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Abstract: After compositing three representative ENSO indices, El Nifio events have been divided into an eastern pat-
tern (EP) and a central pattern (CP). By using EOF, correlation and composite analysis, the relationship and possible
mechanisms between Indian Ocean Dipole (IOD) and two types of El Nifio were investigated. IOD events, originating
from Indo-Pacific scale air-sea interaction, are composed of two modes, which are associated with EP and CP El Nifio
respectively. The IOD mode related to EP El Nifio events (named as IOD1) is strongest at the depth of 50 to 150 m a-
long the equatorial Indian Ocean. Besides, it shows a quasi-symmetric distribution, stronger in the south of the Equator.
The IOD mode associated with CP El Nifio (named as IOD2) has strongest signal in tropical southern Indian Ocean sur-
face. In terms of mechanisms, before EP El Nifio peaks, anomalous Walker circulation produces strong anomalous east-
erlies in equatorial Indian Ocean, resulting in upwelling in the east, decreasing sea temperature there; a couple of
anomalous anticyclones (stronger in the south) form off the Equator where warm water accumulates, and thus the IOD1
occurs. When CP El Niiio develops, anomalous Walker circulation is weaker and shifts its center to the west, therefore
anomalous easterlies in equatorial Indian Ocean is less strong. Besides, the anticyclone south of Sumatra strengthens,
and the southerlies east of it bring cold water from higher latitudes and northerlies west of it bring warm water from
lower latitudes to the 15° to 25°S zone. Meanwhile, there exists strong divergence in the east and convergence in the
west part of tropical southern Indian Ocean, making sea temperature fall and rise separately. Therefore, IOD2 lies far-
ther south.
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1 INTRODUCTION

As the most significant signal of global air-sea in-
teraction, ENSO has been studied widely for a long pe-
riod. However, since 1980s, El Nifio events with initial
warming in central equatorial Pacific Ocean have been
noticed (known as dateline El Nifio, see Larkin and
Harrison ™, and El Nifio Modoki, see Ashok et al.™).
Kao and Yu P! divided ENSO into two types based on
previous studies: the Eastern-Pacific (EP) type and the
Central-Pacific (CP) type. The two types of El Nifio dif-
fer not only in formation mechanisms but also in their
climatic effects. Similarly, sea temperature varies in-
ter-annually in Indian Ocean as well. Saji et al.” found
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that the Indian Ocean Dipole (IOD) is with noticeable
seasonal phase locking, usually develops in summer,
and reaches its peak in autumn and decays rapidly in
winter. Furthermore, Bahera and Yamagata ™' observed
Subtropical Indian Ocean Dipole (SIOD), and pointed
out that this is independent of IOD as it develops in
winter and gets to its strongest phase in JEM the next
year.

Many studies have investigated on the relationship
between ENSO and I0OD, whereas the heated debate lies
in the independence of the two events. Some believed
that they are distinctive of each other, IOD mainly re-
sults from Indian Ocean local air-sea interaction (Saji et
al. ™; Ashok et al.; Webster et al. ™), while others
showed that the two events are in connection, including:
(1) ENSO influences IOD: Nagura and Konda ©® found
that the sea surface winds change direction in eastern e-
quatorial Indian Ocean when El Nifio begins, which af-
fects the Indian Ocean SST. (2) IOD influences ENSO:
Kug and Kang ™ argued that warming in the Indian O-
cean, which is a part of the El Nifio signal, operates as
a negative feedback to ENSO. Wu and Kirtman "” and
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Yu et al."! found that IOD has an impact on the intensi-
ty of ENSO by running GCM. (3) IOD and ENSO in-
teract with each other: Annamalai et al.'" pointed out
that El Nifio has been in a closer linkage with IOD since
the Climate Shift; Wu and Meng ™ claimed that the
gearing between the Indo monsoon circulation and the
Pacific Walker circulation connects IOD and ENSO to-
gether.

