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Abstract The A ntarctic circanpolarwave (ACW ) has becane a focus of the airsea
coup led Southem O cean study since 1996 when itwas discovered as an airsea cou-
pled nterannual signal propagating eastvard n the region of the Antarctic C ircum po-
lar Current (ACC). In order to analyze them echanisn of discontinuity along the latr
udnal propagation a new idea that ACW is a systan with a travelng wave n the
Southem Pacific and A tlantic O cean and w ith a concurrent stand ing wave in the south-
em Indian O cean is proposed in this paper Based on the idealwave principle the
average w ave paraneters of ACW is achieved using a non-lnear approxm ation m eth-
od by whichwe find that the standing part and the traveling part possess sm ilar radr
us frequency proving their belonging to an integral systan. W e also give the latitud
nal distribution of wave speed w ith which we could tell the reason for steady propaga-
tion during the sane period The spatial distrbution of the propagation reveals can-
plex process with variant spatial and tenporal scales—The ENSO scale oscillation
greatly mpacts on the traveling process while the result at the south of A ustralia ndr
cates little connection between the Indian Ocean and the Pacific which may be
blocked by the vibration at the west of the Pacific The advective effect of ACC on the
propagation process should be exan med clearly through dynan icalm ethod

Key words The Antarctic circumpolarwave Sea level pressurge W ave propagation
system, Travelngwave Standingwave Oscillation

1 Introduction

The Southem O cean is descrbed as the oceanic danamn south of the Subtropical Con-
vergence Zone( SCZ) with an area of 23% of the global ocean( Fig 1). The Antarctic C i
cumpolar Current( ACC) is the unifying link for exchanges ofw aterm asses at all depths be-
ween theworld” smajor basing and these exchanges play an mportant part n transn itting
climate anan alies and heat fluxes around the globe The nterannual variability reflected
both in oceanic and amospheric paraneters reveals the mpact and feedbacks beween
global clmate ananalies and the Southem O cean m eteorological system (W arren et al
1996 1999 2000). During recent years themost mportant nterannual variability n the
Southem O cean is the Antarctic CircumpolarW ave (ACW ).
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Fig 1 The Elevation Planform of the Antarctic and the Southem O cean fran the Polar Angle (Unit m).

The concept of the ACW was firstly proposed by W arren B. W hite (W arren et al
1996), who analyzed the sea level pressure ( SLP, 1985-1994), meridional wind stress
(MWS 1985-1994), sea surface tanperature ( SST') derived fran spatial satellite altin e-
try ( 1982-1994) aswell as the northward sea ice extent ( SIE) fran air-bome remote sen-
sor (1979-1991). The result showed awave of clear eastw ard propagation w ith aw ave perr
od of about 4-5 years and spent 8-10 years to encircle the globe A lost the sane tme
Jacobs found clear propagation of the nterannual sea surface height anamaly ( SSHA)
through the analysis of Geosat-ERM and TOPEX /Poseidon altmetry data ( Jacobs and
M itchell 1996). These resulted characteristics ndicate the existence of an air-sea coup led
wave n the Southem Ocean which was defmned as the Antarctic Circumpolar W ave
(ACW ) (W arren et al 1996).

A fter its discovery n 1996 ACW has becane a focus of the Southem O cean research
for both oceanographers and m eteorologists They analyzed the satellite altim etry data ( Park
2001), ECMW F data ( Bonekanp et al 1999), NCEP (N ational Centre for Environm ental
Prediction) data ( Connolley 2003). They also used the ai=sea coupled models to study the
mechanisn ( Christoph et al 199& Caiet al 1999). Much progress wasmade by the a-
nalysis Venegas proved that ACW is closely related to ENSO signal ('Venegas 2003
Peterson and W hite 1998), while the signal fran modeling result showed sm ilar phenam e-
non asACW (Park 200L Bonekamp et al 1999 W eisseetal 1999). Undoubtedly the
characteristic of ai-sea interaction is the process in which people are interested

In the past research the standing and traveling parts are also a focus that people con-
cemed A fter its discovery more research woik has been done to analyze mnterannual varia-
bility in the Southem O cean using longer-tem datasets The result showed that there was
clear propagation during 1985-1994 when ACW appeared to be w ith a globalw ave number
of 2 while no clear propagation existed beyond that period and w ith a globalwave number
of 3( Park 2001, Christoph et al 1998). Fran these results ACW could be described as a
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phenan enon w ith the wo altemate wave modes ( Chritoph et al 1998 V engas 2003 Cai
and Bamnes 2001).

