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Abstract

As is known, the impact caused by El Nifio Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD) can reach extreme levels,
especially rainfall in Indonesia. So, updating information on events
and cycles of these phenomena is essential. Using Sea Surface
Temperature (SST) data spanning the previous 84 years (1940-2023)
from ERAS5, we examined Sea Surface Temperature Anomalies
(SSTA), which serve as a predictive tool for ENSO and 10D events.
Apart from that, in this research, SSTA variance analysis was also
carried out using Wavelet. The analysis results show several Positive
IOD-Like events (1943, 1944, 1977, 1996) and Negative IOD-Like
(1985, 1992, 2016). Apart from that, the results of this research also
show that El Nifio in 2002/03 coincided with Negative 10D in 2002.
The results of Wavelet analysis show that the SSTA DMI variance
experienced increased activity in the periods 1940-1968, 1969-1991,
and 1992-2023. The Wavelet analysis also shows that ENSO activity
increased in 1970-2000 and decreased again in 2000-2023.

Copyright (c) 2024 by Author(s), This work is licensed under a
BY _SA

Creative Commons Attribution-ShareAlike 4.0 International License.

Introduction

Globally, some phenomena control the climate, i.e. El Nifio Southern Oscillation (ENSO) and
the Indian Ocean Dipole (IOD). ENSO and IOD are Sea Surface Temperature Anomaly (SSTA)
that occur in the Pacific Ocean and the Indian Ocean, respectively. The SSTA is an inherent
occurrence caused by the interaction between the ocean and the atmosphere. The Pacific
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Walker circulation is, in actuality, a key element of the world climate system. It links the
climate variability from the other ocean basins to the mid-and high-latitudes with the
variability of the Pacific SST [1-5]. The term Pacific Walker's Circulation or PWC (Indian
Walker's Circulation or IWC) is used to refer to Walker's Circulation in the Pacific (Indian)
ocean. Differential air pressure in the western or eastern regions initiates the process of PWC
formation. Increasing the strength of the Easterly Wind leads to greater movement of Walker's
Circulation, which subsequently causes the SST in the Western (Eastern) Pacific Rim to diverge
from its normal temperature by becoming warmer (colder). The warmer (colder) SST in a sea
region e.g., Indonesian’s sea, triggers the gain (weaken) convection water mass activity.
Consequently, this leads to an abundance of rainfall in the Indonesian area [2]. In contrast, the
Westerly Wind has caused a decline in Walker's circulation, leading to below-average SST in
the western (eastern) part of the Pacific Rim [2]. This circumstance has resulted in a scarcity of
precipitation inside the borders of Indonesia. An SSTA refers to a deviation from the normal
temperature, either colder or warmer. A positive (negative) SSTA is thereafter referred to as El
Nifio (La Nifa). El Nifio and La Nifia are commonly referred to as ENSO. Typically, ENSO
intensifies during the summer (June-August) and reaches its highest point in December
through spring (March-May) [6]. Periodically, ENSO occurs every 2-7 years, with a cycle peak
at 4 years. [7-8]. The Walker Circulation plays a significant role in the development of ENSO
and IOD, as described above. Nevertheless, the airflow at the IWC varies from that at the PWC.
Under typical circumstances, an easterly wind results in greater SST in the southeastern Indian
Ocean compared to the western region. This easterly wind pushes the warm water pool in the
western Indian Ocean to the east, exactly in southeastern region of Indonesia. Under these
circumstances, the convection process occurs in the southeastern region of Indonesia, which
undergoes a period of abundant rainfall known as the wet season. An SSTA Southeastern
(Western) above (below) normal conditions results in an IOD that is negative (positive).
Consequently, Indonesia experiences a surplus (reduction) in rainfall [4, 9]. Saji Hameed
identified the original IOD around 1999 as an SSTA that influenced the rainfall in Indonesia.
This condition is characterized by a trapped anomaly of zonal winds in the Indian Ocean's
equator region [10]. Initially, researchers believed that IODs were a result of ENSOs, but
subsequent studies have demonstrated that IODs can occur independently of ENSOs [11]. The
peak of Indian Ocean Dipole (IOD) events typically occurs between September and November
[6] and quickly subsides throughout the winter, leading to the phenomenon known as seasonal
lock [12].

The reason of this study is updating the ENSO and IOD status from 1940 to 2023, enabling
diverse using such as those in the fields of fishing, climatology, agriculture, and related field
research to utilize the information effectively. Another thing that is of interest to this study is
the ENSO-IOD activity over the past 84 years. The updating the ENSO and IOD status is
important because of ENSO and IOD are more than just sea-atmospheric interactions.
Moreover, these two have been known to be driven by climate globally and locally [8], so the
existence of these phenomena is also very influential on Indonesia's climate, especially rainfall
[4], [11], [13], [14]. At least six studies have demonstrated that the ENSO-IOD phenomena is
responsible for the extreme rainfall conditions that occur in Indonesia [15--20]. Indonesia's
location between the Pacific Rim and the Indian Ocean explains why ENSO and IOD have
such a significant effect on its rainfall. For example, when El Nifio (La Nifia) occurs, Indonesia
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will experience a lack of rainfall. If there is a positive IOD (negative IOD) in the Indian Ocean,
the situation will worsen, leading to increasingly dry conditions (getting wetter). ENSO and
IOD phenomena will naturally recur at some point; it is the concern of certain parties,
especially the government, to anticipate the impact. Because ENSO and IOD are natural
phenomena with the non-normal distribution of time-series data the uncertainty is huge. The
Wavelet can be used to analysis this data [8].

