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Abstract. This paper examines the characteristics of planetary wave signatures that have been 
found in the Along Track Scanning Radiometer averaged sea surface temperature (ASST) record for 
1991-1996. Longitude-time plots for every latitude between 5 ø and 50 ø , north and south, reveal 
westward propagating wave-like patterns at many locations, whose speed decreases with latitude 
like baroclinic Rossby waves. A two-dimensional Radon transfolTn method is used to measure the 
wave speed and its variation with location and time, which broadly matches the Rossby wave 
speeds predicted by the most recent theory and those measured by TOPEX altimetry, although 
there are some discrepancies. At low latitudes the thermally detected speeds are slower than 
expected, a possible consequence of sampling limitations. Wave signatures are clearest between 
25 ø and 40øS, where the meridional temperature gradient is strongest. Here observed speeds are 
20-30% greater than theoretical predictions. Planetary wave speed varies considerably with 
longitude. In general, it increases toward the west of ocean basins, and distinct differences between 
ocean basins are evident. The propagation characteristics of the waves appear to change abruptly 
at locations consistent with latitudinal variations in seafloor bathymetry, particularly midocean 
ridges. In addition, eastward propagating signatures are found in the Southern Ocean. The results 
demonstrate the value of the ASST data set as a tool for studying basin-scale wave processes as a 
complement to the use of altimetry. By observing the thermal signature of Rossby waves the 
method has the potential to clarify their influence on air-sea interaction processes and to contribute 
to climate modeling studies. 

1. Introduction 

This paper examines the sea surface thermal signatures of 
planetary waves in the ocean and measures their propagation 
speed. It is particularly concerned with detecting slowly 
moving thermal anomalies that have the propagation 
characteristics of baroclinic Rossby waves. We will 
demonstrate that the global sea surface temperature (SST) 
record produced by the Along Track Scanning Radiometer 
(ATSR) flown on the ERS-1 satellite between 1991 and 1996 
contains much evidence of such features in many parts of the 
world ocean and at many latitudes. Potentially, this is a source 
of valuable information about the speeds of Rossby waves and 
their variation with latitude. The satellite SST record also 

presents an opportunity to determine how the wave speed may 
vary with longitude within a particular ocean and whether it 
can also change over time. To extract such information 
requires the application of selective analytical tools, and the 
analysis presented in this paper focuses on the observation of 
slowly moving waves in extra-equatorial regions rather than 
the faster waves found at and near the equator. 
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Planetary waves are propagating perturbations in the 
layered structure of the ocean as the structure adjusts to the 
disturbance of isopycnal surfaces. Rossby wave dynamics are 
governed by a restoring mechanism based on the meridional 
gradient of planetary vorticity. A fluid parcel displaced north 
or south must adjust its relative vorticity or layer thickness in 
order to conserve potential vorticity, and in the case of 
Rossby waves this results in a flow field that tends to restore 
the fluid to its start latitude. Rossby wave theory [LeBlond 
and Mysak, 1978; Gill, 1982] demonstrates that this can only 
occur for waves that travel westward relative to the mean ocean 

current. Their speed, typically a few cm s -1, depends on [•, the 
latitudinal variation of the Coriolis parameter. Rossby waves 
are important because they provide a mechanism for 
transferring information about disturbances across the oceans, 
typically over a long timescale of order several years. 
Consequently, a disturbance of the main pycnocline on the 
eastern side of an ocean, caused, for example, by anomalous 
winds, may result in the evolution of an eddy or other 
dynamical feature on the western side of the ocean some years 
later. 

Rossby waves could complete an air-sea interaction 
feedback loop that gives their propagation characteristics a 
wider interest to ocean and atmosphere dynamicists and 
climate scientists. Such feedback could influence the timing 
and periodicity of quasi-oscillatory features such as the E1 
Nifio-Southern Oscillation (ENSO) phenomenon, as suggested 
by Graham and White [1988, 1990]. Although Kessler [1991] 
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could find no linear mechanism for off-equatorial Rossby 
waves to influence the equatorial waveguide, White et al. 
[1990b] and White and Tai [1992] observed reflections of 
Rossby waves at the margins of the Pacific Ocean, which 
would be consistent with feedback. In further studies with a 

coupled model, Kirtman [1997] demonstrated that off- 
equatorial Rossby waves (beyond _+7 ø of the equator) are 
required to provide a means for the meridional structure of the 
wind stress anomaly to influence the simulated ENSO period. 

Rossby waves may also contribute to the influence of E1 
Nifio on global weather and climate. Jacobs et al. [ 1994] 
found evidence in model-derived and altimeter-derived sea 

surface height (SSH) of wavelike propagating signals, which 
corresponded to the expected Rossby wave response to an E1 
Nifio event. These appeared to influence the rerouting of the 
Kuroshio extension after--10 years from the 1982-1983 E1 
Nifio, thus impacting SST anomalies over a wide region of the 
western Pacific. They concluded that the ocean, as well as the 
atmosphere, has a role in widely broadcasting the climatic 
influence of what is at first a regionally localized 
phenomenon. Because the oceanic teleconnection is much 
slower than the atmospheric teleconnection, it extends the 
timescale of the response to the decadal. 

Recent work by White et al. [1998] has further 
demonstrated, from the analysis of model results and 
observations, the possibility of coupling between oceanic 
Rossby waves and the overlying atmosphere. They show that 
in the eastern central Pacific the anomalous heat flux from 

ocean to atmosphere balances the enhancement of meridional 
advection of heat into the region, associated with biennial 
Rossby waves. White et al. also point out that Rossby waves 
thus coupled to the atmosphere by the thermal feedback 
between the ocean and atmosphere can be reinforced and that 
their resulting phase speed may be influenced by the local 
spatial gradients of the SST field. The phase speed 
modification includes a meridional component. 

Studies such as those outlined above point out the 
importance of gaining a better knowledge of Rossby wave 
propagation characteristics in the ocean. Whereas most of the 
modeling studies of large-scale oscillations between ocean and 
atmosphere rely on theoretical models of Rossby wave 
propagation, comparison between theory and observations 
still shows discrepancies, as reviewed in section 2. In 
circumstances where the propagation time of an anomaly 
across the ocean is crucial for determining whether or not an 
oscillation grows, a knowledge of the actual rather than the 
theoretical speed is necessary. Thus for the modeling and 
forecasting of climate variations such as ENSO, having a more 
complete definition of how Rossby wave speeds vary across 
the ocean, in both space and time, would be valuable. While 
the SSH record from satellite altimeters is beginning to 
provide this, there is a benefit in having an independent 
alternative approach for detecting Rossby waves, which can 
be found in the SST record and which may even yield additional 
information. This forms the subject of this paper. We have 
discovered that the averaged sea surface temperature (ASST) 
product of the ATSR provides a readily detectable signature of 
Rossby wave-like propagation, from which determining the 
phase speed and its spatial variability, across all the world 
oceans between the tropics and midlatitudes, is possible. 
Whilst conceding that the thermal signature of Rossby waves 
is not such a direct representation of their dynamical 
characteristics as is the SSH signal, the thermal signature is 
influential for the processes of ocean-atmosphere interaction. 

