PROGRESS IN NATURAL SCIENCE

Vol. 14, No. 5, May 2004

Connection between interannual variability of the western Pacific
and eastern Indian Oceans in the 1997 ~1998 El Nino event’

WANG Dongxiao™", LIU Qinyan, LIU Yun and SHI Ping

(LED, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 510301, China)

Received August 4, 2003; revised August 28, 2003

Abstract

In this paper, the sea surface height and the heat content of the upper ocean are analyzed to retrieve the relationship of

interannual variabilities between the tropical western Pacific and eastern Indian Oceans during the 1997 ~ 1998 El Nifio event. In the
prophase of this El Nifio, the negative sea level anomalies (SLA) occurred in the tropical western Pacific (TWP) firstly, and then ap-
peared in the tropical eastern Indian Ocean (TEI). The negative heat content anomalies (HCA) emerged in the TWP before this El Nifio
burst while the SLA signals developed over there. During the mature stage of this El Nifio, two kinds of signals in the TWP and TEI
turned to be the maximum negative sequently. Due to the connected interannual adjustment between the TEI and TWP, we adopted a
method to estimate the Indonesian Throughflow (ITF) transport by calculating the HCA budget in the TEI. The indirect estimation of the
ITF was comparable to the observation values. Therefore, the anomalies in the TEI had been proved as advecting from the TWP through

the ITF during the 1997~1998 El Nifio.
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Some evidence of possible connections between
the tropical western Pacific (TWP) and tropical east-
emn Indian ( TEI) Oceans on the interannual
timescales were reported!' ™!, Tourre et al.[*]
tigated the interannual relationship for the heat con-
tent anomalies (HCA) in both the Pacific and Indian
Oceans during the 1983 ~ 1987 El Nifio periods.
They found that the anomalous signals in the Indian
Ocean lagged the El Nifio event by about 6 months in
1983, whereas they were in accordance with the
event in 1987.

inves-

About the physical mechanism of the inter-basin
connection between the Pacific and Indian Oceans,
there are different interpretations, such as the atmo-
sphere-ocean interaction, the atmospheric tele-con-
nection, and the ocean internal linkage. Latif et
al. %! studied the interannual signals of three tropical
ocean basins. They pointed out that sea surface tem-
perature (SST) anomalies in the tropical Pacific can
excite the local atmospheric anomalies. These signals
then transferred to the tropical Indian Ocean loaded
by the Walker circulation, resulting in the interannu-
al variation in the tropical Indian Ocean via a local o-
cean-atmosphere interaction. The implied meaning of
this point is that there is a zonal atmospheric bridge

over the two ocean regions. Wu et al. [_6] revealed that
there is a positive correlation dominantly on the inter-
annual timescale between the equatorial Pacific and
eastern Indian Oceans. The coupling mechanism is
caused by these two Walker circulations that work in
a way much like a pair of gears operating over the e-
quatorial Indian and Pacific Oceans. Webster et al. (71
and Saji et al. (8] did some dynamic analyses about the
Indian Ocean warm event, and they disproved that
this warm event has any solid connection with the up-
per layer variability in the Pacific. But Li et al. (9
pointed out the existence of a certain relation between
the Indian Ocean dipole events and SST anomalies in
the Pacific.

[t is well known that the Indonesian seas provide
a low-latitude pathway for the transfer of warm, low
salinity Pacific waters into the Indian Ocean. The
ITF is the main transport way linking the Pacific
with Indian Oceans. Therefore, the ITF and its vari-
ability have important influences on heat content in
the Pacific warm pool and on the TEI circulation pat-
tern. Some previous researches have demonstrated
that the ITF is one of the ways connecting the sea-
sonal to interannual variabilities in these two tropical

ocean basins!?3!.
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This paper focuses on the relationship of the in-
terannual signals both in the TWP and TEI during
the 1997 ~ 1998 El Nific event, the strongest one in
the last century. In order to explore the most possible

role played by the ITF, as an ideal precondition, we

ignore the effect on interannual variability in the
TWP and TEI carried by the atmospheric bridge.

