the central 11 grid points (patches 
overlap so each section of 11 grid points is at the centre 
of one patch). The first CPC was calculated for each 
patch, and a time series reconstructed from just that 
component. Figure 3b shows a snapshot of the recon- 
structed field for the same time as Figure 3a, demon- 
strating how well the first principal components rep- 
resent the wave motion. Wave parameters were then 
derived from each of these first CPCs, and are shown in 
Plate 2a. Note that this and several other figures only 
show a subregion of the FRAM area between 41øS and 
66øS. This is because the TOPEX/POSEIDON orbit 
does not reach farther south than 66øS. North of about 

40øS the latitudinal separation of crossovers becomes 
too great for resolution of waves at these wavelengths 
(see section 6' more than one latitude must be com- 
bined to get good resolution). 

The wavelike regions are picked out quite well by large 
values of the parameter k/er• (this is even more appar- 
ent from animations than can be seen from comparison 
with snapshots). Waves in the core of the Circumpolar 
Current are seen to be eastward moving with speeds of 
i to 3 cms -•. This region corresponds well with the 
band of high and moderate variability seen in Plate lb. 
Similar westward speeds are seen to the north of this 
band, west of South America and New Zealand, with 
speeds of less than i cms -• in both directions to the 
south. Wavelengths in the most wavelike regions are be- 
tween 200 and 450 km, and periods range from about 
4 months to a year, with longer periods in some of the 
southernmost regions. The following are some particu- 
lar features. 

A band of eastward moving waves stretches east and 
slowly south from the Agulhas Current region south of 
Africa. These waves have periods of slightly less than 
6 months and wavelengths of about 350 km. Around 
60 øE, this band crosses the southern end of the Crozet 
Basin where Park and Saint-Guily detected very simi- 
lar waves from Geosat altimetry [Park and Saint-Guily, 
1992; Park, 1990]. Farther north in this basin they 
found westward propagating semiannual waves. 

A wave moves westward from the southern tip of Tas- 
mania, at a speed of about 3.5 cms -•. This wave has 
a well-defined wavelength (not shown) of about 800 km 
and is approximately annual. 

A short period (about 4 months) disturbance is cen- 
tered on 230øE, 55øS. This region corresponds approxi- 
mately to the Eltanin fracture zone, which is somewhat 
surprising since the flow in FRAM is strongly concen- 
trated through the nearby Udintsev fracture zone about 
10 degrees farther west. Both fracture zones were also 
identified by Johnson el al. [1992] as regions of strong 
Reynolds stresses. The above features can all be clearly 
seen in animations of the original FRAM data, a fact 
which inspires confidence in the method of analysis. 

6. Altimeter Results 

Figure 5a shows that resolution of 1 month is, for 
the most part, capable of tracking the Rossby waves. 
The TOPEX/POSEIDON repeat period of just under 
10 days should therefore resolve the waves quite easily. 
Spatial resolution is, however, more of a problem. The 
wavelength of the waves in FRAM is between about 
3.75 and 5.5 degrees of longitude. The zonal spacing of 
crossover points in Figure i is 360/127 = 2.83 degrees. 
This is enough to provide two points per wavelength 
only for the largest, southernmost waves, and that is 
only marginal resolution. 

Fortunately, the waves are coherent over several de- 
grees of latitude, and the diamond pattern of crossovers 
means that this fact can be used to effectively dou- 
ble the zonal resolution under favourable circumstances. 

The effect of this is shown in Figures 5b and 5c. Fig- 
ure 5b is a time/longitude section of gradients derived 
from TOPEX/POSEIDON crossover points at 58.34øS. 
The eye of faith can just about discern wave activity 
at 290øE. In the lower figure, zonal resolution has been 
doubled by interpolating data from the neighbouring 
two latitudes onto the central latitude. Two areas of 

wave activity are now clearly seen, centered on 260øE 
and 290øE, and the waves look very similar to those 
seen in FRAM, with amplitudes of about 2 microradi- 
ans. We may expect, then, that it is possible to resolve 
clearly the southernmost waves. As the crossovers get 
farther apart farther north, there must come a point 
where waves cannot be resolved. 

