GEOPHYSICALRESEARCHLETTERS, VOL. 27, NO. 9, PAGES 1239-1242,MAY 1, 2000

Satellite

Microwave

Transequatorial

SST

Observations

of

Tropical Instability

Waves

DudleyB. Chelton FrankJ. Wentz2, ChelleL. Genremann
2,
Roland A. de Szoeke and Michael G. Schlax
Abstract.

The

Satellite measurementsof sea-surfacetemper-

Evolution

of TIWs

ature (SST) by the TRMM MicrowaveImager reveal previously unreported features of tropical instability waves

Since December 1997, the TRMM (Tropical Rainfall
(TIWs). In the Pacific,TIW-related variability is observed MeasuringMission)MicrowaveImager (TMI) has beenob-

from the eastern boundary to at least 160øE. Cusp-shaped serving the Earth over the 10.7-85.0 GHz range of the midistortions of SST fronts and associated trains of anticy- crowave
spectrum[Kummerowet at., 1998].The atmosphere
clonic vortices both north and south of the equator prop- is nearly transparent at the lower frequencies,thereby alagate westwardat •0.5 m s-x with approximately50% lowing measurements of SST under all weather conditions
larger meridional displacements in the north. In the Atexcluding rain. Rain-contaminated observationsare easily
lantic, TIWs and associatedanticyclonic vortices are clearly identified[Wentz and Spencer,1998]. A physicallybased
observedonly on the north side of the equator where they algorithm is used to estimate SST at a spatial resolution of
propagate from the eastern boundary to the western bound- 46 km with an rms accuracyof 0.5øC [Wentz, 1998].

ary at ,.•0.3m s-X.
Introduction

Early satellite observations of sea-surface temperature

For present purposes, the SST measurements have been
composite averaged over 3-day periods. TMI coverage exceeds 90% throughout most of the tropics while infrared
coverageby the Advanced Very High Resolution Radiome-

(SST) in the Pacific[Legeckis,
1977;Legeckis
et at., 1983]and ter (AVHRR) is lessthan 60% overvastregions(Plate 1).
The TMI data clearly show the synoptic temporal evoAtlantic [Legeckis
andReverdin,1987]exposedthe existence
of westward-propagatingwaves a few degreesnorth of the
equator with wavelengthsof 1000-2000 km, periods of 20-40

lution of TIWs.

Consistent with previous satellite and in

situobservations
[Legeckis
et at., 1983;Baturin et at., 1997],

daysand phasespeeds
of 0.3-0.6m s-• [Qiaoand Weis- TIWs were absent during the 1997-98 E1 Nifio. Cold water

berg,1995]. Models and observationsconcludethat these first appeared along the equator east of 140øW on 13 May

1998, signaling the demise of E1 Nifio conditions. Within a
week,
an equatorial cold tongue extended west to the daterents [e.g.,Phitander,
1978; Cox, 1980; Luther and Johnson,
1990]. The wavesare thus referredto as tropicalinstability line and cusp-shapedwave patterns appeared almost immediately along its northern flank.
waves(TIWs).

waves are generated by instabilities of the equatorial cur-

A diagnostic feature of instability analysesof equatorial
currents is that the fastest-growingwaves should be transequatorially coherent with larger amplitude north of the
equator and approximately symmetric phase of meridional

From animationsof the TMI SST fields,(an animationof

Pacific and Atlantic

TIWs

can be viewed from the TRMM

Data pageof http://www.remss.com/),the northerncusps

appear to form as relatively small perturbations near the
velocity perturbations[e.g.,Yu et at. 1995]. This implies Galapagosat 92øW. They grow rapidly as they propagate
approximately antisymmetric pressure perturbations. To west, displacing isotherms meridionally by several degrees
the extent that velocity streamlinescoincidewith isotherms, of latitude west of about 110øW (Plate 2). Swirls of cold
SST perturbations should also have equatorially antisym- water rotate clockwise off the tips of many of the northern
cusps, evidently indicative of anticyclonic vortices between
metric phase structure.
the
cuspsas first observedby Hansenand Paut [1984]from
The predicted southern signaturesof TIWs have not previously been reported from SST. This is perhaps due to drifter trajectories. One such vortex surveyed during 1990
limited data coverage because the tropics are cloud cov- extended to a depth of 150 m with a diameter of about 500

ered about 60% of the time [Hahn et at., 1995], thus obscuring SST from the infrared sensorsthat have been available for satellite measurementsof SST. Here we investigate
the evolution

of TIWs

from satellite

microwave observations

which are capable of measuring SST in nearly all weather
conditions.

km [Flamentet al., 1996].