1 Data and methods

The altimeter remote sensed sea level data from
1992 to 1998 we used are provided by Collecte Locali-
sation Satellites (CLS), France, and the monthly re-
analyzed wind fields are supplied by National Centers
for Environmental Prediction/National Center of At-
mospheric Research (NCEP/NCAR), USA. Tem-
peratures at several standard depths from the surface
to 400 m consist of all available expendable bathyther-
mograph (XBT) data over the 1955~1999 period as-
sembled and quality controlled by the Scripps Joint
Environmental Data Analysis Center' !, We calculate
the heat content from the surface to the 20T
isotherm depth:

0
Q= sj_'hpcpsz, (1)

where S is the grid unit area of the 5° longitude by 2°
latitude resolution, C, the constant pressure specific
heat, h the 20 T isotherm depth (obtained from in-
terpolation over the standard levels). Simply, we de-
fine SpC,=1 (relative unit). The HCA in the upper
layer was gotten by subtracting the 20-year averaged
climatology from 1980 to 1999. Some monthly mean
was converted to seasonal mean. Here spring is from
March to May, and summer is from June to August,
and fall is from September to November, and winter
is from December to February of the next year.

2 Interannual variability in SLA and HCA

Plate I shows several seasonal mean SLLA in the
study domain of the TWP and TEl. The SLA is posi-
tive in the summer of 1996 (Plate 1{a)), and is
stronger in the fall of 1996 (Plate 1(b)), which are
also noticed by Chambers et al.[®! and Potemra et
al, 4] Regarding the HCA of the upper layer de-
fined above, the similar phenomenon also occurs.
That is to say, in both regions of the TWP and TEI,
there are strong positive signals in the HCA during
the summer (Fig.1 (a)) and fall of 1996 (Fig. 1
(b)). The characteristics of SLA and HCA are
shown here. The strong signals in the western Pacific
are located north of the equator, whereas the strong

signals in the TEI lie in the equator and south of the
equator.

Associated with the El Nifio burst, the western
Pacific warm pool extends eastward. In the spring of
1997, the SLA and HCA are both negative in the
north of the equator in the far western Pacific (Plate I
(c), Fig.1(c)). At the same time, the positive SLA
in the TEI relaxes. Though some positive anomalies
also exist south of the equator off Australia, the nega-
tive anomalies occur in the equator and north of the e-
quator. There is a similar scenario of variability in the
HCA in these regions. The characteristic of HCA is
not so clear because of the rough resolution.

In the summer of 1997, the SLA and HCA in
the far western Pacific are both negative, and extend
eastward and southward as a larger coverage. The
negative anomalies are also dominant in the TEI (see
Plate 1(d), Fig.1 (d)). These negative anomalies
remain till the winter of 1997 (Plate I(e), Fig.1
(e)). In the spring of 1998 (Plate I{f), Fig.1 (f)),
with the burst of El Nifio, the negative anomalies be-
gin to weaken. In the summer of 1998, there are
positive anomalies for both SLA and HCA developing
simultaneously in the TEI, as well as north of the e-
quator of the TWP (figures omitted).

Analysis of the interannual variability in the
studied domain presented above strongly suggests that
there is a certain relationship between the SLA and
HCA adjustments in the TWP and TEI Oceans, e.g.
they are in accordance with each other in view of the
large-scale evolution in the two regions. In addition,
differences of these signals can also be seen here. The
anomalies of the TWP are of earlier onset and
stronger than those of the TEI.

For the purpose of clarifying the differences of
signals, we choose two boxes with intensive signa-
tures in the TEI and TWP, respectively. One of
them (125°E ~ 145°E, 0° ~ 10°N) represents the
SLA region north of the equator in the TWP. The
other (100°E~ 115°E, 20°S~10°S) represents the
SLA region in the TEI. Fig.2 displays time series of
those area-averaged HCAs, as well as their difference
during 1992 ~ 1998. It can be clearly seen that the
HCA in the TWP is earlier and stronger than that in
the TEI during the 1997 ~1998 El Nifio. The ampli-
tude of SLA in the TEI is weaker than the TWP (fig-
ures omitted), and the amplitude of HCA in the TEI is
about one-third of that in the TWP (see Fig.2).
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Distribution of seasonal mean HCA above the thermocline depth. (a) Summer of 1996; (b) fall of 1996; (c) spring of 1997;

(d) summer of 1997; (e) winter of 1997; (f) spring of 1998 (Unit: 10”7 W+s/m?, contour interval: 50).
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150 The wind forcing can influence the SLA variabil-