The scheme used to extract wave parameters from the 
FRAM data is quite easy to adapt to the altimeter data. 
CPCs are calculated for patches of 19 crossover points 
from three latitudes (represented by dots in Figure 6). 
The first CPC for each region is then associated with 
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Figure 6. Schematic showing a patch of crossover 
points (dots) used to calculate a complex principal com- 
ponent, and the area associated with that component 
(hatched area) for purposes of plotting in Figure 3 and 
Plate 2. 

an area of the FRAM grid corresponding to the center 
of the region (the cross-hatched area in Figure 6). The 
spatial part of the CPC is interpolated onto this grid, 
using a Gaussian relative weighting with scale length 
equivalent to 1.4 degrees of longitude and a cutoff at 
two scale lengths. Wavelength is then calculated from 
the central latitude. In order to assess the resolution at- 

tainable, this procedure was first employed on FRAM 
data sampled at crossover points. A reconstruction of 
the wave field is shown in Figure 3c demonstrating that 
south of about 55øS, the waves are resolved quite ad- 
equately. North of this latitude, although something 
of the waves is reproduced, the spatial structure is not 
properly resolved. This interpretation is reinforced by 
the wave parameters derived from this data set (Plate 
2b), which show many fewer good values of the "w•/ve- 
likeness" parameter, k/er•, and poor agreement with the 
full resolution wavelength and wave speed parameters 
north of this latitude. Wave period, however, is well 
reproduced over the whole region. This reflects the fact 
that the waves have coherence lengths of several wave- 
lengths so, although the spatial phase structure is not 
resolved, the wave is still the dominant coherent struc- 
ture over the region, and its temporal phase structure 
is adequately resolved. 

TOPEX/POSEIDON data, processed as described in 
section 3, were subjected to the same principal compo- 
nent analysis as the subsampled FRAM data. A snap- 
shot of the reconstructed wave field is shown in Fig- 
ure 3d. While different in many details, there are some 
strong similarities to Figure 3c. Well-resolved waves are 
seen in the southeast Pacific sector, and strong, merid- 
ionally. coherent structures are seen elsewhere along the 
core of the Circumpolar Current. Some of the more no- 
table differences occur east of Drake Passage and south 
of Australia, where altimetry suggests more wavelike 
behaviour than that seen in FRAM, and south of the 
Tasman Sea, where FRAM produces a signature coher- 
ent over some 10 degrees of latitude, which is not seen 
in the altimetry. 

The shape of the waves in the Pacific sector is of 
particular interest, and this region is shown magni- 

fled in Figure 7. In both FRAM and in the TOPEX/ 
POSEIDON reconstruction, individual wave trains seem 
to have a chevron-shaped structure, pointing along the 
direction of the mean flow. Figure 3 shows that this 
structure occurs in many places in FRAM, but that the 
resolution afforded by altimetry is only sufficient to re- 
produce it in the southeast Pacific sector. The Reynolds 
stresses produced by eddies of this shape [Wolff et al., 
1991] are in such a sense as to concentrate eastward 
momentum at the "arrow point". If the deformation of 
the waves is caused by shear of the mean flow, this then 
acts as a positive feedback, reinforcing that shear. 

As mentioned in the introduction, Reynolds stresses 
in the Southern Ocean (in both models and observa- 
tions) are known to act in this sense, and distortion of 
Rossby waves by shear o• the mean flow is a mechanism 
which has been proposed to explain this [Wolff et al., 
1991; McWilliams and Chow, 1981]. It is good then to 
see this chevron shape occurring in the real ocean. 

Wave parameters derived from the altimeter data are 
shown in Plate 2c. Wavelike regions are found in similar 
places to the subsampled FRAM data, and with simi- 
lar wavelengths. Eastward phase speeds in the Pacific 
sector are mostly in the i to 4 cm s- • range. There are 
interesting differences in this region though. In the al- 
timeter data, a patch of westward moving waves is seen 
south of about 60øS, and short period (about 4 months) 
waves are visible (and very clearly seen in animations) 
passing through the northern half of Drake Passage at 
speeds of up to 4 or 5 cms -•. Such a discrepancy is 
not particularly disturbing since the southeast Pacific 
is a very poorly sampled region of the ocean, so Levitus 
data here is strongly smoothed. A concentration of the 
mean flow into a stronger jet, north of 60øS is entirely 
plausible and would explain the difference well. 