However the explanation for the standing and traveling parts of ACW hasn’ t been
clear yet The ECMW F data w as recognized to be trusworthy merely after 1979( Chemet et
al 2005); NCEP datawasn’ t n good quality before 1980s The sparsity of data restraned
the breakthrough A lsq the fomerworksmostly concemed on ACW ’ s propagation charac-
teristics but its spatial distribution is less enphasized and that the propagation signal is
not clear m the Indian Ocean is not well reasoned The Empirical O rthogonal Function
(EOF) analysis is helpful to study the character lke oscillations but no advantage n stud-
ying the traveling waves ( Cai and Bamnes 2001). Besiles fomer researchmainly tried to
get a general iea of the wave by © looking at’ the time-latiud nal figure and didn’ t give
accurate w ave paran eters for ACW. Result fran differentmodels umed out to be quite dif
ferent conclusions fran which we could not know the sustenance factors for ACW ( Bonek-
anp et al 1999 Christoph et al 1998 Caiet al 1999). Does it rely on driving force
fran amosphere to the ocean ( Bonekanp et al 1999 W eisseetal 1999); oris it an air
sea interaction ndeed (Venegasetal 2003 W hite and Chen 200, Bamnes and Cai200Q
Zhou and Zhao 2004)?

One defmite thing is that ACW appeared to be occupied by standing wave sanewhere
and sametimes butwas occupied by traveling mode othew ise W e msist that the stand ng
wave mode was controlled by its spatial sea-land distribution in the Southem O cean which
nduced the mterannual oscillation n pressure systan. Even though they could be explamed
as ‘ StandingW ave’, they are in fact not part of ACW. The exactly ACW should be a trav-
eling wave sowemaimly focus on the spatial character of it during 1985-1994 The am of
our paper is to study its spatial character during the propagation to deeply understand the
propagation identity in different areas of the Southem O cean, to unravelwhy ACW wasn’ t
awave encircling the globe continuously . On the bases we propose and prove a new idea
that ACW was a phenanenon w ith traveling and stand ng waves concurrently

The datawe used is the EC(MW F SLP data fran January 1st 1958 to Decanber 1st
2001 w ith the resolition of 1 875° X 1. 875° The datawemainly used is the data during
1985-1992

1.1 The generalwavemode of ACW

To represent the feature of ACW, we now use the 3-7 years Buttew orth band-pass fil-
ter to exanpt the high-frequency and long tem variability in order that the result could
clearly reflect the interannual variability The Butteworth filter is a widely used filter
whose advantages are w ith relatively flat band-pass and band-block frequency responding
function For a higher orderN, the character of the frequency are approaching square W e
tried many tmes and finally used the 5 order filter

W e also analyze the 56°S latitudinal circle( Fig 2) i order to make canparison w ith
W hite” s result The result shows that the signal blocking the high-frequency disturbance
matches well with W hite” s conclusion but is snoother n details well representing the
character of low -frequency variation To express conveniently we use 0-360°E to represent
both eastem and westem longitude The SLP anan alies varies up to 5-7pa and the regular
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sloped lne m this figure shows clear traveling w ave propagation of ACW during that period
Relying on this character W hite proposed the conclusion that ACW is awavew ith wave pe-
riod of 4-5 years wave speed of 6~ 8 an /s and the global wave number of 2

Fig 2 mndicates that ACW is not a traveling wave encircling the globe butmamly
propagates pran nently along 120°-300°E, which is the region of the South Pacific and
Southw est Pacific O ceay W hile m the Southem Indian O cean the traveling wave seens
clearly blocked or as least weakened show ng s ilar characteristic lke a standing wave
W e could not find close connection bew een the Southem Indian O cean and w estem Pacific
near the longitude of 120°E, or in otherwords awave ¢ discontinuity’.