In the rest of this paper, we first review the measurements of 
Rossby wave speeds from altimetry and their comparison with 
theory and discuss previous observations of thermal 
signatures of Rossby waves. In section 3 we provide details of 
the ASST data on which the analysis is based and how they 
have been processed into longitude-time plots, which in 
section 4 we use to present the evidence for Rossby wave 
thermal signatures. In section 5 we describe the analytical 
methods developed to obtain an objective measure of Rossby 
wave zonal phase speeds from the data, and in section 6 we 
present the results of these methods. In section 7 we consider 
separately the latitude dependence of speed as compared with 
theoretical models and altimeter results, the observed 

variability with longitude, and the variations with time. The 
conclusions identify the importance of what has been 
discovered, pointing out the potential to apply the results 
more widely and to develop/hrther the analysis of the data. 

2. Observations of Extratropical Planetary 
Wave Speeds 

Following the first identification of the Rossby wave 
mechanism [Rossby, 1939], the basic theory of Rossby wave 
propagation has become well established [Dickinson, 1978; 
LeBlond and Mysak, 1978; Gill, 1982]. Here we are concerned 
with long baroclinic extratropical Rossby waves, for which 
•cr•a i << 1, where •c, is the horizontal wavenumber of the 
planetary wave and a i is the baroclinic Rossby radius. The 
magnitude and geographical variation of the first baroclinic 
mode Rossby radius in various regions has been estimated by 
Emery et al. [1984], Houry et al. [1987], and Picaut and 
Sombardier [1993]. Most recently, Chelton et al. [1998] have 
presented ocean-wide maps of its distribution at a resolution of 
løx 1 ø, varying from <10 km at high latitudes to ~100 km at 
10 ø and over 230 km at the equator. Thus the thermal 
anomalies discussed later in this paper must have length scales 
much larger than this if they are to be considered as long 
waves. The waves are nondispersive and travel westward at a 
speed fixed by the environment and independent of the 
wavenumber or orientation of the waves. The combination of 

fi varying with latitude and ai varying with both latitude and 
longitude imparts a strong meridional and weaker zonal 
variability to the phase speed of the Rossby waves. 

While the basic theory has been well established for many 
years, it has required testing by observations to establish 
whether (1) the approximations made in the theory are 
justified or result in significant discrepancies from reality and 
(2) the Rossby waves propagate freely or are coupled to the 
atmospheric forcing. Apart from a few localized observations, 
the original theoretical development was far in advance of the 
ability to test it on a global scale. Much of the observational 
evidence for Rossby wave propagation came from the eastern 
Pacific, where regular transects between Hawaii and California 
provided the necessary hydrographic data [e.g., Emery and 
Magaard, 1976; White, 1977; Meyers, 1979; Kang and 
Magaard, 1980; White and Saur, 1981, 1983; Kessler, 1990]. 
In the past decade the availability of SSH measurements from 
satellite altimeters made a useful new contribution. White et 

al. [1990a] found annual Rossby wave characteristics in a year 
of Geosat data in the region of the California Current. White 
et al. [1990b] and White and Tai [1992] went on to study the 
interaction of annual and interannual Rossby waves at the 
western boundary, noting their importance in mass 
redistribution in the tropical Pacific through the reflection of 
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Kelvin waves. Jacobs et al. [1993] were able to find a signal 
in the Geosat data that matched the wavenumber-frequency 
relationship of Rossby waves and was significantly above the 
noise level. By this means they extended the spatial coverage 
of their analysis to the whole of the Pacific Ocean. Van Woert 
and Price [1993] presented Geosat data as longitude-time plots 
to reveal the westward propagating signal of planetary waves 
off Hawaii, while Tokmakian and Challenor [1993] and Le 
Traon and De Mey [1994] also displayed SSH evidence of 
Rossby waves. However, the tidal aliasing in the Geosat 
altimeter record did not permit a very stringent test of the 
theory. 

Only when satellite altimetry achieved precision at the 2-3 
cm level with the advent of the TOPEX/Poseidon mission did i t 

become possible to observe Rossby waves globally, to study 
their modal structure and behavior in more detail [Polito and 
Cornilion, 1997], and to measure precisely their propagation 
speed [Chelton and Schlax, 1996; Cipollini et al., 1996, 
1997]. At last the measurement precision was capable of 
revealing geographical distributions of wave speed that had 
not been predicted. Rossby wave speeds, measured with 
confidence in the TOPEX/Poseidon record, were found to be 

consistently greater than the theory predicted, even by a factor 
of-2 at midlatitudes. Such a result provoked a review of the 
assumptions and simplifications implicit in the earlier theory. 
Killworth et al. [1997] considered a number of factors ignored 
in the original theory but already shown to influence Rossby 
waves. These included the response to real bottom 
topography [Barnier, 1988; Wang and Koblinsky, 1994], the 
large amplitude of the waves resulting in nonlinear responses 
[Herrmann and Kraufi, 1989], and the presence of steady 
currents in the ocean [Gerdes and Wiibber, 1991 ], which impart 
additional vorticity to the flow, thus changing the dispersion 
relation (effectively the same as locally increasing or 
decreasing ,6). They demonstrated that when the theoretical 
model took into account the presence of an east-west 
baroclinic mean flow, causing changes in the potential 
vorticity gradient, the predicted Rossby wave speeds 
increased, although they remained somewhat less than those 
observed. The residual discrepancy may be further reduced by 
taking into account the bottom topography as considered by 
Killworth and Blundell [1999]. Another reason for 
discrepancy between observation and theory could be that the 
knowledge of the geographical distribution of the Rossby 
radius is poor, a subject addressed by Chelton et al. [1998]. 

Given the remaining discrepancy with theory and the wide 
spread of speeds observed in the altimetry data, using 
alternative methods for measuring Rossby wave speeds in 
order to confirm and perhaps to complement the 
TOPEX/Poseidon data would be valuable. In this paper we 
describe how satellite measurements of SST can provide a very 
effective additional means of measuring the speed of planetary 
waves. This begs the question of whether SST structure is an 
effective indicator of Rossby wave activity. It could be argued 
that at best it is a secondary outcome of Rossby waves and not 
a reliable indicator of whether Rossby waves are truly present 
or not. There are at least two ways in which baroclinic Rossby 
waves might acquire a signature in the SST field. First, the 
compression and stretching of the surface layer when Rossby 
waves are passing could affect the temperature of the layer. 
Second, Rossby waves produce a north-south displacement of 
fluid, which results in temperature changes if there is a 
meridional gradient of temperature to be advected past the 
observer. Some of the early experimental evidence of Rossby 

waves came from temperature measurements [Kessler, 1990; 
White, 1985] and careful analysis of SSTs based on 
composites of in situ and satellite data [Halliwell et al., 
1991a, b]. While the evidence of Rossby waves in SST was 
searched for in vain by Van Woert and Price [1993], Cipollini 
et al. [1997] found a clear thermal signature of Rossby waves 
at 34øN in the northeast Atlantic. Of particular interest is their 
discovery that the thermal Rossby wave signature appeared to 
favor a different mode than the SSH signature. In longitude- 
time plots from both sources, at 34øN, three distinct 
baroclinic modes were found. The rank order of the amplitudes 
of the signals from each mode was reversed between the SSH 
and the SST signals. 

