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Global Observations of Oceanic 
Ross by Waves 

Dudley B. Chelton* and Michael G. Schlax 

Rossby waves play a critical role in the transient adjustment of ocean circulation to 
changes in large-scale atmospheric forcing. The TOPEX/POSEIDON satellite altimeter has 
detected Rossby waves throughout much of the world ocean from sea level signals with 
<10-centimeter amplitude and -500-kilometer wavelength. Outside of the tropics, 
Rossby waves are abruptly amplified by major topographic features. Analysis of 3 years 
of data reveals discrepancies between observed and theoretical Rossby wave phase 
speeds that indicate that the standard theory for free, linear Rossby waves is an incom- 
plete description of the observed waves. 

One of the major breakthroughs in the 
development of a theoretical understanding 
of the large-scale circulations of the ocean 
and atmosphere was Carl Gustave Rossby's 
discovery in the 1930s (1) of a special class 
of waves that owe their existence to the 
spherical shape of the Earth. These plane- 
tary Rossby waves (2) are easily observed in 
the atmosphere-as the large meanders of the 
mid-latitude jet stream that are responsible 
for the prevailing seasonal weather patterns 
and their day-to-day variations. Rossby 
waves have been much more difficult to 
detect in the ocean because of their small 
sea-surface signature (height variations of 
order 10 cm or smaller), slow propagation 
speeds (of order 10 cm s-I or less), and long 
wavelengths (hundreds to thousands of ki- 
lometers). We present here a summary of 
global observations of oceanic Rossby waves 
from the joint United States-French 
TOPEX/POSEIDON satellite altimeter 
mission and a comparison of the observa- 
tions with predictions based on the stan- 
dard theory for freely propagating, linear 
Rossby waves. 

Rossby waves are central to all modern 
theories of large-scale ocean circulation. 
They are responsible for establishing the 
most fundamental feature of the large-scale 
circulation: the westward intensification of 
circulation gyres (3). In the North Atlantic, 
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this is manifest as the intense Gulf Stream 
western boundary current. There are coun- 
terparts in the other major ocean basins. 
Rossby waves are also the dynamical mech- 
anism for the transient adjustment of the 
ocean to changes in large-scale atmospheric 
forcing. In concert with coastal-trapped 
waves along the eastern boundary of an 
ocean basin, Rossby waves are a mechanism 
for transmitting information from the trop- 
ical ocean to the middle and high-latitude 
interior ocean (4). It has recently been 
suggested (5) that Rossby waves generated 
by El Nifno events (6) may account for 
ocean circulation anomalies a decade later 
in the mid-latitude North Pacific. Such 
ocean changes might significantly influence 
weather patterns over North America. 

Theoretical background. Rossby waves 
are the large-scale dynamical response of 
the ocean to wind forcing and buoyancy 
forcing (heating and cooling) at the eastern 
boundaries and over the ocean interior. 
They can also be generated by perturbations 
along the eastern boundaries associated 
with coastaL-trapped waves originating at 
lower latitudes. Although it is possible for 
Rossby wave characteristics (amplitude and 
propagation speed) to be altered by wind or 
buoyancy forcing that is coherent with the 
wave at precise wave numbers and frequen- 
cies (7), there is no evidence at present to 
indicate that such resonance exists over the 
broad ranges of wave numbers and frequen- 
cies and the global geographical domain 
over which sea level signals with Rossby 
wave-like characteristics are observed in 
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the TOPEX/POSEIDON data analyzed 
here. The premise of this analysis is that 
Rossby waves generated by forcing at the 
eastern boundary or over the ocean interior 
subsequently propagate away from the 
source as free waves. 

The standard theory for freely propagat- 
ing, linear Rossby waves can be derived 
from a linearization of the unforced equa- 
tions for large-scale, low-frequency motion 
about a state of rest. This yields a wave 
equation for the vertical normal modes (8). 
The restoring force is the so-called "P ef- 
fect" of latitudinal variation of the local 
vertical component of the Earth's angular 
rotation vector. The curvature of the 
Earth's surface is thus essential to the exis- 
tence of Rossby waves. 