Zhao et al.™™ found that the IOD event has two
modes; one originates from tropical Indo-Pacific air-sea
interaction, which is linked to ENSO, and the other is
mainly from tropical Indian Ocean air-sea interaction,
which is associated with the position and intensity of
Mascarene High. Previous studies of the former 10D
mode and ENSO's relationship were mostly based on
the canonical ENSO type. However, with the CP El
Nifio identified, it is more concerned whether IOD has
different connections with the two types of ENSO re-
spectively. Moreover, previous studies mostly analyzed
SST data, but Shinoda et al.™ found that the IOD signal
is more significant in the Indian Ocean subsurface, and
it is also showed that SST anomaly in ENSO always o-
riginate from the thermocline of Pacific Western Pool
(Chao™; Lil"™). Therefore, the sea temperature anomaly
signal is often stronger at the thermocline, what about
the Indian Ocean when IOD occurs? Does this have a
linkage with ENSO? This paper tries to study these is-
sues in order to help understand the relationship be-
tween 10D and ENSO.

2 DATA

The data used in this work include:

(1) Sea surface temperature (SST) monthly data are
from Met Office Center on a 1°x1° mesh. The period
selected is 1979-2012 for the reason that the data have
been more reliable since 1950s and the discussion of
Climate Shift influence is avoided;

(2) Sub-ocean temperature (SOT) data are based
on World Ocean Database (WODOS5) reanalysis with a
1°x1° resolution and non-isometric 13 layers in depth;

(3) Nifio3, Nifio4, IOD and SIOD indices are from
NOAA,;

(4) Wind field data are obtained from NCEP
monthly reanalysis, on a mesh of 2.5°x2.5°.

3 CONTRASTING THE TWO TYPES OF EL
NINO

As the SST patterns of two types of El Nifo events
are highly correlated, neither of the traditional Nifio3
and Nifio4 SST indices alone is effective in distinguish-
ing them. In order to contrast the two types of ENSO in
a better way, several indices have been proposed in re-
cent years. In this paper, three representative indices are
composited: (1) the first two modes of EOF analysis of
tropical Pacific SSTA show EP and CP El Niiio pattern
respectively, the normalized time series of these two
modes are used as the first representative index. (2)
Though the time series of the first two EOF modes are
orthogonal, the two types of ENSO cannot be regarded
as completely separated events for they resemble in sev-
eral ways. To compensate this, the second representative
index Ngp, N from Ren and Jin!"® are adopted:

Ng=N;—aN, (2/5 N3*N,>0

Ne=Ni-aN;  © 10 Ny-N,=0
Here, N; and N, denote Nifio3 and Nifio4 index respec-
tively. (3) The two indices above are based on tropical
Pacific SST anomalies, but the temperature anomaly
maximum is often at the subsurface, the upper 100m's
temperature anomalies are averaged over the eastern
(80°-90°W, 5°S-5°N) and central (160°E-150°W, 5°S-
5°N) equatorial Pacific to construct the two types of El
Nifio sub-ocean indices defined by Yu and Kao!. Af-
terwards, composite the three representative indices,
normalize them and run three-months seasonal averag-
ing, then, the composite EP and CP EI Nifio indices are
obtained, as shown in Fig.1.

According to the two composite types of El Nifio
indices obtained, a strong El Nifio event is selected when
the index is over 1.5, and a weak El Nifio is selected
when the value is larger than 1.0 but less than 1.5.
Therefore, the El Nifio events in 1979-2012 are classi-
fied based on the above principle, results (shown in
Table 1) are similar to that of Yu and Kao ™™ and
Ashok et al.”.

Figure 1. Composite EP El Nifio index (red solid line) and CP El Niiio index (blue dotted line).
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Table 1. The classification of two-type El Nifio according to the composite EP and CP indices.

El Nifio type EP EI Niiio CP El Nifio
Strong 1982/1983, 1991/1992, 1997/1998 2009/2010
Weak 1987/1988,1992/1993,2002/2003,2009/2010  1979/1980, 1990/1991, 1994/1995, 2002/2003, 2004/2005

With the classifications in Table 1, the SSTA of
Indian Ocean in boreal autumn (SON) and of tropical
Pacific in the boreal winter (DJF) have been composited
for a common picture of the two types of El Nifio events.
The result is remarkable, as illustrated in Fig.2.

During the boreal winter, the composite SSTA
fields in tropical Pacific show a typical EP and CP El
Nifio respectively (Fig.2b and 2d), which confirms that

the former indices defined can actually distinguish the
two types of El Nifio. Besides, when it comes to the In-
dian Ocean, a dipole structure, warmer in the western
basin and cooler in the east, is found in both Fig.2a and
2c. However, it is noted that the location and intensity
of the warmer and colder center are different in Fig.2a
and 2c. This phenomenon will be explored in the fol-
lowing paper.