The principle of using SST as an indicator of Rossby waves 
is therefore well established, although to our knowledge, no 
previous systematic analysis of a global SST data set has been 
attempted in order to measure Rossby wave speeds. While we 
should be cautious of assuming that the SST record can tell us 
about all the Rossby wave activity, the same can also be said 
for the use of SSH. Since the baroclinic waves have their 

greatest action at the thermocline, their sea surface signatures 
are bound to be dependent on the modal structure. In the case 
of the thermal signature, modes for which the north-south 
surface currents are a maximum are likely to be favored as these 
advect the meridional surface temperature gradients. While 
this may be a weakness in relation to providing a complete 
view of Rossby wave activity, it is a clear advantage for those 
applications where the thermal signature of the waves is 
important, such as in air-sea interaction processes. As 
pointed out already, the recent work of White et al. [1998] 
developed a theory of coupled Rossby waves dependent on the 
meridional temperature gradient. This suggests that we may 
not always see free waves in the thermal record because the 
speed of the coupled waves dominates the thermal signature of 
the Rossby waves. However, the ability to measure these 
readily would be an advantage since this very speed is what 
matters for the decadal air-sea interactive feedback processes 
of importance for climate. 

3. SST Data Sources 

The global SST data set used for this study is the ASST 
product derived from the ATSR flown on the ERS-1 satellite. 
SSTs during the almost 5 year period from August 1991 to 
April 1996 were obtained from Murray [1995] for the first 4 
years and from Rutherford Appleton Laboratory's ATSR 
website for the final 9 months. The ATSR measures SST 

across a 500 km swath using a conical scanning action that 
delivers two views of the sea, one viewing forward at an 
incidence of ..60 ø and the other viewing at near nadir [Edwards 
et al., 1990]. From the dual views at two or three spectral 
wave bands, atmospheric correction is applied, and SST is 
estimated on a grid of 1 km resolution [Zavody et al., 1994]. 
The ASST product generates estimates of the average SST from 
the cloud-free pixels within half-degree latitude-longitude cells 
for each overpass. The orbit pattern ensures at least 1 day and 
1 night overpass every 4 days and more frequent overpasses at 
most latitudes. Monthly averages were produced for each half 
degree cell and combined into global image data sets of 720 x 
360 pixels, ensuring that there is little drop-out caused by 
cloud cover. Monthly time resolution should be adequate to 
define a signal traveling as slowly as an off-equatorial Rossby 
wave, given the relatively coarse spatial resolution. The 
accuracy of SST recovered from the ATSR has now been 
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Plate 1. Stages in the application of the Radon transform applied to an example centered at 95øE, 25øS: (a) 
the original 40 x 48 window, (b) the window after removal of outliers and monthly striping, (c) window after 
application of band-pass and tapered filter, and (d) plot of the standard deviation of each column in the Radon 
transform against orientation of the baseline. The peaks correspond to the lines drawn in Plate l c with the 
maximum peak in bold. 
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validated by a number of authors [Mutlow et al., 1994; Zdvody 
et al., 1995; Barton et al., 1995]. ATSR appears, in general, 
to be achieving its intended accuracy of 0.3 K except during 
periods of exceptional volcanic activity when stratospheric 
dust introduces a cool bias that is expected to be removable 
following further tuning of the algorithms [Murray et al., 
1998]. 

In principle, the ASST data should be considerably more 
accurate than 0.3 K since each averaged value can come from 
-2500 individual 1 km 2 pixels. Donlon and Robinson [1998] 
compared the ASST with coincident ship radiometer 
measurements of skin temperature in the North and South 
Atlantic. They found a variance of only 0.2 K in the match, 
although there was a bias of 0.5 K ascribed to stratospheric 
volcanic dust corrupting the atmospheric correction procedure 
at the time of comparison. The low variance implies low 
noise in the ASST data product. Although Jones et al. [ 1996a, 
b] found that the ASST data set was corrupted by undetected 
daytime cloud in parts of the ocean, leading to a cool bias in a 
few locations, this should not be a serious problem here since 
we will search for temperature structures in the data. These 
propagate at a given speed and are unlikely to be aliased by the 
effect of poor cloud screening. We therefore selected the 
monthly composites of ASST derived from all (day and night) 
overpasses. 

In order to isolate possible SST signatures of planetary 
waves from the regular variability of the seasonal cycle the 
SST anomaly distributions for each month were evaluated by 
subtracting a climatic mean SST field for each month of the 
year. At first the mean derived from the ASST data set itself 
was tried, but not only was this too short a record, but it also 
contained a regular pattern of drop-outs at low latitudes from 
the periods when ERS-1 was following a strict 3 day repeat 
orbit. Instead, the global ocean surface temperature atlas 
(GOSTA) climatic monthly mean SST data were used 
[Bottomley et al., 1990]. This is derived as a bulk SST from 
30 years of ship and buoy data collected between 1951 and 
1981, and it contrasts with the skin SST measured by ATSR. 
However, any bias introduced by this or by other causes, such 

as sampling differences within the half-degree grid cells, is 
not a problem since the spatiotemporal variability of the SST 
anomaly rather than its absolute value is what is of interest 
here. Figure 1 shows an example of the ASST-GOSTA 
anomaly field for April 1992. Wave-like perturbations of SST 
are apparent in several parts of this image, but a single image 
cannot reveal whether or not these are propagating features. 
To do that the time series must be examined, as explained in 
section 4. 

4. Longitude-Time Variation of SST 

The variation with time of the ASST record at a given 
latitude is revealed in longitude-time plots such as Figure 2, 
sometimes called HovmQller diagrams. Centred at 32øS, each 
row of this plot has been produced by averaging the SST from 
two adjacent half degree latitude slices (31.5ø-32øS and 32 ø- 
32.5øS) from an anomaly image, preserving half degree 
resolution in longitude. Each zonal slice is obtained from one 
of the sequence of 45 monthly anomalies and stacked up 
vertically with time increasing upward. The vertical blocks of 
null data correspond with where the selected latitude slice 
intersects the continents. A geometrically regular pattern of 
thin lines of null pixels in months 1-8 and 30-32 corresponds 
to the gaps in coverage during the 3 day repeat cycle of ERS-1. 