With appropriate surface and bottom 
boundary conditions, one can determine 
the normal modes numerically by solving 
an eigenvalue problem that depends only 
on the local stratification (8-10). There 
exist an infinite number of Rossby wave 
normal modes, ordered by decreasing phase 
speed. The phase speeds are westward for all 
of the modes, and low-frequency, long- 
wavelength solutions are zonally nondisper- 
sive (that is, the westward component of 
phase speed is independent of wavelength). 

The lowest order (barotropic) mode is 
uniform vertically, independent of stratifi- 
cation, and propagates across an entire 
ocean basin in a period of about a week. 
This is too fast to be resolved in measure- 
ments from an orbiting satellite. The next 
higher order (first baroclinic) mode is sur- 
face intensified, depends strongly on the 
stratification, has a velocity profile that 
changes sign at the depth of the thermo- 
cline (1 1), and propagates much more slow- 
ly, requiring months to decades to cross an 
ocean basin (Fig. 1). The basin crossing 
time increases with increasing latitude be- 
cause of the latitudinal variation of phase 
speed owing to the 3 effect. As a result, the 
crests and troughs of Rossby waves initiated 
simultaneously along the entire eastern 
boundary of an ocean basin arrive at the 
western boundary much sooner at low lati- 
tudes than at high latitudes, an effect often 
referred to as I refraction. 

An important feature of the first ba- 
roclinic mode is that variations of the sea 
surface height are mirrored as thermocline 
depth variations of the opposite sign with 
about three orders of magnitude greater am- 
plitude (8). A sea level variation of 5 cm 
thus corresponds to a thermocline displace- 
ment of about 50 m. Such large variations 
of upper ocean thermal structure have im- 
portant implications about the role of the 
ocean in short-term climate variations. 

In most regions of the ocean, it is gen- 
erally believed that the slower, higher order 
baroclinic Rossby wave modes play a lesser 

role in large-scale ocean circulation dynam- 
ics. The focus here is therefore on first- 
mode baroclinic Rossby waves. 

Observations of westward propagation. 
Evidence of first-mode baroclinic Rossby 
waves has been presented from ship-based 
measurements of the upper ocean thermal 
structure (7, 12). Because most of the ocean 
is severely undersampled, unambiguous in- 
terpretation of Rossby wave signals in the 
thermal measurements is difficult at all but 
a small number of locations. 

The advent of satellite altimetry in the 
late 1970s established a foundation for glob- 
al observations of baroclinic Rossby waves 
(13). The measurement accuracy and mis- 
sion duration of the early GEOS-3 and SEA- 
SAT altimeters (14) were inadequate for 
detecting Rossby waves. The GEOSAT al- 
timeter (15) measured sea level from 1985 
through 1989 with sufficient accuracy (16, 
17), but the orbit configuration was ill suited 
to Rossby wave studies because tidal errors 
aliased into wave numbers and frequencies 
that are difficult to distinguish from annual- 
period baroclinic Rossbi waves (18, 19). 

The TOPEX/POSEIDON altimeter, 
launched in August 1992 into a 10-day, 
exactly repeating orbit cycle, is the first 
flown in an orbit specifically designed to 
avoid tidal aliasing (19, 20). An essentially 
continuous record of sea level measure- 
ments with an accuracy of -4 cm has been 
obtained since the instruments became fully 
operational in October 1992 (21). Large- 
scale sea level signals with amplitudes as 
small as --1 cm can be detected after ap- 
propriate filtering of the data to reduce the 
quasi-random component of measurement 
errors. The >3-year data record thus pro- 
vides the ability to detect Rossby waves 
unambiguously over the entire world ocean. 