Thiswave with such a low frequency can be neither a free wave nor an ain—forced
wave and can only be an airsea coupled wave The fomation and grow ing process of the
coup led wave are detem ined by the ai-sea mteraction itself and the wave param eters can
be auite irregular with no disc linarv restriction H owever the clear slope line across the
longitude m Fig 2 indicates clearwave period and wave number and is indeed quite partr
cular Fomer researchers are not detem ned why this wave was steady w ithin so many
years Alsa no convincing conclusion is drawn to explain the latitud nal discontinu ity

Based on the character of ACW i Fig 2 we now propose a new idea that ACW s
never a traveling wave encircling the globe but a coexistence systan of standing and trave-
ling wave w ith the sane wave periods W hen standing wave occurs in the southem Pacific
and southw est A tlantic traveling wave w ith the sam e wave period takes place n the south-
west Pacific and the southem Indian O cean The differences between our idea and fomer
researches lies on the follow ng wo points the fomer researches emphasizing the traveling
wave concludes that ACW is a traveling wave encircling the globe but our dea msists that
traveling wave only exists n part of the globe researches focusing on the standing wave
suggest that standing wave has a global wave number of 3 and is different fran that of the
traveling wave butwe proposed the idea that the stand ng wave during the pran nent prop-
agation possesses the sanewave period as the traveling part which is different fran that of
other period The concurrent traveling and stand ing wave canposes the basic characteristic
of ACW, mdicating special energy transportation process In our paper we retrieve the
general paran eter fran wavemode to verify the existence of this system.

1. 2 Using non-linear approxmation to calculate wave number, wave peed and period of
ACW

In fact the wave spatial distributions are only meaningful to those w ith relatively sta-
ble wave paraneter Fig 2 shows that the traveling wave is strong in the range of 120°-
350 while i the area of 30°-80°, the standing w ave becan es dan mant In this part we
use the data of these o areas to detem ne the paraneters of the traveling and standng
waves and to understand their stability

W ave speed is one of themamn paran eters of the traveling part of ACW. However due
to the facts that the traveling part of ACW exists less than 10 years and the observational
data is scarce the variation ofwave speed has rarely been analyzed thoroughly In the case
of free wave the variation of wave speed is related to the water depth and could vary fran
place to place while in the case of airsea coupled wave thewave speed exhibits thewhole
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moving speed as an integrity and is ndependent of water depth Considering the traveling
wave only we drav data of 80° w ith each centered in 30° in the range of 120°-350°E to ap-
proxinate itsmeanwave speed and to show the speed distribution pattem which variesw ith
longitude

A lthough the mechanisn of air-sea coupled wave is canpletely different with other
waves their confomations are the sane and can be expressed as ordmary traveling and
standing wave foms

Travelingwave y, = A, cos(kix — 0,1+ ¢,)

Standing wave y, = A, cos(kx + P,) cos( O,t+ ¢5) (1)

W e hereby use the non-linear least square approximation and the non-lnear equation
group supposing function y and ndependent variable x can be expressed as ¢, = f(x, a,
Oy ooy A ey Om)» ie ]7 2 ey

A, @ -+3 Q; --3 @, are the parameters needed to be approximated ¢, is the estma-
tion of y, Non-linear least square approxm ation uses universal global optm ization - UGO
to do iteration until it becan es convergent and the error Z (yi— j*i)z reaches itsm in mum.

i= 1

Tablel shows the distribution of wave speed and wave nunber of the traveling part of ACW
w ith longitude through the non-linear least square approx m ation

o

; istribution of ACW ((120°-350°E)
150-230 180-260 210-290 240-320 270-350

Longitude range( °E) 120-200

G bbalwave number Q 19 Q23 Q21 Q19 Q19 Q16
Average speed( lon/a) 52 40 43 51 49 53
A verage speed( an /s) 10 4 79 8 6 10 1 97 10 7