Figure 2 clearly shows a pattern of diagonal stripes which 
trend from bottom right to top left. Their width is a few 
degrees of longitude, and their thermal amplitude varies 
between-0.1 and 1.5 K. They are readily distinguished from 
other features, such as the null pixels, the horizontal lines of 
high or low anomaly resulting from an anomalously warm or 
cold month, and other random fluctuations of temperature 
whether localized or extending over a wide region of 
longitude-time space. The fine stripes indicate east to west 
propagation of SST anomaly perturbations along 32øS. Their 
coherence approaches that found in the SSH record. They are 
pervasive both spatially and over time, implying that SST 
perturbations can be found on many occasions throughout the 
45 month data record, and may propagate fight across entire 
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Figure 1. Sea surface temperature monthly mean anomaly from April 1992 ASST-GOSTA. 
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Figure 2. Longitude-time plot of ASST-GOSTA anomaly at 32øS. 
longitude-time plots the temperature digitization interval is 0.02 K. 
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In this as well as in the following 

ocean basins. The approximately parallel nature of the 
patterns indicates a steady propagation speed, which is similar 
at most longitudes and in each ocean, although by no means 
uniform, as will be discussed later. The regularity of the 
patterns implies that these are dynamically controlled features 
rather than random perturbations. The most satisfactory 
explanation is that they represent the SST anomaly signatures 
associated with dynamical disturbances that propagate 
westward as Rossby waves. 

Examination of the Hovmdller plots from other latitudes 
(see Figure 3)confirms that 32øS is not exceptional in 
revealing such signatures. At 30øN (Figure 3a) the anomaly 
signal is somewhat noisier close to both the east and west 
margins of the Pacific, and more null pixels result from cloud 
cover, but the westward propagating regular perturbations 
remain a dominant feature of the variability. At 22øN (Figure 
3b) the signatures continue to dominate the Pacific Ocean, 
although they are weak or disappear altogether in the Atlantic. 
At 36øS (Figure 3c) the wave-like signature is strong in all 
oceans, but at this latitude the slope of the features appears to 
vary considerably, both with longitude and with time. At 
lower latitudes, especially <10 ø, the phenomenon becomes 
much harder to detect. Figure 3d is an example from 8øS 
showing an almost featureless Pacific, although some wave- 
like features are still found in the Atlantic and Indian Oceans. 

These have shallow slopes, i.e., faster speeds. 
The examples already presented are representative of all the 

other Hovmdller plots of SST anomaly that have been 
examined at 1 ø intervals of latitude between 5 ø and 50 ø north 

and south. The overall conclusion from a qualitative analysis 
is that the ASST-GOSTA anomaly maps contain a considerable 
quantity of information about the propagation of SST 
perturbations at length scales of 200-2000 km. The speed of 
propagation appears to be regular and to vary systematically 
with latitude, increasing as the equator is approached. The 
speed varies to a lesser extent with longitude. The speed of 
propagation was initially estimated approximately by directly 
measuring the slope on the Hovmdller diagrams at different 
latitudes and in the different ocean basins. These estimates are 

plotted in Figure 4 along with the meridional variation of the 
zonal average speeds of the first baroclinic mode Rossby wave 
predicted by the modified theory of Killworth et al. [1997]. 

The general similarity is striking, although there are clearly 
some discrepancies between the speed of the SST features and 
the Rossby wave theory. From this evidence alone, 
supposing that these features are the thermal signatures of 
planetary waves is reasonable. This hypothesis is developed 
further in the remainder of this paper. 

Of course, the idea that Rossby or planetary waves should 
be detectable by their thermal signature is by no means new, 
as some of the literature discussed above makes clear. 

Nonetheless, what is surprising is the clarity of the features in 
the ASST record and their ubiquity throughout much of the 
ocean and at many times of the year. The apparent coherence 
of the troughs and crests of the features over many months and 
across thousands of kilometers is consistent with the 

signature of Rossby waves in the altimeter record [see, e.g., 
Chelton and Schlax, 1996; Cipollini et al., 1996). Moreover, 
the global satellite SST record appears to be a source of 
valuable information about the low-frequency dynamics of the 
ocean that has hitherto been overlooked. 

Does only the ASST data contain such information? Figure 
5, a longitude-time plot constructed for 32øS from the 
Advanccd Very High Resolution Radiometer (AVHRR)-derived 
SST anomalies by A. Strong (Oceanic Research and 
Applications Div. of NOAA), reveals that this is not the case. 
The wave-like features are clearly evident here too, although 
an examination of the complete AVHRR data set at all latitudes 
found that the features are more readily identified within the 
ASST than within the AVHRR because of the former's finer 

precision and lower instrument noise. We note also that there 
is no need to look to the zonal gradient of temperature for the 
signatures of planetary waves, as previous authors [Hughes, 
1995, 1996; Cipollini et al., 1997, Hughes et al., 1998] have 
tended to do in order to remove the local residual annual 

signal. 
Before turning to a more systematic and objective analysis 

of the phenomenon, one other feature in the Hovmdller plots 
is worth pointing out. This is illustrated in Figures 6a and 6b, 
the ASST-GOSTA Hovmdller plots for 40 ø and 48øS, 
respectively. Here we see strong evidence for features 
traveling in the eastward direction, in the Indian sector of the 
Southern Ocean. Regions to which waves converge, from 
which they diverge, and even where the features appear to be 
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Figure 3. a) Longitude-time plot of ASST-GOSTA anomaly at 30øN, (b) longitude-time plot of 
ASST-GOSTA anomaly at 22øN, (c) longitude-time plot of ASST-GOSTA anomaly at 36øS, and (d) longitude- 
time plot of ASST-GOSTA anomaly at 8øS. 

static are evident. At other longitudes the features are 
consistent with all the other plots. Supposing that this may 
be related to the eastward advection at the depth of the 
thermocline by the Antarctic Circumpolar current at 48øS 
[Hughes, 1995, 1996] and to the propagation of eddy-like 
features in the Agulhas retroflection at 40øS is reasonable, 
although more detailed inspection is called for. 

5. Analytical Methods 

The significance for dynamical oceanography of the 
features discussed above is their potential to provide a method 
for directly measuring the speed of planetary waves. Although 
the results of preliminary analysis simply using eye and ruler 
were promising (as in Figure 4), such an approach is too 
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Figure 4. Preliminary estimates (by eye from ASST-GOSTA longitude-time plots) of Rossby wave speed 
plotted against latitude. 

subjective to be capable of yielding repeatable results from 
independent analysts. An objective analytical tool i s 
therefore needed to derive the speed of the waves. Previous 
analysis of both the thermal and altimetric signals has 
approached the problem by first measuring the spatial and 
temporal frequencies of the HovmQller patterns using Fourier 
analysis and thence the phase speed from the ratio of frequency 
to wavenumber. The difficulty of such an approach is that 
although the human eye picks out the linear stripes readily, 
the application of Fourier transforms to the noisy data only 
yields encouraging results where the waves are sufficiently 
coherent in wavenumber and frequency and show a clear 

periodicity. Moreover, even where the patterns are strongest 
and most regular, other features of comparable magnitude 
might be adding energy to the image variability at frequencies 
similar to those of the waves being studied. Errors in both 
wavenumber and frequency can lead to large errors in phase 
speed estimates. 

