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ABSTRACT

In this study, several advanced analysis methods are applied to understand the relationships between the
Nifo-3.4 sea surface temperatures (SST) and the SSTs related to the tropical Indian Ocean Dipole (IOD). By
analyzing a long data record, the authors focus on the time-frequency characteristics of these relationships,
and of the structure of IOD. They also focus on the seasonal dependence of those characteristics in both
time and frequency domains.

Among the Nino-3.4 SST, IOD, and SSTs over the tropical western Indian Ocean (WIO) and eastern
Indian Ocean (EIO), the WIO SST has the strongest annual and semiannual oscillations. While the Nifno-3.4
SST has large inter-annual variability that is only second to its annual variability, the IOD is characterized
by the largest semiannual oscillation, which is even stronger than its annual oscillation. The IOD is strongly
and stably related to the EIO SST in a wide range of frequency bands and in all seasons. However, it is less
significantly related to the WIO SST in the boreal winter and spring. There exists a generally weak and
unstable relationship between the WIO and EIO SSTs, especially in the biennial and higher frequency bands.
The relationship is especially weak in summer and fall, when IOD is apparent, but appears highly positive in
winter and spring, when the IOD is unimportantly weak and even disappears. This feature reflects a caution
in the definition and application of IOD. The Nifio-3.4 SST has a strong positive relationship with the WIO
SST in all seasons, mainly in the biennial and longer frequency bands. However, it shows no significant
relationship with the EIO SST in summer and fall, and with IOD in winter and spring.
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1. Introduction Wallace, 1994). For example, substantial evidence has

demonstrated that ENSO regulates strongly the vari-

The El Nino Southern Oscillation (ENSO) and
the Indian Ocean dipole (IOD) have been considered
two important phenomena that affect the climate in
Africa, Asia, and Australia and over the Indo-Pacific
oceans. Since the 1982/83 El Nino event, it has been
realized that ENSO is perhaps the most important
phenomenon that causes anomalies in global climate
on inter-annual timescales (Rasmusson and Carpenter,
1982; Ropelewski and Halpert, 1987; and Yulaeva and
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ability of the Asian-Australian monsoon system (Ras-
musson and Carpenter, 1983; Webster and Yang, 1992;
Ju and Slingo, 1995; Gadgil and Sajani, 1998; Zhang
et al., 1999; Wang et al., 2000; Ailikun and Yasunari,
2001; Lau and Wu, 2001; Huang et al., 2004; and see
review in Lau and Wang, 2006; and Yang and Lau,
2006). Recently, a zonal dipole mode has been spot-
ted in the tropical Indian Ocean (IO; Saji et al., 1999;
Webster et al., 1999), referred to as IOD here, and it
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is believed to account for many climate anomalies in
Africa, Asia, and Australia (Li and Mu, 2001a; Ashok
et al., 2003a; Guan and Yamagata, 2003; Saji and Ya-
magata, 2003a; Black, 2005; Rao and Behera, 2005;
Saji et al., 2005; Yang and Li, 2005). Several studies
have even linked IOD to the climate anomalies in Eu-
rope and the Americas (Li and Mu, 2001b; Saji and
Yamagata, 2003a; Saji et al., 2005).

Because of the large climate impacts of ENSO and
IOD, the relationship between the two phenomena
has been a subject of extensive interest during recent
years. In their original work on IOD, Saji et al. (1999)
and Webster et al. (1999) declared that the variability
of IOD is independent from that of ENSO (see also Be-
hera et al., 1999). Ashok et al. (2001) also showed that
whenever the relationship between the Indian mon-
soon and ENSO is low, the relationship between the
monsoon and IOD is high, and vice versa. Loschnigg
et al. (2003) claimed that the IOD is an inherent fea-
ture of the Asian monsoon and tropospheric biennial
oscillation (TBO). Saji and Yamagata (2003b) further
argued that the IOD arises from the inherent coupled
air-sea interaction in the tropical Indian Ocean (I0)
and is not a part of ENSO evolution.