Similar cusp patterns form and propagate west along the
southern flank of the Pacific cold tongue. The southern

cuspsbecomelargerasthe TIW seasonprogresses
(Plate 2).
They were usually tipped backward like their northern counterparts, suggestiveof anticyclonic vortices along the southern SST front as well.
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By mid October 1998, TIWs were highly developed on
both sides of the equator. Wavetrains of cusps and associated vortices propagated west at least as far as 160øE with
visually indistinguishable phase speedson opposite sides of
the equator. The Pacific SST fronts and TIWs remained
well defined until February 1999.
Cross-equatorialalignmentsare difficult to quantify since
the cuspsbecome progressivelydistorted with increasingdis-

1239

1240

CHELTON ET AL.- TRANSEQUATORIAL TROPICAL INSTABILITY WAVES

Microwave Coverage

20N •
15N
1ON
5N

Meridionol Gradient of Average SST

20N

1

15N

•"•

,.

1aN

•

t

• , • ,,

0

1 OS

10S•

'

15S

15S
2O$

20E

BOE

100E

180E

•

100W

140W

60W

20W

20E

20•OE

60E

Infrared Covero•e

20N

,•

100E 1•OE
- 1,0

•'

t80E

-0.5

140W 100W

0.0

0.5

60W

20W

20E

t,0

dT/dy (•C/1 O0 kin)

•ON

5N

...............
•.....

0

Standard Deviation of High-Pass Filtered SST

20N

•

1

15N

.

1ON
5N

1 OS

,

0

• 5S
20S
20E

60E

100E

140E

•80E

•4•

100W

60W

20W

20E

5S
1 OS
15S

30

40"' 50

60 • -70

80

90

I00

20S
20E

Percent Coverage

20E

0.2•--

Plate

•.50

0.75

1.00

SST (øC)

1. Percent coverageof SST measurementsfrom the mi-

crowaveTMI (upper) and the infraredAVHRR (lower)in 3-day
composite-average maps during calendar year 1998.

Plate 3. The meridional gradient of averageSST (upper) and
the standard deviation of 50-day high-passfiltered SST (lower)
during the TIW season June 1998-February 1999.

tance from the equator, as previously noted for the northern

cuspsby Weidmanet al. [1999].However,the sinuouscharacter of the cold tongue(bottom panel of Plate 2) is suggestive of antisymmetric phase structure of TIW-induced
perturbations of SST.
A similar progressionof SST occurred somewhat earlier in the Atlantic. Westward-propagating cuspsdeveloped

along IøN almost immediately after the appearanceof equatorial cold water on 26 April 1998. As in the Pacific, the
cusps appear to be associated with anticyclonic vortices.
Unlike the Pacific, however, there was no clear evidence of
TIWs south of the equator where SST gradients never intensified. The northern SST signatures of Atlantic TIWs
became

more difficult

to detect

after the SST front weak-

SST variability associatedwith TIWs can be isolated by
50-day high-passfiltering. Areas of large-amplitude variabil__

ity coincidedwith areasof large polewardcOT/cOy
(Plate 3).
The northern band of high SST variability in the Pacific
crossedthe equator following the northern SST front all the
way to the eastern boundary.
West of 110øW, the amplitudes of Pacific SST variations

fora given
IcO•/cOyl
were
larger
inthenorthern
hemisphere
(Plate 4). In the Atlantic, SST perturbationsnorth of the
equator were smaller than in the Pacific and SST variability
was below the noise level south of the equator.
The slopes of straight-line fits to the scatter plots in
Plate

ened in August 1998.

Cross-Equatorial

Amplitude

Structure
__

Meridionalgradientsof averageSST (cOT/cOy)
are crucial
to the detection of TIWs.

In the Pacific, strong positive

__

4 are a measure

of the TIW-induced

meridional

dis-

placement of isotherms. Results obtained for the North Pacific, South Pacific and North Atlantic are 80, 55 and 50
km, respectively. For sinusoidally meandering isotherms,
these correspond to peak-to-peak meridional displacements
of 226, 156 and 141 km. Because of the cusped nature and
nonstationarity of the amplitudes of TIWs, displacements

and negative cOT/cOy
were associatedwith the SST fronts can be twice as large (see Plate 2). The ratio of about 1.5
that bracket the equatorialcold tongue (Plate 3). East of between northern and southern displacements in the Pacific
100øW, the southern front disappeared and the northern
front shifted southward,crossingthe equator at 90øW. In

is consistent with the larger northern amplitudes of TIWs
predicted from instability theories.

the Atlantic, there was only a northern front. In the Indian Ocean, SST gradientswere too weak to detect whether
TIWs

existed.
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Plate 2. Selected 3-day composite-averagemaps of SST measuredfrom the TMI for the periods11-13 July 1998 (upper) and
14-16 November1998 (lower). Black areasrepresentland or rain
contamination.
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Plate 4. Scatter plot comparison between 50-day high-pass
filtered SST and OT/Oy for the region 110øW-160øW, 5øS-5øN
in the Pacific (red dots) and the region 0-60øW, 5øS-5øN in the
Atlantic (blue dots).
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The availability of TMI data in nearly all weather conditions allows an uninterrupted record of the propagation of
SST signatures of TIWs. From a time-longitude section in

the Pacific (Plate 5), westwardpropagationalong 2øN became apparent west of 100øW beginning in late May 1998,
coincidentwith the onsetof a strong OT/Oy. In late Febru-

May
Apr

ary 1999, westward propagation appears to have terminated

Mar

west of 110øW and begun again near the easternboundary.