Conversely, even where the frequency and wavenumber of 
the features is ambiguous or variable, the strong characteristic 
of the patterns is their linear coherence and locally parallel 
nature. Therefore using a numerical analysis tool that can 
measure the slope or direction of the linear features directly 
makes sense. Accordingly, we have developed a method that 
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Figure 5. Longitude-time plot of AVHRR SST anomaly at 32øS. 
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Figure 6. a) Longitude-time plot of SST anomaly at 40øS, and (b) longitude-time plot of SST anomaly at 
48øS. 

is based on the concept of the two-dimensional Radon 
transform [Radon, 1917; Deans, 1982]. Chelton and Schlax 
[1996], Cipollini et al. [1996], and Polito and Cornillon 
[1997] have already demonstrated the use of a Radon transform 
to measure phase speeds of Rossby waves. The Radon 
transform operates on a window within the longitude-time 
image by summing the pixels along perpendiculars to a 
baseline of a given orientation 0 (see Figure 7). If the 
baseline is orthogonal to the striping in the image, the 
resulting Radon vector will be highly variable. In contrast, if 
the baseline is parallel to the striping, the perpendiculars will 
cut across the variability in the image, and the resulting Radon 
vector will have low variance. The full Radon transform is 

created from the matrix of all orientations 0 of the baseline. 

The task for automatic direction-detecting software is to find 
the orientation of baseline that yields the maximum variance 
in the Radon transform. The following is the procedure which 
was adopted. 

1. A window is isolated from the longitude-time plot. The 
size of this is adjustable, but for the results presented here, 20 ø 
longitude (40 columns) by the entire time span of the data, 
i.e., 57 months (rows), is used. To illustrate the process, Plate 
l a shows an example of the data centered in the Indian Ocean 
at 95øE, 25øS viewed through a 20 ø (40 column) by 48 month 
window. 

2. The outliers in each row are removed. These are 

identified as values that are outside the row mean +2 standard 

deviations of the row. 

3. To remove the effect of individually strong monthly 
anomalies that would otherwise dominate the striping in the 

window (as visible in Plate l a), the mean of each row is 
subtracted from the row (recomputed after step 2). This also 
has the effect of ensuring that the mean of the whole window is 
zero. , 

4. Any missing values in the window (resulting from cloud, 
ERS-1 orbit pattern, or step 2) are replaced using a Ghussian 
interpolator having a full width at half maximum of 1 ø 
longitude and 0.2 month time and a search radius of 1.5 ø 
longitude and 1 month in time. The result is shown in Plate 
lb. 

5. The window is then convolved with a two-dimensional 

band-pass filter designed to remove the high-frequency noise 
and the residual large-scale variability. The (idealized) 
passband of the filter is the region in frequency space between 
two ellipses centered in the origin, whose intersections with 
the wavenumber axis are 1/7.5 ø and 1/2.5 ø and with the 

frequency axis are 1/18 per month and 1/3 per month. The real 
filter to achieve this has a 21 x 21 kernel and somewhat 

smoothed sides. 

6. After the band-pass filtering the window is cropped to 
15ø x 48 months. Reducing the width improves the 
longitudinal resolution. The first 8 months were discarded 
because they contain sampling artefacts resulting from two 
periods of exact 3 day repeat orbit cycles, leaving gaps in 
coverage at low latitudes. The last month is also discarded. 

7. The resulting 30 column x 48 row matrix is tapered using 
a window of the same size having a unit value at its center and 
the five elements along each border varying from 0 at the 
outside to 1 as raised cosines (like the sides of a Hanning 
window). This minimizes the effects of the rectangular shape 



HILL ET AL.: EXTRATROPICAL PLANETARY WAVES IN THE ATSR SST RECORD 21,937 

of the matrix to be analyzed, which would otherwise generate 
unwanted undulations (lobes) in the Radon transform and 

spurious peaks in its standard deviation. The band-pass 
filtered and tapered matrix is shown in Plate lc. 

8. The Radon transform is performed for 0 varying from - 
90 ø to 90 ø in steps of 1 ø, and its standard deviation is 
computed for each 0. Both the transform and its standard 
deviation are shown in Plate l d. 

9. The values of 0 in the local maxima of the standard 

deviation correspond to the orientation of the alignments in 
the longitude-time plot and thus give an objective measure of 
the speed of propagation of the characteristics. These maxima 
are identified automatically, converted into propagation 
speeds, and saved. Also saved is the relative height of the 
peak defined as the ratio of the standard deviation at the peak 
to the average standard deviation across all the sampled 
directions. In Plate lc, lines are drawn at angles 
corresponding to each of the maxima in Plate l d. The 
strongest peak at 0 = 63 ø (drawn as a thick line in Plate I c, and 
corresponding to a propagation speed of 3.8 cm s 'l) is a good 
match for the most evident propagating features in the 
longitude-time plot. 

The programme moves the window systematically through 
each Hovmiiller plot, producing a new Radon transform every 
10 ø of longitude and every degree of latitude, populating point 
by point a matrix that determines how the speed of 

propagating features varies with longitude and latitude. The 
filters used in the above method were selected after extensive 

trials with artificial data, which will be reported in detail 
elsewhere. These demonstrated the capacity of the method to 
identify accurately several overlaid linear features in a noisy 
image, even when they were no longer evident to the eye. The 
resolution and accuracy with which speed can be estimated 
depends on the spatial and temporal resolution of the original 
global SST maps, the size and shape of the sampling window 
into the Hovm•iller plot, the speed itself, and the angular 
increments over which the Radon transform is evaluated. The 

tests with artificial data indicated that use of the parameters 
defined above yielded speed estimates well within +5% of the 
given value, except at speeds >10 cm s 'l when the monthly 
time sampling is too infrequent to discriminate the speed 
accurately. The adoption of a 1 ø incremental interval for 
evaluation of the Radon transform leads to quantization of the 
detected speeds at a level that increases nonlinearly with speed 
and is -1 cm s 'l at speeds of 10 cm s -1. However, a finer 
angular resolution of the Radon transform is not justified by 
the resolution of the original data. 

6. Results of Wave Speed Analysis 

Plate 2a presents the geographical distribution of the 
strongest westward propagating signal observed by the Radon 

Z 2 

P(Z2,0 2) 

X 

*'""p(z? 

Z I 

p(z,O) =lf(x,y) 
u 

du 

x = z cos0- u sin0 
y = z sin0 + u cos0 

Figure 7. Illustration of the Radon transform of a function fix, y) at two different angles 0•, 02. 
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transform, evaluated at intervals of 1 ø of latitude and 10 ø of 

longitude. The colors represent the detected speed. A white 
blank represents a null result because sea data within the 20 ø 
longitude window were insufficient or because that area lies 
outside the examined latitude range of 50-50 ø . Null results 
were also entered in cases where the signatures were only 
weakly detected in the Radon transform. As outlined above, 
the method will always find a peak in the plot of standard 
deviation against orientation; even where there are no genuine 
features, the noise in the data will generate peaks, although 
these are not generally as pronounced as for planetary wave 
features. The ratio of peak to average standard deviation was 
used as an objective means to discriminate between the 
detection of genuine features and spurious artefacts of the 
method. For Plate 2a a threshold of 1.8 has been adopted. If 
the peak-to-average standard deviation ratio was less than 
this, a null entry was recorded. 

A number of characteristics can be identified. First, in some 
regions of the world ocean, for example in the south 
midlatitude of all the oceans (30ø-38øS), a broad uniformity is 
found in the measured wave speed that does not vary by more 
than a few percent between neighboring cells. This implies 
that the method for determining the wave speed is capable of 
delivering consistent results in favorable conditions where the 
wave thermal signatures are clearest. That the speed 
measurement in each cell is completely independent of its 
north or south neighbor and overlaps only with its immediate 
east or west neighbor should be emphasized. 