' ity in the Pacific and Indian Oceans. And the SLA

) 100 changes also can imply the ITF variability because the

; sof ITF is fed by sea level gradient between the Pacific

T, and Indian Oceans'!'!. Meyersm and Gordon et

Zg ™ al. [} found that the ITF transport during El Nifo is

£ -50 less than in normal year. The SLA differences of the

5—100 two boxes during the 1997 ~1998 El Nifio are nega-
S tive here (figure omitted, however, it can be inferred ®

= ~150 from the HCA difference in Fig. 2). The negative

-200 anomalies reflect indirectly the reduced ITF transport

1993 1994 1995 1996 1997 1998 during the 1997~1998 El Nifio.
Time (Year) In the summer of 1996, there are the easterly
Fig. 2. Time series for the area-averaged HCA in Box 1 (125°E anomalies in the tropical Pacific, and the westerly

~145°E, 0°~10°N) and Box 2 (100°E ~115°E, 20°S~10°S)
with 9 points running mean, and their difference (Unit: 107 W+s/
m?), solid line: Box 1, closed circle line: Box 2; open square line:

anomalies in the TEI. Driven by the easterly anoma-
lies (Fig. 3(a)), more warm water accumulates in

their difference (Box 1 minus Box 2).

the TWP than normal, and it favors sea-level rise,

30N

¥ SNWw o7V et K4
25N} RS A A {/n‘ Jl x o "0//'/"7 M R PR m\‘
o -4,.._/ 1 YA\ \_///f e, - l'-’ «t x o by , LAY
/.I‘,,"_..§!,.k,-.|.,.pik.n.u,4pl/'z'

lﬁ//,.///._,n.q.,,-r..-.n,../';,.»v..n

/,",,+~+~r..41-4.,.//',vz)';

Ay

,@gh.n_g_c—c_\\choc 4« T ¢ v e s 4
i,.._,.....,k\'\\K " . .

e
. @—\
N e v“‘"\\‘\.\»""‘\\\\*

s Y 4 oy

T b e NNy

NN .l

L NN RSN I it

}.E ,“,\,,ln,{’l/’\\,\1f/_.\

e e MY Y O¥ YYe g t”"‘" 'u'r,(/';\\ \‘ ,"
T40E  160E 180  160W  120W  120W  100W

"-///.yﬁ-'*o—// .
< &r

BURNEOZY ) o K BN
NEPSTPR A

N

e o4

NN AV A B BN

PRI SR T

LN AN N S B ke » »

‘j/
, %/ \L/////z;/;.-;r;u., e
‘{\///,v,/‘f;ff.-f+.-.‘-..-v.
g L » Q,__./'/‘..‘.‘ R T S
E SS\.“"".A.I_..\\\ '“\ "‘Q\' \J\,‘,"?\K\\kkﬂ.glg‘ggﬁv
IOS[ \TN\VLN\\T@N\\K. N ‘A>§‘rr—(k'¢1.\‘.‘v~‘ v e %= % v r v » o
158 NN a7 »¢~k<,._l‘:_-,:—'\'\\ ‘.*conn,--mkﬂ
ZOSI > 4:m >4 v vy v b g R .-,..<\(\‘~~"Ri\"/ﬂ—\\\‘-",ﬁk“\ﬁﬂ-tl
258 ._'\‘0‘,,..,‘,.‘4,..‘,.\ LA e v v oyt -..l{‘,,’_,rk,\,‘ L bahaniatie
308\‘\\!_‘ — L4 A3 —_ P B S I
40E 60E 80E 100E 120E 140E 160E 180 160W  140W 120W  100W
S e L4 R vy ¥
L R R R [“"k'_"('l‘-'/'/'""."’/{""’ .

e oo % ¢ oy e bR .