On the other hand, other studies have indicated
that the variability of IOD and ENSO is not indepen-
dent from each other. It has been shown that vari-
ations of IOD and ENSO, both of which are linked
to the overlying Walker-type atmospheric circulation
(Chao et al., 2005), are closely related to each other
(Huang and Kinter III, 2002; Li et al., 2002a; Li et al.,
2002b) and that both phenomena are associated with
African rainfall in the same phase (Black et al., 2003).
It is argued that the IOD and ENSO, which are related
to each other most strongly in fall, are two interactive
phenomena (e.g., Yoo et al., 2006; Zhang and Yang,
2007). In spite of their distinctive evolution character-
istics, they are dynamically coupled ocean-atmosphere
modes linked to the annual cycle of the basic state (Li
et al., 2003; Yu et al., 2003) and are often the large-
amplitude excursions of TBO over the tropical Indo-
Pacific oceans (Meehl et al., 2003). Li et al. (2003)
indicated that ENSO is one of the triggering mecha-
nisms for IOD and attributed the biennial tendency
of IOD to ENSO forcing. In addition, several stud-
ies have shown that the variations of IOD lead those
of ENSO (e.g., Behera and Yamagata, 2003 and that
IOD influences the intensity and frequency of ENSO
(Wu and Kirtman, 2004) and even modifies the impact
of El Nino on the Indian monsoon (Ashok et al., 2004).

While whether the ENSO and IOD related sea sur-
face temperatures (SSTs) are independent from each
other is still under much debate, one should assume
that the variability of the two phenomena is indepen-
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dent from each other during some periods of time and
on some timescales, but not independent during other
time periods and on other timescales. In any case, the
details of the relationship between the two phenomena
have not fully surfaced. In this study, we apply several
advanced analysis methods to understand the detailed
features of the structure of IOD and the relationship
between ENSO and IOD-related SST's in time and fre-
quency domains. We focus on the Nino-3.4 SST, IOD,
and the SSTs over the tropical western Indian Ocean
(WIO) and eastern Indian Ocean (EIO). We also focus
on the seasonality of the time-frequency characteris-
tics of the various phenomena or SSTs. The analysis
is aimed at providing useful information about the de-
pendence or independence between ENSO and I0D.
In section 2, the data set and analysis methods
are described briefly. In sections 3 and 4, the time-
frequency characteristics of the variability of tropical
Indo-Pacific SST's and of the relationship between the
SSTs are discussed, respectively. We further discuss
the seasonality of these SST characteristics in section
5 and summarize the results of the study in section 6.

2. Data and analysis methods

2.1 Data

The data analyzed in this study is mainly from
the National Oceanic and Atmospheric Adminstra-
tion (NOAA) Extended Reconstructed SST (ERSST;
Smith and Reynolds, 2003) dataset. The ERSST,
which is available monthly and has been applied widely
in climate study, covers an extended period since 1800.
Here, we analyze the data from January 1880 to De-
cember 2004 because the data for the early decades
are not reliable (e.g., Yan et al., 2003). We analyze
the SSTs averaged over the Nifo-3.4 region (5°N-5°S,
170°-110°W), tropical WIO (10°S-10°N, 50°-70°E),
and tropical EIO (10°S-0°, 90°-110°E). Following Saji
et al. (1999), we define IOD as the difference in SST
between WIO and EIO (WIO SST minus EIO SST).

2.2 Methods of analysis

We apply several advanced analysis tools to under-
stand the features of the variability of different SST in-
dices. We first apply the techniques of wavelet analysis
and least squares method to depict the time-frequency
features and the dominant oscillating timescales of the
indices. For the relationships between the different in-
dices, we analyze the features of their coherence, lead-
lag correlation, and seasonality. In particular, we fo-
cus on the characteristic features of the relationships
between different SST's in both time and frequency do-
mains, by applying a recently developed technique in
which a multiple moving window method is used. De-
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tails of these analyses tools, which have been applied
by Ding et al. (2002) for temperature and by Yang et
al. (2007) for precipitation analysis, will be discussed
in sections 3-5 correspondingly.