For the analysis presented here, the 
TOPEX/POSEIDON data were filtered 
(22) specifically to highlight the long 
Rossby waves predicted by the theoretical 
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Fig. 1. Latitudinal variation of the time required for 
baroclinic Rossby waves to cross an ocean basin 
with the geometry of the North Pacific. These tran- 
sit times are based on the phase speeds predicted 
by the standard theory for freely propagating, non- 
dispersive, linear, first-mode baroclinic Rossby 
waves (10). 

considerations outlined above. The expect- 
ed westward propagation of alternating pos- 
itive and negative sea level signals is a very 
common feature in the resulting filtered sea 
level fields (Figs. 2 and 3). The periods of 
these signals generally fall between 0.5 and 
2 cycles per year, and the wavelengths typ- 
ically range from 10,000 km or longer in the 
tropics to about 500 km at 50? latitude. 
These propagating signals account for more 
than 30% of the total sea level variance at 
latitudes lower than 15? but only about 
10% of the variance at latitudes higher than 
300. The mechanisms that generate this 
widespread propagation have not yet been 
determined. In many cases, the waves orig- 
inate at the eastern boundaries of ocean 
basins, either from local wind or buoyancy 
forcing or in association with coastal- 
trapped waves originating at lower latitudes. 
In some cases, the waves appear to originate 
in the ocean interior. 

The propagating signals in the extra- 
tropical examples (Fig. 2) are larger in am- 
plitude west of major topographic features 
(the Emperor Seamounts at 1700E, 39?N; 
the southeast flank of Hess Rise at 175?W, 
32?N; and the Hawaiian Ridge at 155?W, 
210N). This relation between bottom to- 
pography and wave amplitude has previous- 
ly been reported in the North Atlantic (17, 
19). It is observed in this analysis in many 
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Fig. 2. Time-longitude sections of filtered sea level 
(22) in the Pacific Ocean along 390, 320, and 
21?0N. These examples are representative of 
extratropical latitudes throughout the world 
ocean. 

SCIENCE * VOL. 272 * 12 APRIL 1996 235 

This content downloaded from 128.128.95.132 on Mon, 22 Apr 2013 09:50:49 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


Fig. 3. Time-longitude Oct 
sections of filtered sea level 
(22) in the Pacific Ocean 1000 
along 4?N and the equator. 
A section along 40S is al- Apr 
most identical to the 4?N 800 Jan 
section. The time axis is 
stretched compared with Oct 
Fig. 2 to aid in the identifi- 
cation of the rapid east- , 600 Jul C 
ward- and westward-prop- c Apr 
agating tropical sea level 
signals. The symbols cor- 400 Jan 
respond to the times and 
locations of the matching 
symbols in Fig. 4. Jul 
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of the time-longitude sections of TOPEX/ 
POSEIDON data throughout the world 
ocean. In the 21?N and 39?N examples, the 
westward-propagating signals appear to 
originate at the eastem boundary and 
abruptly amplify over the mid-ocean topog- 
raphy. In the 32?N example, there is no 
detectable westward propagation east of 
Hess Rise, suggesting that the topography 
may be a source of the waves. 

Previous theoretical studies have suggested 
at least three possible ways that topography 
could affect baroclinic Rossby waves s23). 
Additional analysis is required to identify the 
mechanism responsible for the strong topo- 
graphic interaction observed by TOPEX/PO- 
SEIDON. Also in need of further study is the 
surprisingly weak westward penetration of the 

observed energetic sea level variability near 
the eastem boundary (Fig. 2), presumably as- 
sociated with seasonal wind forcing. 

Another common feature in the data is 
an increase of the phase speed of the ob- 
served waves in the westem basins. This 
phenomenon is evident in the 21?N exam- 
ple, where the phase speed in the far west- 
em basin exceeds that in the far eastem 
basin by more than 50%. This longitudinal 
variation of phase speed is a consequence of 
the deepening of the thermocline in the 
west (10). 

Waves within about 20 of the equator 
are distinctly different from extratropical 
waves. Most of the observed sea level vari- 
ability along the equator consists of east- 
ward-propagating signals with phase speeds 

of about 270 cm s-1 (Fig. 3). These signals 
can be interpreted as equatorially trapped 
Kelvin waves, often originating in the cen- 
tral Pacific where they are generated by 
short-period equatorial wind events at 
about 170?E (24-26). It has recently been 
suggested (24) that these intraseasonal 
Kelvin waves may play an important role in 
the onset of interannual El Nifio events. 