Figure 2. Composite Indian Ocean SSTA in autumn (SON) of EP (a) and CP (c) El Nifio years; Composite tropical Pacific SSTA

in winter (DJF) of EP (b) and CP (d) El Nifio years.

4 IOD SSTA CORRESPONDING TO TWO
TYPES OF EL NINO

The conventional 10D index, DMI (Dipole Mode
Index ™), is defined as the regional mean SSTA differ-
ence between eastern tropical Pacific (50°-70°E, 10°S—
10°N) and south-eastern tropical Indian Ocean (90°-
110°E, 0°-10°S). The correlation coefficients of DMI
vs. Nifio 3 index and DMI vs. Nifio 4 index are 0.38 and
0.27 respectively. Due to this weak correlation, Saji,
Ashok and some scientists believed that IOD is incited
mainly by local air-sea interaction in the Indian Ocean
while ENSO has little influence on it. However, it is
worth noticing that as the Nifio 3 index contains signals
of both types of El Nifio, will the correlation get stronger
when we study the IOD with the two types of El Nifio

individually?

To visualize the sub-ocean temperature anomaly in
the Indian Ocean, correlation between the two types of
composite El Nifio indices defined and equatorial Indian
Ocean (10°S-10°N) 0-400 m mean SOTA is shown in
Fig.3. From Fig.3a, an overall positive anomaly is found
in the sea surface layer, but the warmer layer is very
shallow in the east while quite deep in the west. It is
the shallow eastern warmer anomalies that make the In-
dian Ocean surface dipole signal less significant. How-
ever, as it is going deeper, the sub-ocean dipole mode is
very strong, which reaches its maximum around 50-150
m. Hence, the DMI calculated from the Indian Ocean
SSTA does not characterize IOD as well as that based
on SOTA. On the other hand, Fig.3b indicates that an
anomalous warm center is in the upper sea level of the
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Indian Ocean when CP El Nifio occurs. In this case,
however, the sub-ocean layer does not show a dipole
mode as in Fig.3a, instead, it is mainly colder than usu-
al.

According to the analyses above, the equatorial In-
dian Ocean Dipole is more significant at the sub-ocean
layer and bears a closer relationship with EP El Nifo
than with CP EI Nifio. To further illustrate this, an EOF
method is adopted on the SSTA and mean SOTA (0-
400 m) respectively, with the leading EOF modes in the
two cases shown in Fig.4.

From the Indian Ocean SSTA EOF1 mode (Fig.
4a), the basin-wide warming is the leading mode in the

Indian Ocean SST anomaly while no dipole mode is ob-
served. Besides, the correlation coefficient in Fig.4b be-
tween EOF1 time series and composite EP index is 0.4,
but a three-month lagged correlation is 0.58, indicating
that this basin-wide warming lags El Nifio by about three
months, generally known as Indian Ocean Basin-wide
Warming (IOBW) which develops in winter and peaks
in spring. This is beyond the discussion here. On the
other hand, Fig. 4c shows a very clear IOD SSTA dis-
tribution in which the anomalous cold temperature ex-
tends westwards off Sumatra like a tongue, the warmer
part has a “<” shape distribution, both warmer and
colder anomalies are symmetric about the equator and

Figure 3. Longitude-depth correlation coefficients of mean equatorial Indian Ocean (10°S—10°N) SOTA with composite EP index
(a), CP index (b). Significant values over 95% confidence level from a two-tailed Student's ¢-test are shown in shades.

Figure 4. The first EOF mode and normalized time series of SSTA (a, b) and 0-150 m mean SOTA (c, d) in Indian Ocean. The
two EOF1 contribute 32.4% and 30.0% respectively. In b and d, solid line is EOF time series and yellow shadow denotes compos-
ite EP index, r denotes correlation between the composite EP index and EOF time series.



176 Journal of Tropical Meteorology

Vol.22

stronger in the south. In Fig. 4d, the SOTA EOF1 time
series correlates with the composite EP index by up to
0.66 but only 0.23 with the composite CP index. There-
fore, the equatorial Indian Ocean dipole signal is more
significant at the sub-ocean layer of 0-150 m, and it is
more closely related to the EP EI Nifio.