3. Time-frequency characteristics of the vari-
ability of tropical Indo-Pacific SSTs

In this section, we apply wavelet transform (Morlet
et al., 1982) and the least squares method of House-
holder transform (see Powell and Reid, 1969) to il-
lustrate the time-frequency characteristics of IOD and
Nifo-3.4, WIO, and EIO SSTs. For a time series f(t),
the wavelet transform is defined as:
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where 1(t) is the basic wavelet, a the dila-
tion/compression scale factor defining the character-
istic frequency, and b the translational factor in the
time domain. One of the known advantages of the
wavelet transform is that it can describe the spectral
characteristics of time series f(t) in the time-frequency
domain (the a—b space with horizontal time axis b and
vertical frequency axis a). In other words, the changes
in the signals of a specific data series can be displayed
simultaneously in the time-frequency domain and the
spectral distributions of the signals in different fre-
quencies visualized over the same time span. However,
distorted edge effect of wavelet spectrum may occur in
the transform, especially in the lower frequency bands.
For this reason, we apply the leap-step time series anal-
ysis (LSTSA) model developed by Zheng et al. (2000),
which improves the data information of end points in
wavelet analysis and effectively reduces the edge ef-
fects of the filtered output signals. The LSTSA is a
nonlinear model decomposing a time series into de-
terministic and stochastic components, in which the
stochastic component is further characterized by sev-
eral stochastic models and each stochastic model is
valid within a sub-domain of the time series (leap-step
domain). It provides greater stability for long-range
forecasting. The main features of the LSTSA model
have also been summarized in the Appendix of Yang
et al. (2007).

Figure 1 displays the wavelet spectrum of various
monthly SST indices for the period of 1880-2004. It
shows amplitude spectra, instead of power spectra, for
a better display of the signals. The Nino-3.4 SST has
a strong annual cycle and large lower-frequency vari-
ability on timescales of 2-7 years (Fig. la). However,
semiannual signals are not apparent in Nino-3.4 SST.
On the other hand, semiannual signals occur clearly
in both IOD and WIO SST (Figs. 1b and ¢). In fact,
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the semiannual signal dominates over the signals of all
timescales for IOD. It can be seen from Figs. 1b-d
that annual oscillation is apparent in all IO SSTs, es-
pecially in the WIO SST. For EIO SST, the annual os-
cillation clearly dominates over the signals of all other
timescales. However, inter-annual and longer variabil-
ity appears only moderately in IOD and EIO SST, and
is even weaker in WIO SST. The relatively large inter-
annual variability (on timescales 3-5 years) of IOD in
the 1960s and 1990s (Fig. 1b) is consistent with the
results of Saji and Yamagata (2003b) in their analysis
for the period of 1958-97.

After identifying the dominant timescales of the
SST indices, largely qualitatively, by wavelet analysis,
we further quantitatively determine the mean magni-
tudes and phases of the temporal variations of SST by
applying a least-square method, which enables an esti-
mation of stable parameters. Our focus is on the fea-
tures of annual, semiannual, inter-annual, and inter-
decadal timescales, although we will also compute the
constant and linear trend terms. Although the “first
guess” from Fig. 1 is not necessary for the least-square
analysis, it provides great efficiency to our experimen-
tal computations. The least-square method of House-
holder transform, which is a linear regression problem,
is given as follows:

7
Ly :a—i—bt—l—ch sin(2nt/Pr + o) et . (2)
k=1

where Py, ¢, and ¢y, are, respectively, the periods, am-
plitudes, and phases of the annual, semiannual, inter-
annual, and inter-decadal terms, and a and b are the
constant and linear terms. &; is the white noise at
time ¢. Since the periods of inter-annual and inter-
decadal fluctuations are relatively unstable and drifts
in frequency may occur in the spectral estimate (see
Fig. 1), we determine their mean values by a method
of trial and error in the process of least squares com-
putations. Specifically, we identify and determine the
optimal mean periods of the spectral signals by ad-
justing the periodic values step by step. In this pro-
cess, the amplitudes and phases of the spectral signals
are also estimated and the uncertainties in period of
the signals are measured by the standard deviations of
phases.

Table 1 shows the information estimated for the
seven most dominant terms (annual, semiannual, three
inter-annual terms, and two inter-decadal terms) from
Eq. (2) for the four Indo-Pacific SST indices, respec-
tively. The periods are identified by the means of least-
square adjustment of Householder transform, and the
phase estimation is referenced to the epoch of Jan-
uary 1880, the beginning epoch of the data series. The
Nino-3.4 SST has largest amplitudes on the annual
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Fig. 1. Wavelet spectra of monthly (a) Nifio-3.