Superimposed on the rapidly propagat- 
ing, short-period Kelvin waves are two 
long-period, relatively slow, eastward-prop- 
agating, positive sea level signals. The first 
originated at the western boundary in Oc- 
tober 1992 and reached the eastem bound- 
ary in June 1993, and the second originated 
in June 1994 and reached the eastern 
boundary in January 1995. These signals are 
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Fig. 4. Global maps of filtered sea level (22) on (A) 13 April 1993 (cycle 21) and 
3.5 months later on (B) 31 July 1993 (cycle 32). White lines identify a west- 
ward-propagating, ,B-refracted Rossby wave trough. The time evolutions of 
the equatorial Kelvin wave trough (X), the Rossby wave crests (open triangle 

and open circle), and the Rossby wave trough (solid circle) can be traced from 
the times and locations of the matching symbols in Fig. 3. These two maps are 
frames from an animation of TOPEX/POSEIDON data that is available on the 
World Wide Web at http://topex-www.jpl.nasa.gov/contrib/chelton/rossby/. 

236 SCIENCE * VOL. 272 * 12 APRIL 1996 

This content downloaded from 128.128.95.132 on Mon, 22 Apr 2013 09:50:49 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


RESEARCH ARTICLE 

coincident with the second and third pulses 
of the recent, long-lasting El Nifio event 
(27). Because their propagation speed is 
only about one-third that of Kelvin waves, 
these slow eastward-propagating signals are 
likely coupled atmosphere-ocean phenome- 
na (6) rather than freely propagating waves. 

In addition to the fast and slow east- 
ward-propagating ecluatorial signals, there 
are smaller amplitude, long-period west- 
ward-propagating sea level signals that can 
be interpreted as tropical Rossby waves with 
westward phase speeds of about 100 cm s51 

(12, 24-26). The latitudinal structure of 
sea level associated with the dominant trop- 
ical Rossby waves has a local minimum at 
the equator with symmetric maxima at 
about 4?N and 4?S (25, 26). The observed 
westward propagation is therefore much 
more apparent along 4?N than along the 
equator (Fig. 3). A noteworthy feature of 
these tropical Rossby waves is a monotoni- 
cally increasing westward phase speed be- 
tween the South American coast and about 
140?W and relatively constant phase speed 
farther west. As with the geographical vari- 
ation of the phase speeds of waves noted 
along 21?N, this shift is a consequence of 
the deepening of the thermocline in the 
western tropical Pacific (10). 

Spatial structure of the observed 
Rossby waves. Two frames from an anima- 
tion of the filtered TOPEX/POSEIDON 
data are shown in Fig. 4. In the 13 April 
1993 frame, a negative sea level signal has 
propagated along the equator from South 
America to the far western Pacific. An 
elongated negative sea level pattern trailing 
behind the equatorial signal at higher lati- 
tudes can be traced to about 400 latitude in 
both hemispheres. This feature is character- 
istic of a 3-refracted Rossby wave trough. 
The remnants of an earlier refracted Rossby 
wave crest are evident westward and pole- 
ward of the trough, and a new crest is seen 
to be forming in the far eastern tropical 
Pacific. Similar refracted Rossby wave crests 
and troughs can be seen in both the Atlan- 
tic and Indian oceans. 

In the 31 July 1993 frame, the Rossby 
wave trough has impinged on the western 
boundary of the Pacific, and an equatorial 
Kelvin wave trough centered at about 
140?W has propagated rapidly eastward 
more than halfway across the Pacific, split- 
ting the newly formed Rossbh wave crest 
that has propagated westward from South 
America. An important and controversial 
question presently under investigation (26) 
is whether equatorially trapped Kelvin waves 
such as this can be generated by the reftec- 
tion of Rossby waves from the western 
boundary (a purely oceanic process) or 
whether- the Kelvin waves are forced by trade 
wind variations in response to the changes of 
sea surface temperature associated with the 

Rossby waves (an air-sea interaction pro- 
cess). The dense coverage and continuing 
data record provided by TOPEX/POSEI- 
DON are likely to provide important insight 
into this dynamical process. 