In contrast, Fig.3b shows that the IOD signal relat-
ed to CP El Nino is not quite significant, and the corre-
lation coefficient between DMI and composite CP index
is only 0.23. Does it indicate that IOD is independent of
CP El Nino events? However, Fig.2c illustrates that a
composite east-cold west-warm dipole mode is still in
coexistence with the CP El Nifo. What features does
this kind of IOD have? To explore it, the correlation be-
tween the composite CP index and the Indian Ocean
SSTA is determined and the result is shown in Fig.5. In
this case, the dipole mode in the Indian Ocean is ob-
served with a negative center in the sea northwest of
Australia and a positive center in tropical southern Indi-
an Ocean at 60°-80°E. Furthermore, Fig.5b illustrates
longitude-depth correlation coefficient distribution of
composite CP index and mean SOTA of tropical south-
ern Indian Ocean. Compared with Fig.3b, the dipole
mode is easily found at the upper layer of tropical
southern Indian Ocean. Based on this, the dipole mode

related to CP El Nifio probably occurs in the 15°-25°S
tropical part of south Indian Ocean.

In order to investigate the aforementioned conjec-
ture, the EOF of Indian Ocean monthly SSTA is done,
with the second leading mode EOF2 shown in Fig.6.
From EOF2, the dipole mode mainly occurs in the trop-
ical southern Indian Ocean's upper layer instead of the
equatorial Indian Ocean. This agrees with that in Fig.2c
and Fig.5a. In the meantime, the EOF2 time series cor-
relates with the composite CP index by up to 0.48 but
only 0.23 with the composite EP index. All the analyses
indicated that tropical southern Indian Ocean dipole lies
father south and relates to CP El Nifio more closely.

Above analyses indicated that the IOD modes re-
lated to the two types of El Nifo differ in several as-
pects like strength and location: the IOD mode associat-
ed with the canonical EP El Nifio is more significant at
the sub-ocean of equatorial Indian Ocean and shows a
quasi-symmetric  distribution, stronger in the south,
about the equator. Here, we call it IOD1 for conve-
nience. On the other hand, the IOD mode associated
with the CP El Nino stands out in the tropical southern
Indian Ocean upper layer, named as I0D2. In order to
distinguish these two IOD modes, two indices are calcu-
lated based on IOD1 and I0OD2's location. Similar to re-

Figure 5. Correlation between composite CP indices (a) with values significant over the 95% confidence level shown; the longi-
tude-depth correlations coefficients between composite CP indices and tropical southern Indian Ocean (15°-25°E) mean SOTA (b)

with values over the 95% confidence level in shades.

Figure 6. EOF2 of Indian Ocean monthly SSTA (a); solid line in (b) denotes EOF2 time series and yellow shade denote composite

CP index, correlation between them is 0.48.
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gions in DMI, the IODI1 index is defined as a normal-
ized 0 to 150 m mean SOTA difference between equa-
torial western (50°-70°E, 10°S-10°E) and eastern (90°-
110°E, 0°-10°S) Indian Ocean, shown in Fig.7a togeth-
er with a composite EP index and the correlation be-
tween them is as high as 0.65. The I0D2 index is de-
fined as a normalized mean SSTA difference between
tropical south-western (60° —-80° E, 15° -25° S) and
south-eastern (100°-120°E, 15°-25°S) Indian Ocean.
The IOD2 and composite CP index, as shown in Fig.7b,
correlate by up to 0.60. The high correlation coefficients

indicate that the two types of El Nifio and IOD's rela-
tionship can be investigated more clearly when the
IOD mode is divided into two kinds. However, it is
noticeable that IOD2 here is not the same kind of
SIOD  (Subtropical Indian Ocean Dipole) by Bahera
and Yamagata®™ for the SIOD index bears little correla-
tion with the IOD2 index. Last but not least, these two
IOD modes are not completely separated as they associ-
ate and sometimes overlap each other, thus, some years
witness the IOD mode with both the IOD1 and 10D2
features at the same time like 1992 and 1993.

Figure 7. Solid line in (a) and (b) is normalized IOD1 and I0OD2 index respectively; yellow shade in (a) and (b) is composite EP

and CP index respectively; r is the correlation coefficient.