4 SST, (b) IOD, (c) WIO SST, and (d) EIO SST,

for the period from January 1880 to December 2004. The red and blue colors represent the largest

positive and negative amplitudes of wavelet spe
periodic timescales of the time-frequency spectr

timescale (row eight of the upper left portion) and
inter-annual timescale of 5.6 years: 0.61°C and 0.30°C,
respectively. It also fluctuates apparently on the
timescales of 3.5 years, 13.2 years, and 6 months (semi-
annual timescale). On the other hand, the IOD has a
larger amplitude on the semiannual timescale (0.47°C)
than on the annual timescale (0.35°C), which is differ-
ent from the WIO and EIO SSTs, both of which have
the largest amplitude on the annual timescale and the
second largest amplitude on the semiannual timescale
(see the lower portion of the table). The annual sig-
nal and semiannual signal are 0.81°C and 0.62°C for
WIO and 0.56°C and 0.21°C for EIO. In all IO SST
indices, the nonseasonal signals are smaller than those
of the annual and semiannual timescales by an order of
magnitude. This feature marks a significant difference
between the Indian Ocean and Pacific SSTs. Also,
In the IO, the largest amplitude of both annual and
semiannual signals appears in WIO, and the weakest

ctra, respectively. The y-coordinate represents the
a.

annual oscillation and semiannual oscillation appear in
IOD and in EIO respectively.

Table 1 also shows several other major features.
First, the most dominant oscillating timescales are also
the timescales of the most stable estimations of phase.
This is especially apparent in the annual and semian-
nual oscillations of WIO SST, as seen in the values of
standard deviation of 22.0+0.7 and —119.3 £0.9 (col-
umn three and rows eight and nine of the upper left
portion). Second, there exist warming trends in all
SST indices, with the largest in WIO SST (0.73°C per
100 years) and smallest in IOD (0.21°C per 100 years).

The values of root-mean-square (RMS) in Table 1
weigh the importance of the SST variability of the se-
lected oscillating timescales and the constant and lin-
ear terms, relative to the total SST wvariability. For
each SST time series, they are calculated respectively
from the original time series (inside the parentheses;
e.g. 0.952°C for Nifio-3.4 SST) and from the residual
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Table 1. Estimations of the parameters of oscillating signals detected in the monthly data series of Nino-3.4 SST, IOD,
and WIO and EIO SSTs from January 1880 to December 2004.

Period (yr) Amplitude (°C) Phase (°) Linear rate (°C yr—') RMS

Nino-3.4 SST 21.0 0.15640.027 —18.5£10.0 0.0040+0.0005 0.741 (0.952, 22%)
13.2 0.255+0.027 —102.0 £6.1
5.6 0.302£0.027 —145.5£5.1
3.5 0.26340.027 —33.44+5.9
2.1 0.138+0.027 80.3+11.2
1.0 0.608+0.027 —29.3+2.6
0.5 0.21440.027 —132.8 £7.3

10D SST 23.8 0.062+0.013 155.94+11.5 0.0021+£0.0002 0.343 (0.551, 38%)
11.5 0.053£0.013 —136.5 £ 13.5
5.4 0.086+£0.013 115.0+8.3
3.6 0.053+0.013 —42.7+13.5
2.0 0.072£0.013 140.6+10.0
1.0 0.347+0.013 56.5+2.1
0.5 0.472+0.013 —104.6 £1.5

WIO SST 19.6 0.068+0.010 71.24+8.2 0.0073+£0.0002 0.263 (0.816, 68%)
10.8 0.044+0.010 —0.6 +12.6
5.1 0.087+0.010 —135.9+6.3
3.5 0.058=+0.010 —52.44+9.5
2.0 0.031£0.010 171.2+18.0
1.0 0.809-+0.010 22.0+0.7
0.5 0.622+0.010 —119.3£0.9

EIO SST 19.6 0.049+0.012 90.8+13.8 0.0052+0.0002 0.322 (0.566, 43%)
11.8 0.049+0.012 6.7£13.8
5.5 0.049+0.012 —102.8 £13.8
3.5 0.050£0.012 —81.4+13.4
2.1 0.049+0.012 10.24+13.7
1.0 0.559+0.012 1.3+1.2
0.5 0.208+0.012 —155.1 £3.2

series after the seven oscillating signals and the con-
stant and linear trend terms are removed from the orig-
inal SST data (outside the parentheses; e.g. 0.741°C
for Nifo-3.4 SST). It is seen that the oscillating
timescales and the constant and linear terms (mainly
the annual and semiannual signals) account for a ma-
jor portion [68%, calculated as (0.816 — 0.263)/0.816]
of the total SST variability in WIO. On the other
hand, the contribution of the frequency-oscillating sig-
nals and the constant and linear terms detected by the
wavelet spectra to the total SST RMS is only 22% in
the Nifio-3.4 region. The IOD (38%) and the EIO SST
(43%) go between the WIO and Nino-3.4 SSTs.