Curiously, waves with westward phase speeds are 
much more common in the altimetry, south of the main 
current. Virtually no westward phase speeds faster than 
i cm s- • are seen in the FRAM data, south of the Cir- 
cumpolar Current, but phase speeds of - 1 to -5 cm s- 1 
are common in the altimetry and occur in many of the 
regions identified as wavelike. This may indicate an 
underrepresentation of Rossby waves by the model in 
these regions. The first internal Rossby radius can be 
as small as 10 km this far south, so the problem may 
be simply one of lack of resolution. 

Perhaps the most interesting of the parameters is the 
wave period, which was shown from the FRAM data to 
be insensitive to spatial resolution. There are regions 
of significant agreement with FRAM, in particular: (1) 
near-annual waves in the north-eastern part of the Pa- 
cific sector, (2) short period waves in the region of the 
Eltanin fracture zone, (3) the band of near-semiannual 
waves stretching eastward and slowly south from the 
Agulhas current region, and (4) near-semiannual waves 
appear to comprise a large part of the remaining Pacific 
sector of the Circumpolar Current. 

Shallow regions and less energetic regions of the ocean 
(see Plate la and Figure 2) show short period variabil- 
ity (1.5- to 4.5-month periods, shown in light and dark 
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Figure 7. Expanded views of regions from (a) Figure 3a, and (b) Figure 3d. 

blue). These are regions where tide model error is likely 
to be significant, and the next section demonstrates that 
such errors can explain these features. In other regions 
of disagreement, particularly between 300øE and 360øE 
and in a broad region surrounding New Zealand, al- 
timetry gives shorter periods than FRAM. This might 
be interpreted as being due to the lack of high-frequency 
forcing in FRAM, but a more plausible explanation may 
be due to resolution. FRAM only resolves the first in- 
ternal Rossby radius, and that is barely resolved. Even 
so, the most energetic regions in FRAM are often as- 
sociated with shorter periods and wavelengths. It may 
be that the limited resolution is preventing the propa- 
gation of'these short period eddies into quieter regions, 
thus leaving the longer period signal dominant in these 
regions. 

7. Tide Model Errors 

Typical mid-ocean tidal slopes are around 0.2 prad, 
or about an order of magnitude smaller than the signals 
considered here. This is one of the advantages of consid- 
ering slopes rather than heights, since mid-ocean tides 
have length-scales of thousands of kilometres. Nonethe- 
less, it is possible that errors in the tidal model could 
have larger slopes over localised regions, and the strange 
sampling of tides by an orbiting altimeter produce alias- 
ing effects which can simulate a wide variety of wave 
motions [$chlax and Chelton, 1994]. Fortunately with 
TOPEX/POSEIDON sampling, the M2, S2, and Ot 
tides have aliased periods of 62.1, 58.8, and 45.7 days, 
respectively [Knudsen, 1995], and so are quite distinct 
from the longer period signals examined here. All these 
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periods fall in the 1.5- to 3-month band represented in 
mid-blue in Plate 2. Also important in the Southern 
Ocean is the K1 tide, which is aliased to 173.3 days, 
or just under 6 months. This would appear to be more 
of a problem, but the spatial aliasing of the K1 tide is 
more helpful. Neighbouring passes sample the K1 tide 
with phases separated by only 9 degrees, and the phase 
difference between ascending and descending passes dis- 
appears at about 50øN and 50øS [Knudsen, 1995]. As a 
result, K• tides will not be aliased to higher wavenum- 
bers, and confusion with Rossby waves should not gen- 
erally result. 

In order to check these ideas, an ocean tide model er- 
ror field was produced by producing files of differences 
between the Cartwright and Ray [1991] tides and the 
Eanes [1994] tides, as sampled by TOPEX/POSEIDON, 
and these were processed in the same manner as the 
residual height data to produce a tidal error version of 
the residual gradients. Figure 8 shows a map of the 
root-mean-square residual gradients from the tide error 
data, which can be compared with Figure 2 to show that 
tide errors make a small contribution to the signal ex- 
cept in shallow areas (note the different scales). This in- 
spires confidence that tide model errors are not a signif- 
icant factor in the present analysis, the Cartwright and 
Ray model being derived from Geosat altimetry and the 
Eanes model fr6m completely independent TOPEX/ 
POSEIDON information. It should be noted though, 
that the difference between these two models has a res- 

olution of 3 degrees, so errors in the Cartwright and 
Ray model on shorter length scales than this are not 
accounted for. 