5 INVESTIGATION OF THE MECHANISMS
LINKING IOD AND THE TWO TYPES OF EL
NINO

The spatio-temporal links between sea surface tem-
peratures and winds reveal a strong coupling ¥ between
them. During dipole mode events, the sea surface wind
field over the tropical Indian Ocean experiences large
changes, especially in its zonal (east-to-west) component
over the Equator. To investigate the zonal wind stress
before EP and CP El Nifio reach their mature phases,
1000-hPa mean zonal wind anomalies of corresponding
autumns (SON) are composited in equatorial Indian O-
cean and Pacific, and the results are shown in Fig.8a.
Besides, a three-month lagged correlation is computed
between the two composite ENSO indexes and the
1000-hPa zonal wind anomalies, shown in Fig.8b and
8c. From Fig.8, in an earlier stage before EP El Nifio
peaks, relatively strong anomalous west wind above the
equatorial Pacific and anomalous east wind above the e-

quatorial Indian Ocean start to blow. The opposite di-
rection of wind anomalies in the equatorial Indian and
Pacific Oceans is associated with the strong coupling
between the monsoonal zonal circulation over the equa-
torial Indian Ocean and the Walker circulation over the
Pacific Ocean ™. From Fig. 8b, the downdraft of Walk
er circulation related to EP El Nifio is located around
130°E. The west wind anomaly is centered at the cen-
tral equatorial Pacific while the east wind anomaly cen-
ter is over Sumatra, both relatively strong. Hence, the
strong east wind anomalies off Sumatra force the up-
welling in situ, shoaling the thermocline, decreasing the
subsurface temperature in east equatorial Indian Ocean
where I0D1 occurs.

In contrast, when focusing on the wind anomalies
before CP El Nifio peaks, it is found that the downward
branch of Walker circulation moves to 110°E, the west
and east wind anomalies are both relatively weak. The
1000-hPa maximum west wind anomaly center lies
more westward compared to that in Fig.8b and the min-
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imum center lies south off Sumatra. Therefore, as the
cold upwelling is forced by a relatively weak east wind
stress, it is not so intense so that the sea temperature
there does not decrease much.

In summary, combined with the sea temperature
anomalies of IOD1 and I0D2, a general air-sea interac-
tion mechanism can be pictured. When EP El Nifio starts,
the anomalous Walker circulation is relatively strong,
there is significant east wind anomaly off Sumatra in In-
dian Ocean, dragging sea water to the west. As warmer

water is accumulating in the west Indian Ocean and
deep colder water keeps ascending in the east, a dipole
mode is formed both at surface and subsurface due to
the strong dynamic air-sea interaction. On the other
hand, when CP El Nifio occurs, the Walker circulation
is relatively weak, and lies more west. The east wind
anomaly is relatively weak, thus the dragging force is
not so strong, and there's no significant dipole mode in
equatorial Indian Ocean when CP El Nifio occurs.

Figure 8. (a) EP (solid line) and CP (dotted line) El Nifio autumn (SON) 1 000-hPa zonal wind stress anomalies in equatorial Indi-
an-Pacific Ocean (5°S-5°N). (b) and (c) are three-month lagged correlations between composite EP, CP index and 1 000-hPa zonal
wind anomalies respectively, with values over 95% confidence shown.

The explanations above focus on the zonal wind
anomalies and are applicable to the formation of IODI.
However, if we go further, some questions may be
asked: Why does IOD1 have a sea temperature distribu-
tion like a “<” shape, and why is it stronger in the
south? As IOD2, which is associated with CP El Nifio,
occurs, why is there no significant temperature anomaly
along the equator though east wind anomalies still exist
in the Indian Ocean?

In the analysis of zonal wind anomalies here in this

work, the wind circulation is considered due to its im-
portance in forcing sea water motion. The cyclone (anti-
cyclone) in the Northern Hemisphere (NH) can force
the divergence (convergence) of the upper-layer sea wa-
ter which shoal (deepen) the thermocline layer, as a re-
sult, the temperature of sea upper layer will decrease
(increase), and the opposite is true in the Southern
Hemisphere (SH). The correlations between two defined
IOD indices and 1000-hPa wind stress anomalies and
wind vorticity anomalies are shown in Fig.9.
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Figure 9. Correlations between I0D1 (a), IOD2 (b) and 1 000-hPa sea surface wind stress anomalies (shown in arrows) and wind
vorticity anomalies (shown in contours), with values over 95% confidence level drawn.