4. Time-frequency characteristics of the co-
herence between various SST indices

After depicting the features of dominant timescales
of the variations of Indo-Pacific SSTs, we investigate
the time-frequency characteristics of the interrelation-
ships between these SSTs. To examine the relation-
ship between two specific fields, we analyze the cross-
correlation function and the squared coherence spec-
trum. To illustrate the time-frequency characteristics

of the coherence, as in Yang et al. (2007), we apply
a moving window technique in which we first estimate
the values of coherence for a sub-series of ten years and
then move successively the data points for subsequent
estimations.

As in Jenkins and Watts (1968), the cross-
correlation function p(7) in the time domain and the
squared coherence spectrum v2( f) in the frequency do-
main between any given two time series are computed
as:

p(7) = 012(7)/(011022) " 3)
R(f) = Si2(f)/(Su(f )SQZ(f))1/2 (4)
() =IR(NP (5)

where, in Eq. (3), 012 is the cross-covariance func-
tion of phase lag 7, and 011 and 092 are the variances
of the two time series; and in Eqs. (4) and (5), f
is the frequency, S12(f) the cross-power spectrum be-
tween the two time series, and S11(f) and Sae2(f) the
auto-power window spectrum technique of Thomason
(1982) is employed in the calculations of power spec-
trum, with application of the Fourier transform.
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Fig. 2. Estimated cross-correlation (upper panels) and squared coherence (lower panels) between
Nino-3.4 SST and Indian Ocean SSTs. Values of negative (positive) lags shown in the z-coordinate
of each panel represent the correlations in which Nino-3.4 SST leads (lags) the Indian Ocean SSTs.
Dashed lines show the threshold values of the significant test (assessed two-sided) at the 99% con-

fidence level.

Figure 2 shows the cross-correlation and cross-
coherence, calculated by Egs. (3)—(5), between Nino-
3.4 SST and the various IO SST indices. In the calcula-
tions, the seasonal cycles have been removed from the
time series. The constant and linear trend terms have
also been removed to meet the principle of statistics
for correlation and coherence computations. Simulta-
neously, the Nino-3.4 SST is significantly related to
the IO SSTs, especially the WIO SST, at the confi-
dence level a = 0.99 determined by the Monte Carlo
test (Zhou and Zheng, 1999). However, the most sig-
nificant correlation occurs when Nino-3.4 SST leads
WIO SST by four months (R = 0.53 for the period of
1880-2004). The strongest relationship between Nifio-
3.4 SST and IOD appears when IOD leads by three
months (R = 0.24) and the strongest relationship be-
tween Nino-3.4 and EIO SSTs appears when Nino-3.4
SST leads by six months (R = 0.38).

Figures 2d—f illustrate the Indo-Pacific SST rela-
tionship, measured by coherence, as a function of fre-
quency bands. A very strong relationship is seen be-

tween Nino-3.4 and WIO SSTs on timescales of two
to seven years, and of 14 months. A strong relation-
ship is also found between Nino-3.4 and EIO SSTs
in most of the frequency bands in the range from 15
months to five years. Relatively, the relationship be-
tween Nino-3.4 SST and IOD is less significant except
on timescales of around 4.5 years and of 15-19 months.

The cross-correlation and cross-coherence between
the various IO SST indices are displayed in Fig. 3.
As expected, the 10D is significantly correlated with
both WIO SST (R = 0.48) and EIO SST (R = —0.67).
However, the maximum correlation between WIO and
EIO SSTs occurs when the WIO SST leads by three
months (R = 0.36), although the simultaneous corre-
lation between the two is also significant. It can be
seen from Figs. 2d—f that the IOD is strongly related
with WIO and EIO SSTs in a wide range of frequency
bands. In particular, the relationship between 10D
and the EIO SST is especially strong on quasi-biennial
(1.5-2.5 years) and near-annual timescales. However,
a significant relationship between the WIO and EIO
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Fig. 3. Estimated cross-correlation (upper panels) and squared coherence (lower panels) between
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SSTs mainly appears on the timescales of four and
2.5 years. Indeed, the relationship between the two
poles of IOD is very weak on quasi-biennial and higher
timescales. This feature can be seen more thoroughly
in Fig. 5.