Second, the trend with latitude displayed in the preliminary 
analysis of Figure 4 is confirmed: increasingly higher speeds 
are found toward the equator. However, this is not uniformly 
so since equatorward of-20 ø, a much greater variability in the 
detected speeds exists. For the most extreme cases the speed 
measured in adjacent areas may vary between 5 and 12 cm s -1. 
Third, some evidence of speed variation with longitude exists 
in particular oceans, with a tendency for speed to increase 
toward the west, e.g., South Indian and North Pacific Oceans. 
Finally, the null results, where no strong features are 
identified, are regionally clustered, particularly in the vicinity 
of major frontal currents such as the Kuroshio, Gulf Stream, 
and Antarctic Circumpolar Currents. These are regions where 
the thermal signature is expected to be dominated by the 
frontal structure and where planetary waves, even if they exist, 
are unlikely to have a clear SST signature. 

Note that in some locations several strong peaks are found 
in the Radon transform (e.g., Plate l d), implying that more 
than one type of wave may be present, but only the highest 
peak between 0 ø < 0 < 90 ø, corresponding to the strongest 
westward signal, has been plotted. A peak found at a negative 
angle corresponds to an eastward propagating signal. Where 
the eastward peak is higher than the highest westward peak, 
indicating a dominant eastward signal, its speed has been 
plotted in Plate 3 for latitudes south of 30øS. Note particularly 
the cluster of points in the Southern Ocean appearing south of 
the Indian and Atlantic Oceans. 

7. Discussion 

7.1. The Detectability of Westward Propagating 
Signals 

Before seeking to understand the significance of the wave- 
like phenomena detected in the global composite SST fields 

and to establish their relevance to the dynamics of Rossby 
wave propagation, we should first consider the constraints 
inherent in the approach. For example, the use of SST 
obviously limits us to observing only those dynamical 
processes that have a surface thermal signature. Additionally, 
the half-degree-monthly space-time sampling frequency of the 
data set imposes its own limits on the range of speeds that can 
readily be detected. 

Because the data are sampled only once per month, the 
method is less able to detect faster waves. At 20 ø latitude a 

wave traveling at 10 cm s -1 will take -4 months to traverse the 
10 ø longitude width of the untapered section of the Radon 
transform window. Its characteristic signature on the 1 month 
by 0.5 ø Hovmtiller grid makes an angle of-11 ø to the 
horizontal and intersects four rows, making it readily 
detectable. However, for greater speeds the characteristic 
approaches the horizontal and is less easily resolved unless 
either the time-sampling interval is reduced or the longitude 
window for the Radon transform is increased. The former is 

not possible with the data set used. The latter was not 
performed because any improvement in resolution would rely 
on the uniformity of the signal across 20 ø or 30 ø of longitude 
and would be won at the cost of degrading the longitude 
resolution. For that reason, no attempt was made to study the 
equatorial region using this data set. Speeds of 10 cm s -1 or 
above, while detectable, are resolved to no better than 10%. 

Higher precision of speed measurement within 10 ø longitude 
of the equator requires an SST data set with finer temporal 
resolution. 

In locations where more than one mode of Rossby wave 
occurs and has a surface thermal signature, other modes will 
give rise to additional peaks. If a slower mode appears more 
clearly on the Hovmtiller plot, it will generate the highest 
peak on the standard deviation plot. Thus the detected speeds 
presented in Plate 2 may sometimes be those of modes other 
than the fastest. This is particularly likely at lower latitudes 
where the expected fastest modes can barely be resolved. 

The choice of 1.8 as a threshold peak-to-average standard 
deviation ratio for eliminating the lower peaks seems to have 
excluded most but not all anomalous speed values from Plate 
2a. The remaining anomalous values giving rise to apparently 
random fluctuations of speed in some parts of the ocean might 
correspond to other dynamical phenomena (like eddies) or 
chance alignments of SST anomalies not related to deeper 
propagating features. In an attempt to eliminate such points 
from the comparison between observed planetary wave speeds 
and theoretical predictions, a higher threshold of 2.3 was 
imposed. This has the result of eliminating a number of 
points that appear to be genuine planetary wave signatures but 
ensures that the number of spurious points is minimal. Plate 
2b shows the corresponding speed distribution with the higher 
threshold applied. 

The mechanisms by which Rossby waves could form a 
surface signature were mentioned earlier in section 2. The 
hypothesis of advection of the north-south gradient seems to 
be the more likely as the Rossby wave signatures are clearest 
in the region of 25ø-40øS. The signal analysis was able to 
detect features with fairly consistent speeds across this range, 
where there is a steep increase of the background SST field 
toward the equator. Where the meridional temperature gradient 
is reduced, for example, in western boundary currents, the 
detectability of the waves was poorer, and the speeds of 
signals detected by the method were more variable, consistent 
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with the hypothesis that no strong features exist in the data 
there. 

The limitations identified here must qualify any information 
about Rossby wave kinematics that is drawn from the 
observations. Nonetheless, the problem of detecting the 
faster waves should be considered as a consequence of the 
monthly sampling of the original data rather than a weakness 
of the method itself. 

7.2. Variation With Latitude 

The initial analysis (Figure 4) showed promising, if 
imperfect, agreement between the variation of our detected 
wave speed with latitude and the theoretical predictions of 
Killworth et al. [1997] for the first baroclinic mode Rossby 
wave. A more thorough comparison, allowing for the 
longitudinal variability of the Rossby wave speed, can be 
made between Plates 2 and 4, which is the global distribution 
of Rossby wave speed using the Killworth et al. [1997] model. 
Some correspondence exists between Plates 2 and 4, with 
higher speeds detected from the SST signature in regions where 
the model predicts similarly high speeds. The major 
discrepancy is that in the tropical regions the observed speeds 
are not uniformly high and the speed does not fall off as 
rapidly toward high latitudes as predicted by the theory. 

This is clarified further in Figure 8a where the wave speeds 
measured from the SST record are plotted against latitude and 
compared with the zonal mean wave speed from the Killworth 
et al. [1997] model. Only peaks above the threshold of 2.3 
have been plotted. Figure 8a shows clearly the quantization of 
the speed estimates, particularly at values >8 cm s -1, resulting 
from the evaluation of the Radon transform at discrete angles, 
as mentioned in section 5. The trend with latitude is very clear 
and in broad agreement with the theoretical predictions. 
While the spread of points is wide, so to a lesser extent is the 
longitudinal variability of the theoretical predictions, which 
are plotted in Figure 8b for the same locations. 