Figure 9a illustrates that when IOD1 occurs, there
are two anomalous anticyclones, symmetric about the e-
quator along 80°E. The location and intensity of these
two anticyclones are in correspondence with the two
warm centers of IOD1 in Fig.4c. Because of these two
anticyclones, the north-easterlies from the NH and
south-easterlies from SH converge in the eastern equato-
rial Indian Ocean, dragging sea water westward, and
making cold water ascend in the east and warm water
accumulate in the west. Due to the strong wind stress
anomalies, the upwelling is also intense, leading to
marked east-to-west IOD signals at the upper layer of e-
quatorial Indian Ocean. Furthermore, the two anticy-
clones here also contribute to the western warming due
to their divergence effect, and warm water accumulate
in the anti-cyclonic centers. It is notable that the anticy-
clone in SH is more intense and its warming effect is
also more significant, as a consequence, the warm cen-
ter in the south of IODI1 is stronger. Therefore, these
two anticyclones account for why IOD1 has a “<” like
warming distribution that is stronger in the south.

In the contrary, when IOD2 occurs, the northern
anomalous anticyclone is unobservable while the south-
ern anomalous anticyclone is still quite significant with
its position moved to further east. The moderate north-
ern anticyclone weakens the north-easterly anomalies in
the NH, causing the eastern equatorial Indian Ocean
wind convergence to decrease in intensity; in the mean-
time, the warm water accumulates at the center of the
anomalous anticyclone in the SH, deepening the ther-
mocline. Due to the combined mechanisms, the up-
welling in the east and westward dragging effect be-
come weak, and there is no significant dipole SSTA in
the equatorial Indian Ocean. As mentioned above, how-
ever, there is a dipole mode, IOD2, in the southern
tropical Indian Ocean around 15°-25°S. For the anticy-
clone in the SH (as in Fig.9b), the southerlies to its east
edge bring cold water from high latitudes to low lati-

tudes along the west coast of Australia, and at the same
time, the divergent wind anomalies force upwelling in
the sea west of Australia, and consequently, the com-
bined effects lead to the cold center in the north-west
sea of Australia. Similarly, to the west of this anticy-
clone, the anomalous northerlies bring warmer water in
the equatorial zone to higher latitudes, wind anomalies
converge in 60°-80°E of the tropical southern Indian O-
cean, resulting in deeper thermocline and warmer sea
temperature there. However, since the wind anomalies
are rather weak in IOD2 events, the dipole mode is con-
fined mainly in the sea-surface layer of tropical south
Indian Ocean.

Based on the previous analyses, the anomalous
sea-surface wind plays an important role in influencing
IOD which links to the two types of El Nifo mainly in
three aspects: (1) the dragging of equatorial anomalous
ecasterlies, (2) the forcing of anticyclones, and (3) the
forcing of wind anomalous divergence and convergence
effect. A question may be raised: Do these three effects
bear the same importance?

To inquire into this issue, several measurements
are defined to represent different effects. The mean zon-
al wind anomalies of eastern equatorial Indian Ocean
(80°=100°E, 10°S—10°N) is defined to measure eastern
equatorial Indian Ocean zonal wind intensity (named as
equatorial eastern zonal wind). For IOD1 events, the
1000-hPa mean vorticity anomalies of region 80°-100°E,
5°=15°N and of region 80°-100°E, 5°-15°S are defined
to measure north equatorial anticyclone intensity (anti-
cyclone north of equator) and south equatorial anticy-
clone intensity (anticyclone south of equator) respective-
ly; for IOD2 events, the 1000-hPa mean wind vorticity
anomalies of region 90°-110°E, 10°-20°S are defined
to measure the strength of the anticyclone south of
Sumatra (anticyclone south of Sumatra). Finally, to e-
valuate the divergence effects in tropical southern Indi-
an Ocean, the mean wind divergence anomalies of the
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regions (100°-120°E, 15°-25°N) and (60°-80°E, 20°-
30°N) are calculated (named as divergence east and di-
vergence west) to measure the wind divergence anoma-
lies in the east and west part of tropical south Indian O-
cean respectively. The correlations between the two
IOD indices and the six measurements in the regions
concerned are shown in Table 2. The results show that
the IOD1 index correlating with equatorial eastern zonal
wind anomalies is the most significant, up to —0.78, this
means that the dragging effect of equatorial zonal wind
in the eastern Indian Ocean is the most important factor
that generates the IOD1 event. The IOD1 index with the
anticyclones on the two sides of the equator is also
quite high, indicating that these two anticyclones con-
tribute to IOD1 as well, especially in shaping the

warmer anomalies of IOD]1.