Outside of the tropics, the positive and 
negative sea level signals lose their latitudi- 
nally coherent refractive structure soon af- 
ter generation. The resulting discontinuLous 
sea level features fluctuate in amplitude but 
continue propagating westward across the 
basin. The amplitude fluctuations are evi- 
dent in the time-longitude sections in Fig. 2 
as ripples along the propagating positive 
and negative sea level signals. The breakuLp 
of the coherent struLctures may be indicative 
of the effects of distortions of freely propa- 
gating waves by local wind forcing or bot- 
tom topography. 

Comparison between observations and 
theory. Time-longitude sections like those in 
Figs. 2 and 3 were constructed throuLghouLt the 
world ocean. The phase speeds of westward- 
propagating signals estimated from these sec- 
tions (28) are shown in Fig. 5. Although the 
strong latitudinal variation of these observed 

50 
A 

440 40 

E 

_ -50 -3-1o 1 0 5 

c, 

0) 

nCL 23 0 n 

Cj S 

0)~~~~~~~~~ 

1~0 *0 0 

AD ieo~~~~~ 
0~~~~~ 

-50 -30 -10 10 30 50 

B 

4n 0 
0 

0.4- 

(A) 0 

cn 2 0 0 % 
phase 0 * o 

o ei d es 0 

DO lietrosrvtos --- -- soli cirle --- -- 

corspn to Alnicn Inda OcaI si 

-50 -30 -10 10 30 50 
Latitude 

Fig. 5. (A) Globally distributed estimates of the 
phase speeds of westward-propagating sea level 
signals estimated from 3 years of TOPEX/POSEI- 
DON altimeter observations. The solid circles cor- 
respond to Pacific estimates, and thie open circles 
corresponid to Atlantic and Indian Ocean esti- 
mates. The global average latitudinal variation of 
the phase speed predicted by the standard theory 
for extratropical freely propagating, nondisper- 
sive, linear, first-mode baroclinic Rossby waves 
(10) is superimposed as the, continuouts line. (B) 

phase speeds is consistent with the expected D 

refraction of Rossby waves, the observed 
phase speeds oLtside of the tropical band from 
10?N to 10?S are systematically greater than 
those predicted by the standard theory for 
freely propagating linear, first-mode ba- 
roclinic Rossby waves (29). 

The discrepancies between observed and 
predicted phase speeds are too large to be 
artifacts. The possibility that they may have 
been spuriously introduced by sampling er- 
rors or data processing has also been ruled 
out on the basis of simulations of each of 
the processing steps applied to the TOPEX/ 
POSEIDON data. We thus conclude that 
the standard theory for freely propagating, 
linear, baroclinic Rossby waves is deficient 
in predicting the observed phase speeds. 

The inadequacy of the standard theory 
for prediction of Rossby wave phase speeds 
has been noted previously from upper ocean 
thermal data (7, 12, 30). Because of the 
paucity of in situ thermal measurements 
available for Rossby wave detection, these 
studies have been restricted to the region 
between 8? and 22?N in the Pacific. In 
addition to corroborating these widely unap- 
preciated results, this analysis of TOPEX/ 
POSEIDON data underscores the global sig- 
nificance of the deficiency of the standard 
theory for free, linear Rossby waves. At least 
two mechanisms have been suggested to ex- 
plain the high observed phase speeds (7, 31), 
but the issue is not yet resolved. 

The implication of these results is that 
the ocean reacts more rapidly than is gen- 
erally believed; the transient baroclinic ad- 
justment time of the ocean at 350 latitude, 
for example, is only about half as long as 
that predicted by the standard theory. The 
transoceanic transit times shown in Fig. 1 
for the North Pacific must be modified to 
account for the observed propagation 
speeds of extratropical baroclinic Rossby 
waves. The TOPEX/POSEIDON observa- 
tions of high phase speeds, as well as the 
apparent effects of bottom topography on 
extratropical Rossby waves (Fig. 2), provide 
important consistency checks for evaluating 
the performance of ocean general circula- 
tion models (32) for studies of the role of 
the ocean in interannual and decadal cli- 
mate variability. 
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