A principal components analysis of the tide error data 
produces the wave parameters shown in Plate 2d (note 
the different scales). Although a good "wavelikeness" 

is produced in some regions, the wave speed is never 
less than 5 ams-1; the wavelengths are too long and the 
wave periods are only a problem in a few small regions. 
Even in the worst case, tide model errors cannot in- 
terfere with the detection of Rossby waves, although it 
is clear that much of the short period activity seen in 
Plate 2c is probably due to tide model error. 

8. Conclusions 

Rossby waves modelled in FRAM show several inter- 
esting properties. They occur at a natural scale of ap- 
proximately 300 kin, and in two distinct regimes: within 
the core of the Circumpolar Current they show strong 
interaction with the mean flow and are advected east- 

ward with the current; outside this region they are more 
nearly linear and travel westward. This suggests that 
the Southern Ocean might instructively be divided into 
two separate dynamical regimes in which the flow is, re- 
spectively, subcritical and supercritical with regard to 
the speed of propagation of these waves. 

The eastward travelling waves have larger amplitudes 
(about 2 microradians, measured in terms of the zonal 
gradient of sea surface) and tend to be chevron-shaped, 
pointing along the direction of the mean flow, a fact 
which is consistent with their acting to accelerate the 
eastward flowing jets. 

TOPEX/POSEIDON altimetry data has been shown 
to be consistent with the existence of these waves in 

parts of the Southern Ocean, and actually resolves their 
spatial structure in the southeast Pacific sector. Here 
the chevron-shaped structure is seen to occur in the real 
ocean. An analysis of tide model errors shows that they 
are not important to the interpretation of the waves, 
although they probably explain some of the discrepan- 
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Figure 8. Root-mean-square variability of the component of zonal gradient of sea surface height 
produced by the difference between two tide models, calculated in the same way as Figure 2 (note 
the different scale). 
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cies observed in shallow and in less energetic regions 
of the Southern Ocean. Other differences between al- 

timetry and model results, especially for wave periods, 
may be more significant. In particular, short period 
(semiannual and shorter) waves seem to spread farther 
from the high-energy regions in the altimetry, and waves 
with westward phase speed south of the main current 
are much more common in the altimetry than in the 
model. Differences in the southeast Pacific sector may 
indicate that the real current forms a narrower jet than 
the modelled current in this region, on a level with the 
northern half of Drake Passage. 

It should be emphasised that the interpretation of 
these signals as Rossby waves relies on the agreement 
with model data. Uncertainties in the mean flow of the 

real Circumpolar Current preclude the use of disper- 
sion relations to confirm the identity of the waves, al- 
though their period and wavelength are certainly plausi- 
ble for Rossby waves in these circumstances. The model 
predicts waves throughout the core of the Circumpo- 
lar Current, but also predicts that they should only be 
spatially resolved by TOPEX/POSEIDON altimetry in 
the southeast Pacific. Altimetry indeed resolves similar- 
looking waves only in this sector, but produces wave 
periods consistent with model results in several signifi- 
cant regions. Differences between model and altimetry 
are also significant, however, and an unambiguous in- 
terpretation of the data must await a dynamical theory 
of the Circumpolar Current which can explain both the 
similarities and the differences. Nonetheless, Figure 7 
provides compelling evidence for the presence of Rossby 
waves, at least in the southeast Pacific sector of the Cir- 
cumpolar Current, if any credence at all is given to the 
model results. 

A crucial factor limiting this analysis has been the 
poor spatial resolution afforded by the crossover points 
of the TOPEX/POSEIDON altimeter. Crossover points 
for the ERS altimeters, when in a 35-day repeat orbit, 
are separated by 0.72 degrees of longitude, which would 
be adequate to resolve waves much farther north. The 
disadvantage of ERS data is the relatively poor tem- 
poral resolution. Some waves will only be marginally 
resolved in time by the ERS altimeters, and the 17 
days which pass between the ascending and descend- 
ing passes at certain crossover latitudes may prove too 
much for a meaningful reconstruction of the zonal com- 
ponent of sea surface slope. Nonetheless, work is under- 
way to perform a similar analysis on ERS 1 data, and 
it is hoped that it will prove possible to use the spatial 
resolution from ERS 1 together with the temporal reso- 
lution from TOPEX/POSEIDON to define these waves 
clearly over the entire Southern Ocean. 
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