BNE o

v e P IS i T P T

a-
o

7 \14—7‘,.'"ln"o"r.dlpgrdl

\\@ﬂ4vat'v<bv>'<vl'a,al‘!ial

2 w4 » .
. F.‘.,fZ‘//-——Q__.A"—v-»#‘-o‘-orl-.....-o_.\\‘x
\.‘,I—;_.N-pd—o—od_.w.\¢>~\‘h

.
v -« l}\vf -O‘-o-‘-..—u—*‘.ﬁ/*...“—‘—‘ a4 v ¥ ¥

IOS[Q"/'."C- LI A "E—"»r—o?ﬁ?«" Pl LR O [ Al-—h-.‘\ [ . > v s
15§ P I VI P . "“\"\.}\‘"""""\'-"""
208 PPN N N L R R ‘\'\\\k._('\\\ ”;""’\\ll"‘
258 P e R Y APPSR, NN N RN U T N A A L e &
e NS N N . i AN W SV T LA
40E 60E 80E 100E 120E 140E  160E 180 160W  140W  120W  100W
Longitude (°) h

Fig. 3.
summer of 1997.

Seasonal mean surface wind fields deriving from NECP reanalysis. (a) Anomalies in summer of 1996; (b) winter of 1996; (c)
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accompanied by enhanced heat content. Therefore,
the SLA (Plate I(a)) and HCA (Fig. 1(a)) are both
positive in the TWP at that time.

In the winter of 1996, the westerly burst oc-
curred in the TWP, but the westerly anomalies also
remained in the TEI (see Fig. 3(b)). Note that this
pattern is against the “gear coupled” structure. In the
summer of 1997 (see Fig. 3(c)), the wind anomalies
changed as westerly in the TWP, and eastetly in the
TEI.

There is no evident feature in the wind field pat-
terns in the TEI and TWP that supports the so-called
“gear coupled” mechanism working in 1997 — 1998.
One reason for its absence is that the “gear coupled”
characteristic is statistically derived. Wu et al. (6} gna-
lyzed the time series of zonal average wind in the In-
dian Ocean and Pacific region instead of verifying the
horizontal large-scale wind fields, which we show
here. The other reason is that their analyses do not
include the 1997 ~1998 period. So whether the “gear
coupled” mechanism worked in the 1997 ~ 1998 El
Nifio is to be determined.

A hypothesis that the ITF plays an important
role is proposed here to explain the relationship of in-
terannual variabilities in the TWP and TEI Oceans
when two facts are concerned. First, there is a phase
lag between occurrence of oceanic signals in the TWP
and TEI Oceans. Second, the atmospheric bridge,
which was proposed previously to interpret the coher-
ent interannual variabilities in the two basins, did not
work well during the 1997~ 1998 El Nifio.

Therefore, in our hypothesis, the anomalies in
the TEI are supposed to come from the TWP through
the ITF. Based on the law of heat content balance,
we can estimate the ITF indirectly. By comparing the
estimation with observation of the I'TF transport, one
may make sure if the ITF can link those anomalies in
the TWP and TEI or not.

3 Indirect estimation of the ITF transport

Observations and models indicate that the prima-
ry ITF source is North Pacific thermocline water
flowing through the Makassar Strait. It is in agree-
ment with the region where the SLA and HCA are
apparent in the TWP. Given the HCA in the TEI are
transferred by the ITF from the TWP, we can esti-
mate the mean ITF transport according to increment
of the HCA in the TEI within a certain period.

The area-averaged time series during the 1980 ~
1999 period are constructed for the HCA in a box
(125°E~145°E, 0°~10°N), north of the equator of
the TWP, where the ITF origin is located (Fig. 4
(a)). As a reference, correlation coefficients are cal-
culated between the time series and those in each grid
within the studied domain, while more attention is
paid to correlation coefficient in the TEI (Fig. 4
(b)) . When the correlation coefficient is 0.3 (rough-
ly above 95% confidence level), we choose the region
in the TEI where the coefficient is larger than 0. 3,
and integrate the HCA to describe the evolution of in-
terannual variability in the TEI (Fig. 4(c)). We se-
lect the region in the TEI where the correlation coef-
ficients of the HCA referring to interannual variability
in the TWP are larger than 0.3. This statistically de-
rived region is regarded as the domain where the HCA
variability is significantly affected by the influence of
the western Pacific warm pool, meaning that both lo-
cal surface heating and oceanic adjustment in the TEI
contribute very little. This TWP-dependent area is
similar to that depicted by Potemera et al. [13] who re-
vealed the first interannual mode of altimeter data in
the western Pacific and eastern Indian Oceans. The
time series of the integrated HCA over the TWP-de-
pendent area showed that, when the 1997 ~ 1998 El
Nisio is concerned, the negative HCA occurred at the
beginning of April 1997 (Fig. 4(c)). The negative
HCA reached its maximum in November 1997,
meaning that it took about 8 months for a mature sig-
nal to build up in the TEl. The averaged negative
HCA in the ITF origin location over those 8 months,
H,, is —120.4 relative unit (Fig. 4(a)).