Note that the above estimates are only about the
mean features of the time span and frequency do-
main. We further depict the stability and variabil-
ity of these features in specific frequency bands with
respect to time processes by applying a technique in
which a moving window is used. In this method, the
coherence in time-frequency domains is derived first by
estimating the values of a sub-series of 10 years and
then by moving the data points successively for sub-
sequent estimations. Figure 4 shows the distributions
of coherence between Nino-3.4 SST and different 10
SST indices in both time and frequency domains. The
Nino-3.4 SST is most strongly related to WIO SST,
and then to EIO SST, and the relationship between
Nino-3.4 SST and IOD is the weakest, consistent with
the features shown in Fig. 2. A highly significant re-

lationship between Nifio-3.4 and WIO SSTs exists on
biennial and inter-annual timescales, especially in the
late 1800s, during 1928-1957 and 1963—1988, and since
1993. A strong relationship between Nino-3.4 and EIO
SSTs also appears in relatively higher frequencies from
1963-1978, and since 1990. The significant relation-
ships between Nifio-3.4 SST and IOD in inter-annual
frequency bands during the 1960s—80s, and during the
1990s (see Fig. 4a) are, respectively, consistent with
the results of Ashok et al., (2003b, Fig. 8c) and Saji
and Yamagata (2003b, Fig. 11a).

It can be seen by comparing Fig. 5a with Fig. 5b
that IOD is almost always more strongly linked to EIO
SST than to WIO SST (refer to the significance lev-
els to the right of the figure). Overall, the coherence
between I0D and EIO SST is large in a wide range of
frequency bands, from intra-seasonal to inter-annual,
and the coherence between IOD and WIO SST is most
significant near the intra-seasonal band, a feature that
has not been shown in Fig. 3. Figure 5a also reveals an
unstable IOD-WIO relationship with time, in contrast
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to the more stable IOD-EIO relationship shown in Fig.
5b. It is interesting to note that strong relationships
between IOD and EIO SST often appear when weak
relationships occur between 10D and WIO SST, espe-
cially during 1915-55, and in the 1990s.

Surprisingly, the relationship between WIO and
EIO SSTs (Fig. 5c¢) is much weaker than the relation-
ship between I0OD and WIO SST, and that between
10D and EIO SST, even though the IOD is defined by
the variability of WIO and EIO SSTs. For the rela-
tively strong relationship in the low frequency bands,
inter-decadal variability is evident, and thus the rela-
tionship is unstable.

5. Seasonality of the relationships between
various SST indices

Since the variability of Indo-Pacific SSTs is char-
acterized by strong seasonal cycles, it is important

to depict the seasonality of the above-addressed fea-
tures. Figure 6 presents the correlation and coher-
ence between Nino-3.4 SST and different 10 SST in-
dices for the various seasons. It can be seen from
Fig. 6a that the Nino-3.4 SST has the strongest re-
lationship with IOD in September-October-November
(SON, R = 0.51), confirming the results of previ-
ous studies. This strong relationship occurs mainly
on 3- to 4.5-year timescales (see the coherence pan-
els). The Nino-3.4 SST, which shows no significant
relationships with I0D in March-April-May (MAM)
and December-January-February (DJF), is also mod-
erately significantly related to IOD in JJA (R = 0.33),
mainly on four-year and shorter timescales. The rela-
tionships between Nino-3.4 and WIO SSTs are signif-
icant in all seasons, especially in DJF (R = 0.60) and
MAM (R = 0.59), and the strong relationships ap-
pear over a wide range of inter-annual timescales (Fig.
6b). As seen from Fig. 6c, there exists strong inter-
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figure.

annual Nifio-3.4-EIO relationships in DJF (R = 0.56)
and MAM (R = 0.55), but there are no significant si-
multaneous relationships between the two in JJA and
SON. It is impressive that the Nifo-3.4 SST is corre-
lated with both WIO and EIO SSTs positively in
MAM and DJF. This feature will be seen again later
in Fig. 7c.