Fran table 1, the wave speed of ACW changesw ith longitude and w ithin the range of
79 an/s~ 10 7 an/s a little larger than W hite” s estmation( 6~ 8 an /s). The corre-
spond ng w ave number also variesw ith longitude These changes danonstrate that the varia-
tion ranges forwave speed and wave number are small and can be recognized as stable W e
obtain the average wave number Q 03 rad/longitude average wave speed 51 longitude/year
and average radian frequency 1L 55 rad/year The approximmation of these parameters leads
to the solution for traveling wave

y = 196sin(Q 03x — 1 55t+ 2 10462) (2)
Through the sane way, we do non-lnear approxmation for the standing wave in the area of
30°- 80°E, and find the solution

y = 168 65cos( 0 0387% + 0 5928) cos( 1 4684:t— 1 0488+ T) (3)
The wave number is Q 038 radian/longitude show ng almost 2 waves around the globe

Fran the above approxmation the radian frequency for traveling wave is 1L 55 rad/
yvear and 1 4684 rad/vear for the standing wave They are quite close Considering the er
ror mvolved m approxmation we believe that the traveling and standing wave have can-
pletely the sane radian frequency substantiating their coexistence systan presented n this
paper

2 The propagation features of ACW at56°S
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A ccording to previous researches and canparisons of propagation features at all other
latimdes ACW has the strongest propagation signal at 56°S  show ing themain characteris-
tics of ACW. First we use paraneters at 560S to define themamn feature of ACW.

The sane radian frequency of the coexistence systan for the traveling and standing
waves mplies that both the traveling and stand ing waves occur concurrently and hamonr
ously According to Fig2 themovenent of the systam is as follows

The signal firstly happens i the westem part of the South Pacific and then gradually
propagates to the east The signal covers the whole Pacific and enters South A tlantic retar
ning travelingwave features in the westem part of South A tlanticw ith reduced strength can-
pared to that in the South Pacific In the westem part of Southem Indian O cean, traveling
wave signal is no longer apparent stead standing wave signal is clear and strong w ithin
10 years and its period is the sane w ith that of the traveling wave in the South Pacific

Traveling wave signal is clear and apparent in the South Pacific and it needs about 4
years to travel across Pacific w ith its almost constant propagation speed

Stand ng wave signal m Indian O cean mplies that there exists a stable oscillation cen-
ter and the strength of this center mcreases and decreases periodically O scillation center
shows that the aim ospheric svstan in South Indian does not propagate wesw ard or eastv ard
but only change its strength

Previous researches (W arren et al 1996 Jacobs and M itchell 1996) believe that the
disappearance of traveling wave i the East A tlantic and Indian is caused by wave diwer
gence nduced by topography However ACW is not a free wave but an airsea coupled
wave and topography can not cause wave divergence Therefore this beliefmay be mappro-
priate n mterpreting mechanisns Same geostrophic modeling results suggested that ACW
may be caused by the oneway driving systan fran amosphere to ocean and ACC’ s re-
sponse to the amospheric ananalies play a critical role m the fomation process of ACW
( Christoph et al 1998 W eisse et al 1999). However themeridional fom of the traveling

and standing wave coexistence systan 1is still not clear and needs further research
3 Analyzing spatial propagation process of ACW

Fig 2 shows the propagation features of ACW along 56°S latitude A lthough this latr
tude is representative it can not present the spatial distrbution of ACW. To study the
propagation features of ACW, we use contnuous SLP spatial fields to analyze the propaga-
tion process of ACW i detail

The SLP field obtamed fran raw data is seriously affected by high frequency processes
therefore SLP at every latitude i the range of 0— 75°S is filtered for 3-7 years and then
gain the spatial distrbution at every tme Lm ited to the space of the paper the SLP spa-
tial distrbutions w ithin a period of every sk month fran Jan 1985 are presented ( Fig 3)
and followed by the analysis of ACW ’ s propagation features