Figure 9 makes a direct comparison between the observed 
wave speeds and the theoretical prediction corresponding to 
the same location, differentiating between the signatures 
having a peak ratio between 2.3 and 2.4 and those above 2.4. 
The overall indication is that the observed speeds are greater 
than those predicted for speeds <6 cm s -1, and less than those 
predicted at higher speeds. At speeds >6 cm s 'l, corresponding 
approximately to latitudes lower than 25 ø , the underestimate 
of observations relative to theory may be a consequence of the 
analysis method and the coarse temporal resolution of the 
original data, which make it difficult to measure high speeds 
accurately. For example, if more than one mode of wave is 
present in the Hovmtiller plots, the method may preferentially 
detect slower modes rather than the fastest mode if it is of order 

10 cm s'l or greater. Moreover, the first mode may have a 
weaker thermal signature than a higher, slower mode. This 
would be consistent with the experience of Cipollini et al. 
[1997], who found mode 3 to have the greatest energy in the 
thermal signature of Rossby waves while mode 1 was 
strongest in the altimeter record. 

However, the mode uncertainty is not able to account for the 
observed speed being greater than the theoretical zonal mean 
first mode Rossby wave speed. This is consistently the case at 
latitudes >-20 ø and speeds <7 cm s -1. Some care is needed 
when comparing with the zonal mean, which averages 
theoretical predictions from all locations irrespective of 

whether Rossby waves actually occur there. Reference to 
Figure 8b indicates that the theoretical speeds for those waves 
that are isolated by our analysis are also somewhat higher than 
the zonal mean. Nonetheless, the direct comparison at 

specific longitudes that is made in Figure 9 still suggests that 
the theory underestimates the speed by 20-30%. 

This reinforces the importance of attempts to revisit the 
theory, such as Killworth and Blundell's [1999] examination 
of the effects of bottom topography on the speed of 
extratropical planetary waves. Their calculations confirmed 
an increase of propagation speed on westward and equatorward 
sides of hills, but they concluded that local topographic 
effects largely cancel on basin scales and that the mean flow 
remains the strongest candidate to account for faster 
observations. Another possibility is that those waves that 
have a thermal signature are not propagating freely but, 
constrained by air-sea interaction feedback processes, acquire 
different kinematic properties as bound waves, as discussed by 
White et al. [1998]. In that case they would no longer be 
useful in providing surface signatures of classical Rossby 
waves but, instead, would be important in monitoring 
propagating SST features in their own right. 

7.3. Variation With Longitude 

Figure 8a demonstrates a wide spread of speed with 
longitude for most latitudes. Reference to Plate 2a reveals a 
tendency for the observed speeds to increase toward the west of 
some oceans at certain latitudes, in broad agreement with the 
theoretical predictions of Killworth et al. [1997] in Plate 4. A 
good example can be found at 32øS on the Hovmtiller diagram 
(Figure 2). While some of the variations may be the result of 
detecting different modes, as discussed in section 7.2, strong 
longitude variability is found at the lower speeds that are well 
resolved by the sampling characteristics of the method and 
unlikely to be compromised. The ASST record therefore 
appears to provide a useful means to observe the longitude 
variability of Rossby wave speed at midlatitudes. 

Reexamining longitude variability in the Hovmtiller plots 
in relation to the bottom bathymetry is instructive. Figure 
10a, at 27øS, has the matching zonal transect of ocean depth 
plotted underneath from which connections between speed and 
major bathymetric features can be detected. Changes of speed 
(i.e., the slope of the patterns) as well as other propagation 
anomalies appear at some major ridges. In the Atlantic Ocean 
we observe a phase discontinuity across the Mid-Atlantic 
Ridge at 20øW; the wave propagates smoothly until it reaches 
the ridge where it appears to be delayed before moving on. In 
the eastern Pacific, Rossby waves appear to originate over the 
wide East Pacific Rise area around 120øW, while in the Indian 

Ocean we see some effects on phase associated with the 90øE 
ridge and the Central Indian Ridge. In the Indian Ocean, waves 
appear to be almost completely dissipated at the Madagascar 
Ridge around 45øE. At 20øS (Figure 10b) a similar pattern of 
generation just west of the East Pacific Rise and dissipation 
over the mid-Indian ridges are apparent. 

These observations can be related to the quasi-geostrophic 
modeling studies by Barnier [1988] in which the introduction 
of a ridge into a previously flat ocean showed that the ridge 
can both block Rossby waves and also support their 
generation by wind forcing. Similarly, Herrmann and Kraufi 
[1989] produced quasi-geostrophic model results suggesting 
that annual Rossby waves originating at the western boundary 
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Figure 8. Plot of speed versus latitude showing (a) speed at each longitude where waves were detected from 
the Radon transform of the ASST record using a peak-to-average standard deviation ratio threshold of 2.3 and 
(b) Killworth et al.'s [1997] prediction of speed at the same locations as identified in Figure 8a. In both cases 
the solid line represents the zonal average of theoretical predictions for all longitudes at that latitude. 

are strongly influenced by the Mid-Atlantic Ridge, consistent 
with our observations. Wang and Koblinsky [1994] used a 
simple model of barotropic and baroclinic Rossby wave 
behavior at ridges (two-layer with stepwise topography) to 
demonstrate that energy exchange occurs between the 

baroclinic and barotropic modes at mid-ocean ridges. 
Depending on the ridge width and height, either mid-ocean 
generation of waves, dissipation of incident waves, or both 
can exist. These influences can be found in the ASST data set. 

For example, 20 ø and 27øS (Figures 10b and 10a) exhibit clear 
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examples of mid-ocean generation in the Pacific. When 
compared to the bathymetric transect for these latitudes, we 
observe that the generation of baroclinic waves seems to be 
related to broad bathymetric ridges, having a shallow slope. 
Conversely, in the Indian Ocean at 27øS, evidence of 
dissipation of the baroclinic energy is clear at the Madagascar 
Ridge. This behavior occurs when the ridge is narrow and 
steeply sloped. 

These observations confirm the usefulness of the ASST data 

set for investigating topographic effects on Rossby wave 
propagation and point to the need for further data analysis 
coupled to theoretical modeling. For example, surveying the 
data systematically in order to identify the conditions (ridge 
height, width, slope and orientation, wave frequency, and 
wavenumber) for wave generation, dissipation, or change of 
speed is useful. Because the topography is likely to induce 
interactions between several baroclinic modes, clarifying how 
the surface thermal signature varies for the different modes will 
be important. The ASST data should be seen as a complement 
to global altimetry data for the study of Rossby wave 
interactions with bathymetry. The finer longitudinal 
resolution achieved by the ASST offers a clear benefit and is 
set to improve when 10 arc minute data become available. 

7.4. Variation With Time 

Although a thorough analysis of the wave speed variation 
over time is still to be performed, the SST-longitude-time 
plots themselves show some evidence that the propagation 
characteristics change. The most obvious temporal 
variability is seasonal. In Figures 2 and 3a, for example, in 
the eastern Pacific, annual discontinuities exist in the phase 
lines of the thermal wave signature. These occur in the local 
autumn and winter. The reappearance of the waves after a few 
months, with the phase structure almost aligned across the 
discontinuity, implies that the wave itself has continued to 
propagate. Its surface thermal signature has temporarily been 
lost, while the upper mixed layer temperature was dominated 
by other processes that have hidden the influence of the 
underlying dynamics. 