Figure 7 shows that while the IOD is significantly
correlated to WIO SST only in SON (R = 0.67) and
June-July-August (JJA; R = 0.56; Fig. 7a), it is
strongly and negatively related to EIO SST in all
seasons, especially in SON (R = —0.73) and JJA
(R = —0.69; Fig. 7b). More strikingly, although
the IOD is defined based on the WIO and EIO SSTs
and it is more prominent in JJA and SON than other
seasons, insignificant WIO-EIO correlation appears in
JJA (R=0.19) and SON (R=0.0), as seen from Fig.
7c. On the contrary, strong correlation appears in
MAM, (R=0.64) and DJF, (R=0.72) when the IOD
generally disappears. It is also noted that the WIO

and EIO SSTs are strongly and positively correlated
in both DJF and MAM, which leads to a positive cor-
relation (R=0.32) between the whole month values of
the two, consistent with the positive Nifio-3.4-WIO re-
lationship and Nifio-3.4-EIO relationship in these two
seasons shown in Figs. 6b and 6¢c. However, this posi-
tive relationship became weaker (R=0.19) during the
period of 1958-2004.

Figure 7a also shows that the strong I0D-WIO
relationship in SON mainly occurs on six-year and
shorter timescales (see the coherence panels). In
JJA, large coherence between the two occurs on the
timescales of 2.5 to eight years. Large IOD-EIO co-
herence in JJA and SON appears in wider frequency
bands than that in MAM and DJF (Fig. 7b). Further-
more, in DJF, WIO SST is significantly related to EIO
SST on around 2.5 and 4.5 years and longer timescales
(Fig. 7c). Note that the relationships revealed for very
low timescales are generally less reliable than the oth-
ers and thus are not discussed in detail here.



352

RELATIONSHIPS BETWEEN INDO-PACIFIC SST'S

VOL. 24

Table 2. Maximum correlation of seasonal SSTs between Nino-3.4/I0D, Nino-3.4/WIO, Nino-3.4/EIO, I0D/WIO,
IOD/EIO, and WIO/EIO. The numbers in the second column for each season represent the number of months that
the first index of each pair (see the column) leads the second index. Significant values at the 99% confidence level are

emboldened.
MAM JJA SON DJF
Correlation  Lag (yr)  Correlation Lag (yr) Correlation Lag (yr) Correlation Lag (yr)

Nino-3.4/I0D —-0.13 0 0.33 0 0.51 0 —0.11 1
Nirio-3.4/WIO 0.59 0 0.33 0 0.55 0 0.60 0
Nifio-3.4/EIO 0.55 0 —0.11(0.41)  0(1)  —0.2(0.30)  0(1) 0.56 0
I0OD/WIO —-0.16 2 0.56 0 0.67 0 0.19 0
IOD/EIO —0.66 0 —0.69 0 —-0.73 0 —-0.53 0
WIO/EIO 0.64 0 0.19(0.29) 0(1) 0.0(0.41) 0(1) 0.72 0

Table 2 summarizes the main features of season-
ality of the relationships between Indo-Pacific SSTs.
It shows the maximum values from both simultaneous
and lag correlations for each season. Besides those dis-
cussed previously for Figs. 6 and 7, several additional
features should be pointed out. First, for JJA and
SON, although the simultaneous correlation between
Nino-3.4 and EIO SSTs is weak, a significant relation-
ship appears when Nino-3.4 SST leads by a year (see
row five). Second, also for these two seasons, signifi-
cant correlation occurs between WIO and EIO SSTs
(R =0.29 for JJA, and R = 0.41 for SON) when the
WIO SST leads by a year, although the simultaneous
correlation between the two is apparently insignificant.

We further examine the one-point correlation pat-
terns of IOD and Nino-3.4 SST. It can be seen from
Fig. 8 that the Nino-3.4 SST links significantly to
many features in IO and the western-central Pacific
(Considering that the quality of grid-point data in the
early decades may not be reliable for this type of com-
putations, we only analyze the period of 1950-2005.
However, an examination of the patterns for 1880-
2005 reveals similar features.) The well known features
include the positive correlation in IO and the negative
correlation in the western Pacific Ocean. However, in
both JJA and SON (Figs. 8g and 8h), the area of
negative correlation extends westward to the eastern
10. This feature can also be rephrased as a westward
retreat of the positive correlation zone of 10, empha-
sizing the IOD structure in these two seasons. A com-
parison between the left column and the right column
of the figure indicates that the IOD and Nino-3.4 SST
are associated with similar features of the Indo-Pacific
SSTs in JJA and SON. Given the weak relationship
between WIO and EIO SSTs and the strong relation-
ship between IOD and Nino-3.4 SST (see Table 2), the
similarity between Figs. 8c—d and Figs. 8g-h is unfa-
vorable for claiming an independence of IOD from the
Nino-3.4 SST for these two seasons. Note that the sig-
nificant and opposite correlations appearing between