Fig 3 showsmost representatively the canplex movements in the South Pacific In the
South Pacific there exists SLP variation at half global scale n the tine scale of 3-7 years
By detailed analysis of these figures we can see that SLP variations are not processes w ith
single tme scale, but are canbined w ith canplicated tme and spatial scale movenents.
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Fig 3 The Spatial D istribution of ACW Reflected in SLP within aW ave Period (Unit pa) ( 1985- 1992).
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For nstance mn the equator area there exists oscillation n ENSO scale duringmost of the
tmes the Pacificmeridional oscillation is apparent these movanents in varied scales n-
teractw ith each other The processes mmid and low latitudes affect the processes n the
southem ocean to a great extent and SLP variations n the Pacific are far more canplex
than those of the A tlantic and Indian H owever nomatter how camplicated the processes n
Pacific are one feature is clear that distuthing signal fran the Pacific firstly reaches the
westem part of the South Pacific (W estem Pacific for short) and then propagate eastw ard
Therefore the SLP distuthing source m theW estem Pacific is a clear spatial and teanporal
variation feature

In the Pacific and A tlantic ACW covers large space area stretching fran 56°S to
Antarctic continents and even the inland Ross Sea is mvolved m ACW is SLP’ s large scale
moven ent and its coverage is equivalent to the eastwest scale of the Pacific W hen the cen-
ter of the systan lies in the central area of the Pacific a reversed response is presented be-
tween them i latitudes of the Pacific and the Southem O ceany when the center of the sys-
tan lies at the wo sies of the Pacific them id and high latitudes of the Pacific present a
main reverse action in the latindinal orientation The system contmnues to propagate after its
entry nto the A tlantic by crossing the D rake Passage but its strength and coverage are both
reduced greatly

Anothermost distinct feature m Fig 3 is the deamonstration of Indian O scillation A
though the oscillation at 56°S latitude is defnite we can not mule out the possibility ofme-
ridionalmoven ent of SLP systam. Series figures n Fig 3 show that in Indian O cean, SLP
systan does not exhbit apparentmeridional or latitud nalmovement but present the perr
odical variation of strength fully substantiating the fact that ACW features a stand ng wave
in Indian O cean

Since the current axis of ACW has large meridional variations people have all long
paid special attention to ACW pathway ormam propagation axis Fran Fig 3 ACW seans
to have no pathw ay ormain propagation axis but spread all over the whole Southem O cean
That iswhv the features presented bv 56°S latitude al ost represent the basic characteristics

of ACW.
4 Discussing themovenent foom of ACW as a coexistent systam

Fie3d shows themovanents of ACW as mtegrity mcliding theW estem Pacific distur-
bing traveling waves m the Pacific and A tlantic and the standing wave mn the Indian O-
cean Therefore it is appropriate to use the coexistence systan of traveling and stand ng
wave to present ACW. Themaim character of the coexistence system is the same period for
the traveling and standing waves and this propagation process should confom to this fea-
ure Besies the interpretation of the systan moven ents needs to satisfy amospheric dy-
nam ics since the systan is one of sea surface air pressure

W e can interpret the propagation of ACW as a string w ith one end fixed to a vibration
source and the other open and free W hen awave is propagating along the string and reac-
hing the open end the features at the open end would be regarded as oscillation w ith no
propagation The oscillation on the string is s ilar to the ACW, the oscillation end is the
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W estem Pacific propagation section is the Pacific and A tlantic and the open end is the
Indian O cean

TheW estem Pacific is the driving end of ACW and it is fomed by the processes n the
Pacific and it plays a significant role i the propagation of ACW. Fran SLP data south of
Australia does not exhibit apparent propagation show ng little mfluence exerted on the
W estem Pacific by the Indian O cean and its mpossibility of distuthing the driving process
of theW estem Pacific Therefore the Indian O cean becan es the tem mal of ACW and also
be the open end controlled by traveling waves A lthough the vibration and open ends pres-
ent a circle fomation i fact they are i the very s ilar condition as they are separated

This kind of figuration enables the traveling and standing wave to have the sane perr
od just lke the sane period of the vibration end the propagating wave and the open end
on the string There exists phase discrepancy beween the vibration and open end The
phase discrepancy beween the Indian O cean and the W estem Pacific is about a quarter of
the period w ith the W estem Pacific preced ing