Figure 3c is an example of where speed changes appear from 
year to year, most clearly evident at 45øE. This could be a 
result of changes in the underlying ocean structure, but another 
explanation is that different wave modes are apparent in 
different years, perhaps because the forcing is slightly 
different. Nonetheless, the consequence of thermal anomalies 
being propagated at different speeds in different years may be 
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Figure 9. Scatterplot of Killworth et al. [1997] versus SST-detected speeds at each location where a strong 
thermal signature was detected. Solid dots are for peak-to-average standard deviation ratio > 2.4, and shaded 
dots are for 2.3 < ratio < 2.4. 
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Figure 10. (a) Longitude-time plot of ASST-CZ)STA anomaly at 27øS with bathymetry transect, and (b) 
longitude-time plot of ASST-GOSTA anomaly at 20øS with bathymetry transect. 

important if they play a role in air-sea interaction feedback. 
Work is presently underway to examine the full ASST and 
ASST-2 (from ATSR-2) record and the longer AVHRR 
anomalies time series for evidence of systematic changes of 
speed that can be linked to short-period climate processes such 
as ENSO. 

7.5. Eastward Propagating Features 

Eastward propagating features can be seen in a number of 
locations in the Southern Ocean, for instance at 40 ø (Figure 
6a) and at 48øS (Figure 6b). However, these features, whose 
speed ranges from 1 to 5 cm s -• eastward, are by no means 
ubiquitous in the ASST-GOSTA anomaly data set, as shown in 

Plate 4. This is somewhat in contrast with their widespread 
distribution in the Antarctic Circumpolar Current observed by 
Hughes [1995] and Hughes et al. [1998] from model, SST, and 
altimeter data. In a zonal band between 40 ø and 45øS we 

occasionally observe fast (--20 cm s -l) eastward propagating 
features whose nature remains unexplained, perhaps a residual 
annual signal. 

The region where the eastward propagating Rossby waves 
are most evident in our data set (and where our results are most 

consistent with the previous observations) is the Indian sector 
of the Southern Ocean. The signatures observed there reflect 
the meandering nature and the velocity variations of the 
Antarctic Circumpolar Current. For instance, in Figure 6b, 
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Rossby wave features vary from nearly vertical "standing 
waves" (around 0ø-10øE and 70øE) to gradually increasing 
eastward propagation. This reflects an increasing influence of 
the circumpolar current, as explained by Hughes [1996] and 
Hughes et al. [1998]. Baroclinic Rossby waves have a 
maximum phase and group speed relative to the mean flow, so 
when the flow becomes supercritical with respect to the waves, 
no wave can propagate westward. The signature of the 
eastward propagating features can then be used both to trace 
the current itself, as done by Hughes et al. [1998], and to study 
the spatial and temporal variations in its meandering. 

An interesting side effect is that in supercritical conditions 
the current can extend deep enough to interact with the bottom 
topography, and this, in turn, means that the topography can 
play an important role in establishing the propagation 
characteristics of the waves themselves. All the above 

considerations call for further studies in this area, in particular 
to assess the effect of the southeastern and southwestern 

Indian Ridges on the waves. 

8. Conclusions 

This paper has identified the ubiquity, in finely resolved 
global SST records, of thermal signatures of planetary waves 
having Rossby wave-like propagation trajectories in 
longitude and time. Although the phenomenon has been 
detected previously, the evidence for its widespread occurrence 
at many latitudes and within all oceans has not previously 
been presented. Our initial objective in developing the 
analytical tools to determine the wave speed from the 
Hovmtiller plots was to test Killworth et al.'s [1997] 
modifications to Rossby wave theory. A sufficient similarity 

exists between our observations of the longitude and latitude 
variations of propagation speed and the theory to confirm the 
initial assumption that many of the observed features are 
indeed the product of Rossby waves. At latitudes >20 ø, 
evidence of a small underestimate of the actual speed by 
Rossby wave theory, even as modified by Killworth et al. 
[1997], has been found. Also valuable information about 

Rossby wave propagation dependence on ocean bathymetry 
has been found. At latitudes <20 ø the temporal resolution of 
the data and uncertainty about which mode is being detected 
prevent us from concluding whether the slower than predicted 
wave speed observations are an artefact of the observing 
method or a real shortcoming of the theory. 

In order to be able to use the thermal signatures to cast more 
light on the theory of Rossby wave propagation, we 
recommend further research in three directions. First, the 
theoretical models of Rossby wave propagation need to be 
adapted in order to represent their thermal signature explicitly, 
so that observations can be compared directly with theory. A 
further analysis of the possible role of atmospheric feedback 
on the propagation of the thermal anomalies is also desirable. 

Second, scope for exploiting the available SST data sets 
more thoroughly exists. Work is under way by the authors to 
explore systematically the variations of propagation speeds 
over time. We intend to reduce the sampling window 
limitations by using the 10 arc minute resolution cells offered 
by the ASST-reanalyzed product and by averaging over a 
shorter time period. Use can also be made of the 3-4 day SST 
anomaly maps derived from AVHRR to explore faster waves at 
equatorial latitudes. 

Third the analytical techniques can be improved further. 
Scope exists for developing the Radon transform analysis in 

order to differentiate more clearly between peaks 
corresponding to propagating planetary waves and those 
associated with other phenomena. We will also attempt to 
apply a three-dimensional extension of the Radon transform 
analysis (P. G. Challenor, P. Cipollini, and D. Cromwell, Use 
of the Radon transform to examine the properties of oceanic 
Rossby waves, submitted to Journal of Atmospheric and 
Oceanic Technology, 2000) in order to identify whether 
Rossby waves with thermal signatures propagate with a 
nonzero meridional component. By focusing so far on 
measuring the characteristic speeds directly, we have not yet 
attempted to measure the wavenumber and frequency of the 
thermal waves. This is needed to help resolve the problem of 
mode ambiguity. It is also a prerequisite for exploring the 
origin of the waves, for example, whether they are 
atmospherically forced or arise as instabilities in the 
background mean flow. Application of standard two- 
dimensional spectral analysis to all but the strongest 
signatures is problematic because of the need to isolate the 
propagating features from the thermal signatures of other 
phenomena or just random SST fluctuations. Knowing the 
orientation of the constant phase lines from the method 
presented here will make it easier to apply a one-dimensional 
analysis to recover the time and length scales. 

What has emerged from the analysis is that the global SST 
record contains a wealth of information about the westward 

(and in special cases the eastward) propagation of those 
planetary wave modes that have the strongest thermal 
signatures. These have an importance in their own right as 
well as provide a remotely sensed surface signature of a 
subsurface dynamical process that is otherwise difficult to 
observe. We believe our observations are potentially of wide 
interest to those studying air-sea interaction processes on the 
basin scale. There is a need to consider what impact these 
waves can have on the evolution of regional climate patterns. 
If they do play a significant role, then assimilating the 
measured speeds directly into climate models and forecasts 
should be possible in the future. Finally, we plan to examine 
the thermal signatures of the Rossby waves over as long a 
period as the records allow (more than 15 years in the case of 
the AVHRR data) to establish whether their propagation 
characteristics are correlated at all with established variability 
signals such as ENSO and the strength of monsoons. 
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