The maximum of HCA of the TWP-dependent
area in the TEI is H( — 3.2 X 10* relative unit, see
Fig. 4(c)). It is the accumulated result for the HCA
transferred by the ITF from the TWP over about 8
months. The relationship describing the heat content
balance can be expressed as

Q=p-V:Cp+T +1t,

Q=H-:p:-C,* S, 2)
where Qis the HCA transferred by the ITF, T’ the
area-averaged SST anomaly in the ITF origin, V the
ITF transport, Q the increment of HCA in the Indi-
an Ocean, and ¢ the accumulating time that a mature
HCA builds up in the TEI, i.e. 8 months. And p is
the density of seawater, S area of the 5°-longitude by
2°-latitude grid, T’ = H,/h, h is the mean thermo-
cline depth in the TWP-dependent area in the Indian
Ocean (judged as the correlation coefficient larger
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than 0.3 in Fig. 4(b)). Here it is 120 m, in agree-

ment with the observation.

350
300

250
200

@

1
W
[~ =]

150
100
50 ﬁgjﬁm

Reference time series amplitude
I
v
(==

1982 1984 1986 1988

Year

1990 1992 1994 1996 1998

Correlation coefficient

120E

6 000

T40E  160E 180
Longitude (°)

160W  140W  120W

5 000¢-
4 000t
3000
2000}
1 000

-1 000F
-2 000t
-3 0007
-4 000f

TEI HCA time series
o

-5 000

1982 1084 1986 1988

Year

Fig. 4.

1950 1992 1994 1996 1998

Reference time series, HCA correlation coefficient and time series for the HCA integrated over the TWP-dependent region in the

TEI. (a) Area-averaged time series for the HCA in Box 1 (125°E~145°E, 0°~10°N) in the 1980~1999 period, as the reference time
series (Unit: 107 W+s/m?). (b) Distribution of the correlation coefficient between the HCA in the study domain and the reference time se-
ries ( correlation coefficients larger than 0.3 are shaded). (c) Area-integrated time series for HCA in the TEI where correlation coefficients

are larger than 0.3 (Unit: 107 W+s/m?).

According to the assumption, the HCA in the
TEI is completely transferred by the ITF from the
TWP without any local heating:

Q= Q. (3)
So,

= HxsS-h (4)

The ITF transport estimated here from the HCA
budget is 19.0 S,(1 S, = 10° m3/s). The values of

observation and numerical simulation of the ITF
transport vary from 0 to 30 S,. For example, Lebe-
dev et al.['¥] diagnosed the mean ITF transport as
(11.5£1.1) S, by using Levitus temperature, salini-
ty and wind data. The value we estimated is not be-
yond the bound of this extension. Thus, it proves our
hypothesis that the ITF transport has a certain con-
tribution to establishment of the negative HCA in the
TEI during the 1997 ~1998 El Nifio.
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4 Summary

Remote sensed sea level and XBT-derived heat
content (i.e. SLA and HCA) are analyzed to retrieve
the oceanic connecting relationship of interannual
variabilities in the western Pacific and eastern Indian
Oceans during 1997 ~ 1998 El Nifio. Results show
that SLA and HCA in the TWP and TEI bear similar
developing phases. At the stage prior to the 1997 ~
1998 El Nifio burst, the anomalous westerly wind in
the western Pacific drives a negative SLA and HCA in
the TWP. The same sign SLA and HCA develop
gradually in the TEI. It seems that the “gear cou-
pled” mechanism does not work, in contrast to the
previous El Nifio events, when surface wind anoma-
lies are highlighted here.

Based on a hypothesis that the thermal anomalies
in the TEI are completely advected from the TWP,
we estimate the ITF transport indirectly with respect
to the heat content balance. A reasonable value in a-
greement with the observation is obtained. This indi-
cates that the ITF transport can link the TWP and
TEI Oceans on interannual time scale. The SLA and
HCA of those two regions bear similar interannual
variability during the 1997 ~ 1998 strong El Nifio at
least partly due to the ITF transport, in addition to
the intrinsic atmospheric bridge.
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