the western and eastern 10 in Figs. 8c and 8d, for JJA
and SON, result from the definition of IOD. The corre-
lation pattern itself does not imply significant negative
correlations between the WIO and EIO SSTs, both of
which are part of IOD used in the computations. Thus,
the feature shown here does not contradict the features
presented in Figs. 5¢ and 7c. In DJF (Figs. 8a and
8b) and MAM (Figs. 8e and f), the IOD and Nifio-3.4
SST are linked to completely different SST variations.
Although the WIO and EIO SSTs are strongly (but
positively) correlated (see Fig. 7c), IOD is unimpor-
tantly weak and even disappears in these seasons when
uniform warming or cooling, the most dominant mode
of I0 SST and usually associated with ENSO, exerts
a large impact on the climate (Yoo et al., 2006).

Figure 9 shows the lag correlation patterns of IOD
and Nino-3.4 SST in which these indices lead the grid-
point SSTs by one season. For the Nino-3.4 SST re-
lated features (right column), the lag correlation pat-
terns are similar to the simultaneous correlation pat-
terns shown in Figs. 8e-h due to the persistence of
Nino-3.4 SST from one season to the next. Relatively
large differences appear between Figs. 8g and 9g be-
cause of the drop in memory of the spring SST (Web-
ster and Yang, 1992).

For the Indian Ocean, there exists similar features
between Figs 9a and 9e. Because of the difference be-
tween Fig. 8a and Fig. 8e (for DJF) and because of the
strong IOD-Nifio-3.4 relationship in SON (see Table
2), these similar features can be attributed largely to
the Pacific impact, consistent to many previous stud-
ies. The difference between Fig. 9b and Fig. 9f is
related to the insignificant relationships between 10D
and Nino-3.4 SST in both DJF and MAM, as shown
in Table 2. A similar analysis indicates that the re-
semblance between Fig. 9d and Fig. 9h is due to the
strong relationships between IOD and Nino-3.4 SST
in both JJA and SON. Finally, the difference between
Fig. 9¢ and Fig. 9g is in contrast to the similarity be-
tween Fig. 8c and Fig. 8g because the IOD-Nino-3.4
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relationship is weak in MAM but strong in JJA. A
careful examination reveals a weak similarity in IO,
between Fig. 8c and Fig. 9c, in terms of the sign
of correlation, reflecting a certain relationship in IOD
from MAM, when the IOD is about to develop, to JJA.

6. Summary and discussion

We have depicted the seasonally-dependent fea-
tures of the structural change of IOD and the relation-
ships between Nino-3.4 SST, I0OD, and WIO and EIO
SSTs, with a focus on the distributions of these fea-
tures in both time and frequency domains. The WOI
SST has the largest amplitudes in annual and semi-
annual oscillations, and the semiannual oscillation of
IOD is even stronger than its annual oscillation. In
all IO SST indices, the nonseasonal signals are weaker
than the seasonal signal by about an order of magni-
tude. On the other hand, the Nifio-3.4 SST has large
inter-annual variability that is only second to its an-
nual variability. The IOD is strongly and stably re-
lated to EIO SST in a wide range of frequency bands
and in all seasons, but it is less significantly related
to WIO SST in the boreal winter and spring. There
exists a generally weak and unstable relationship be-
tween WIO and EIO SSTs, especially in the biennial
and higher frequency bands. The Nino-3.4 SST has
a strong positive relationship with WIO SST in all
seasons, mainly in the biennial and lower frequency
bands. However, it shows no significant relationship
with EIO SST in summer and fall and with IOD SST
in winter and spring.

This study reveals a robust feature: the WIO SST
is correlated with EIO SST insignificantly in boreal
summer and fall, but highly significantly and posi-
tively in winter and fall. This feature presents a cau-
tion in the definition and application of IOD because
the phenomenon, defined based on the WIO and EIO
SSTs, is only apparent in summer and fall but is unim-
portantly weak and even disappears in winter and
spring. Consistent with the above feature, the Nifio-
3.4 SST is significantly and positively related to both
WIO and EIO SSTs in winter and spring.
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