The only problan n mnterpreting the series of figures iswhy the distuthance nW estem
Pacific does not propagate wesward and enter the Indian O cean but only propagate east-
ward This is an mitial problan m explorng the ACW. Ihmym ind itmay be related to
ACC SLP is an ansea coupled systan. W hen a signal is fomed through air-sea nterac-
tion ACC carries this signal easwward which surely drives the whole aisea coupled sys-
tan transport easward fom ing the propagation fom ation

However why does the signal in Indian O cean can not advect to the Pacifi? The sig-
nal fomed m Indian O cean does also advect to the Pacific but the W estem Pacific 1s the
SLP’ s distuthing end which mhibits the SLP signal in Indian O cean to propagate further to
the Pacific making the fomation of eastvard propagation depending on ACC mpossible
and keeping this aisea coupled signal n Indian O cean It shows the air pressure variation
at 56°S latitude south of Australia In the ficure the air pressure exhibits no propagation
feature near the west of Indian O cean ( about 105°E). This result demonstrates that the
processes n the Indian O cean exert little nfluence on the W estem Pacific through south of

Australia
5 Results and D iscussions

In this paper In order to explamn the latitud nal discontmu ity of the A ntarctic C ircum -
polarW ave (ACW ), we proposed a new idea that ACW is awavew ith concurrent stand ing
wave i the southem Pacific and A tlantic O cean and w ith concurrent standing part n the
Indian O cean These wo parts both belong to the propagation systen of ACW. A lsg based
on the analysis of EC(MW F SLP ananaly data fran the year 1985-1992 we retrieve the
main wave paran eters of the standing and traveling wave which verifies the existence and
the spatial characteristic of this systan. W e also discussed the mechanisn of the propaga-
tion process These results are

(1) The pran ment propagation of ACW occurs during the year 1985-1992 and the
wavemode is alnost mvariant However current research could not explam why the wave

paraneter is steady To ansver this question we now use the non-linear approx mation
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method (with least error quantity) to gain the average wave number and wave speed during
this period The results show that the average wave number is Q 03 radians/latitude the
average wave speed is 51 latilnde/year and the frequency is 1 55 radians/year U sing the
non-linear approx mation method we found that the wave speed of ACW varies fran latr
tude to latitude Alsq we calculated the average speed wave number and frequency and
wave number of stand ng wave

(2) The coexistence systan is canposed of three part The SLP oscillation occurring
in the westem Pacific which is correlated w ith m id-low latitude process Travelng wave
propagate clearly n the Pacific weakens n the A tlantic In the Indian O cean the trave-
ling wave tums out to be a standing wave The three parts are w ith the san e wave period
ndicating the coexistence of the dynam ical systan and verifying that this systen could be
used to describe the spatial and tenporal feature well W e descrbe ACW as awave m a
string w ith an open end whose propelling vibration propagation standing part and the
mechanisn are all sm ilarw ith ACW and could represent ACW appropriately.

(3) By analyzing the interannual variability at south of Australia we verify that there
is no clear propagation in this region thus no signal fran Indian stand ing wave to the Pacif
ic and the Indian O cean and Pacific are blocked to same extent The paper conclude that
ACW be correlated w ith ACC. SLP is an air-sea coupled svstan. W hen there occurs a sig-
nal m the ocean surface through airsea mteraction process ACC advects the signal lead-
ng the entire coupled systan eastwards fom ing the propagation condition In the Indian
Ocean because the SLP signal is blocked by the distuthance of vibration origmality mn the
west Pacific the air-sea coupled systen signal stays n the Indian O cean even though there
is advective effect fran ACC

The result fran this paper indicates that the coexistence systan well represents the fea-
ure of ACW, which is a new explanation of the ACW stucture However this paper
couldn’ t unravel what mpulses the vibration in the westem Pacific O cean as well as why
ACW merely propagate clearly betveen 1985~ 1994 A 1l these questions are required to be
answ ered through deep dynam ical study
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