A phasespeedof 0.53m s- • wasestimatedfromthe 50-day

Feb

high-passfiltered SST (seewhite lines in Plate 5).

Jan
•

.

Westward propagating SST signals are also evident along

:Dec

2øS(Plate 5) wheresmall-amplitudeTIWs appearedin May
1998 at the same time that TIWs appeared along 2øN. For

Nov

Oct

reasons to be determined, the amplitudes of the southern
SST perturbations increased considerably in late August

Sep
Aug
Jul

1998 and persistedwest of 110øW for about a month longer

Jun

than the northern TIWs.

--

The phase speed estimate from

May

the 50-dayhigh-pass
filteredSST along2øSwas0.50 m s-•,

Apr

very similar to the phase speed estimate along 2øN.

Althoughthe •-0.5 m s-• signalsare dominant,much
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faster westward propagating signalswith longer wavelengths
and smaller amplitudes are clearly seen superposed in both
panels of Plate 5. An especially clear example occurred in
late April 1999, between the two periods of energetic TIWs
shown in Plate 5. The nature of these wave-like signalsthat
have wavenumber and frequency characteristics distinctly
different from those of TIWs is under investigation.

The associationof SST variability with OT/Oy is exPlate 5. Time-longitude plots of 50-day high-passfiltered SST
along 2øS (left) and 2øN (right). White lines representRadon
transformestimatesof phasespeed [Deans, 1993; Chelton and
Schlax, 1996] over the time period June 1998-February 1999.
Time seriesin the middle panel are 20-day low-pass filtered meridional SST gradients averaged over the longitude range 1600W -

110øW between 3øN and the equator (red curve) and between
the equatorand 3øS (blue curve).

pected; wave-induced lateral movements of isotherms result

in large SST variations at a fixed latitude when OT/Oy is
large. Furthermore,the strengthof OT/Oy, as it reflectsthe
mean zonal current structure, is itself an index of the times
and locations of the potential for lateral shear instabilities
that would generate TIWs. The possibility that TIWs may

exist when and where OT/Oy is weak could be investigated

from measurements of dynamical variables such as meridional velocity or sea level.
As a case in point and consistent with previous studSST variability whencqT/Oy= 0 representsmeasurement
ies,
there was no evidence of propagation east of 100øW
noise plus signals unrelated to TIWs. The zero intercepts
of about 0.5øC in Plate 4 are thus an upper-bound estimate along 2øN during the 1998-99 TIW season. As noted above,
of the imprecision of 3-day composite average SST. This is the northern front and associated band of SST variability

consistentwith the 0.5.øC accuracy estimate for individual

TMI measurements
of SST [Wentz, 1998].
Discussion
The microwave measurements of SST presented here reveal previously unreported features of TIWs: SST signatures of Pacific TIWs are evident on bothsidesof the equator
with about 50% larger amplitude in the north; the northern
band of short-period Pacific SST variability indicates that

TIW signalsextend east of 100øW to the eastern boundary; Pacific TIWs propagate farther west than the dateline,
perhaps all the way to the western boundary, although this

cannotbe determinedfrom SST since•T/•y

becomesvery

weak west of 160øE.

l¾Iilleret al. [1985]and Flament et al. [1996]have suggestedthat the cusp-shapeddistortions of the northern SST
front are caused by anticyclonic vortices between the cusps.
The prevalence of cuspsin the TMI data suggeststhat these
vortices are very common on both sidesof the equator in the
Pacific and north of the equator in the Atlantic, apparently
forming in very regular trains.

were south of 2øN in this region (Plate 3). The isolated
band of SST variations along 2øS (Plate 5) over the longitude range where the northern front extends from 90øW
to the eastern boundary indicates that TIW-induced SST
variability existed along the entire northern front. After
February 1999, TIW-induced SST variability was evident

near the easternboundaryalong2øN (Plate 5) whereTIWs
became

detectable

because the northern

front had shifted

to

the north.

Time-longitudesectionsin the Atlantic (not shown)are
similar to the Pacific sections. SST perturbations were apparent on both sides of the equator, but with barely detectable magnitudes and intermittent presence south of the
equator. The estimated phase speed along IøN was 0.31
m s-• much slower than in the Pacific.
The South Pacific signatures of TIWs identified from
TMI data are key features that provide insight into the dynamics of the waves. The suggestion of equatorially antisymmetric phasestructure of SST is consistentwith theoretical predictions but is inconsistent with the symmetric cross-

equatorialphasestructuresuggestedfrom TOPEX/POSEIDON altimetric measurements
of seasurfaceheight [Chelton
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et al., 1999, The latitudinal structure of monthly variability in the tropical Pacific, manuscript submitted to J. Phys.

Oceanogr.].An effort to reconcilethis apparentcontradiction is the subject of ongoing research.
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