The I0D2 index has a 0.4 correlation coefficient
with zonal wind, and this means that the zonal wind a-
long the equator in I0D2 is not as strong as in IODI
and the zonal wind forcing is relatively weak. However,
the I0D2 index has relatively high correlation with the
intensity of the anticyclone south of Sumatra. Therefore,
with the moderate zonal wind and the effect of the anti-
cyclone south of Sumatra, cold SSTA is not as signifi-
cant in the equatorial eastern Indian Ocean as in the sea
west of Australia. In addition, the IOD2 index also has
a relatively high correlation with the divergence and
convergence in the tropical southern Indian Ocean,
which contributes to IOD2's formation.

Table 2. Correlations between two IOD indices and the six measurements in the concerned regions.

I0OD1 index I0D2 index
Equatorial eastern zonal wind -0.78 -0.40
Anticyclone north of equator 0.63 0.24
Anticyclone south of equator 0.46 0.25
Anticyclone south of Sumatra 0.43 0.55
Divergence east 0.20 0.55
Divergence west -0.28 -0.42

6 CONCLUSIONS AND DISCUSSIONS

By compositing three representative ENSO indices,
El Nifio events have been selected and divided into EP
and CP type. By using EOF, correlation and composite
analysis, the relationship and possible mechanisms be
tween 10D and the two types of El Nifio events have
been investigated.

(1) The Indian Ocean dipole events related to El
Nifio can be divided into two kinds: one is associated
with EP El Nifio and has strongest signal at 50—-150 m
in the equatorial Indian Ocean sub-surface layer, sym-
metric about the equator but stronger in the south; the
other one is more closely related to CP El Nifio events
and is significant between 15°-25°S in tropical southern
Indian Ocean.

(2) Two IOD indices have been defined according
to their temperature anomalies location. The I0OD1 in-
dex is based on the mean SOTA of equatorial Indian O-
cean, and it has a high correlation (0.68) with composite
the EP El Nifio index; while the IOD2 index is based up-
on SSTA of tropical southern Indian Ocean and has a
high correlation (0.60) with the CP El Nifio index.

(3) I0D1 is strongly dependent on the anomalous
east wind along the equatorial Indian ocean and the
anomalous anticyclones on the two sides of the equator.
In the developing phase of EP El Niiio, the anomalous
downward branch of Walker circulation is around 130°E,
strong anomalous zonal easterlies start to blow, drag-
ging sea water westward. The sea surface anomalous

wind forcing cold water upwelling and warm water ac-
cumulating is the main mechanism causing the IODI
mode. Besides, the anticyclones on the two sides of the
equator deepen the thermocline layer in central-western
equatorial Indian Ocean and make the sea temperature
rise. As the southern anticyclone is stronger, its warm-
ing effect is more significant.

(4) 10D2 is mainly dependent on the anomalous
anticyclone south of Sumatra and divergence effect in
the tropical Southern Indian Ocean. When CP El Nino
develops, the anomalous Walker circulation sinks down
at 110°E, further west and weaker compared to the EP
El Nifio. The anomalous east wind weakens and the cool-
ing effect thus decreases. However, the anomalous anti-
cyclone south of Sumatra intensifies and has two ef-
fects: on the one hand, the warming effect in the center
of the anticyclone weakens the upwelling in the east e-
quatorial Indian Ocean; on the other, the southerlies to
the east of it bring cold water and northerlies to the
west to bring warm water into zone of 15°-25°S. In ad-
dition to the relatively strong divergence in the east and
convergence in the west of tropical south Indian Ocean,
I0D2 occurs mainly in the latitude of 15°-25°S, more
southward than 10D1.

The Indo-Pacific air-sea interaction has an impor-
tant impact on IOD events though the local effect can-
not be neglected. This paper investigated the possible
dynamic mechanisms, mainly on wind anomalies, which
links the two types of El Nifio and IOD events. More
mechanisms and the local effect should be discussed in
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the next stage of our study.
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