This study's objective is to analyze the local signal of the signals of Nifio3.4 Index and Dipole
Mode Index (DMI), which indicate ENSO and IOD, respectively. This analysis uses Morlet’s
Wavelet [8], because it excels at the periodic localization of a single signal that other methods,
like the Fourier transformation, cannot do. This study uses the Morlet's Wavelet because, in
comparison to other wavelets, such as the Paul wavelet, which has superior resolution in time,
it has comparatively good resolution in frequency [21]. Using Wavelet because this method
is widely used in climatology [7]. In detail, a wavelet changes signals locally in the frequency
and time domains [22]. This phase of localization demonstrates the activity of the signal. We
can predict their effects more accurately by categorizing these ENSO and IOD events into
specific periods. The Material and Method section offers additional information regarding
wavelets.

Material and Method

This study uses SST data from ERA5 for 84 years (January 1940-December 2023). This is
monthly data with a resolution of 0.25°. Similar studies have widely used the high-resolution
data generated by ERAS5 as material. [11], [23-24]. Additionally, we using the ERA5 data
because the available the long-time covered data.

The region that determines the DMI and the Nifio3.4 Index, as depicted in Figure 1, is the
Indian Ocean and the Pacific Rim, which constitute this study area. The IOD phenomena are
quantized based on SSTA in the West Tropical Indian Ocean (WTIO) and the South East
Tropical Indian Ocean (SETIO) region of the Indian Ocean. The gap in SSTA between the
WTIO and the SETIO is the determining factor for the Dipole Mode Index (DMI), as illustrated
in Equation (1)

DMI = WTIOSSTA - SETIOSSTA' (1)

After calculating the DMI using the difference between the SSTAs in the WTIO and SETIO
zones, we can compute the Nio3.4 index using the SSTA in the Nino3.4 region as Equation (2)

—= SST;;
SSTU = ?=1_U (3)

n
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SSTA;j is the anomaly in the i month of the j year, SST;; is the actual data of the i month of
the j year, SST;; is the climatology in the i year j.
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Figure 1. Research Area. The WTIO and SETIO are areas where SST anomalies occur, which show the
DMI, while Nifio3.4 is where SST anomalies occur, which show the Nifio3.4.

This study classifies the DMI and the Nifio3.4 index based on their standard deviation.
However, the classification threshold for both indices is set at 0.5 [25]. The standard deviation,
which serves as the upper and lower threshold for SSTA, is also employed by McKenna et al.
[6]. Based on this criteria, McKenna et al. [6] find the IOD phenomena in seasonal. When the
DMI and the Nifio3.4 index are greater than positive (less than negative) standard deviations
of each index, as indicated in Table 1, positive IODs and El Nifio (negative IOD and La Nifia)
are defined.

Table 1. Nifio3.4 index (X) and DMI (Y) classification.

No X Level Y Level
1 X=2 Very Strong El Nifio Y =15 Very Strong Positive IOD
2 2>X=15 Strong El Nifio 1.5>Y=>1 Strong Positive IOD
3 15>X=>1 Moderate El Nifio 1>Y=>=05 Moderate Positive IOD
4 1>X=>=S5td Weak El Nifio 05>Y > Std Weak Positive IOD
5 —1<X<-Std WeakLaNiha —05<Y < -Std Weak Negative IOD
6 -15<X<1 Moderate La Nifia -1<Y <05 Moderate Negative IOD
7 -2<X<15 Strong La Nifa -15<rv<1 Strong Negative IOD
8 X<-2 Very Strong La Nifia Yy <-15 Very Strong Negative IOD

The previous section mentioned the use of Wavelet to obtain SSTA behavior over time,
particularly the dominance of activity on a specific time scale. We conducted the analysis to
examine the variance of the DMI and the Nio3.4 index over a period of 2 to 7 years. In the
ENSO and IOD models [6], the most dominant time scale is 2-7 years/cycle, with the peak at
4 and 7 years/cycle. A wavelet is a function that transforms a signal into a new form. There
are at least six types of wavelets [22], but this study uses only the Morlet form. This is because
the Morlet form produces a better frequency-related localization of the period than any other
form. The other wavelet, i.e., the Paul wavelet, has a better resolution in terms of time [21].
Basically, the Morlet wavelet is the result of a Gaussian function and exponential waves in
their complex forms

Po(n) = m~H4elwone /2, 4)
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with ¥ (n) adalah nilai is the value of a non-time-dependent wavelet n, and w, = 6 the initial
frequency. To obtain local information about the signal, perform the transformation through
the Continuous Wavelet Transform (CWT)

_ « [(n'-m)ét
Wy (s) = g=(} Xn ) [( 5 ) ]/ )
with ¥* is the conjugate complex of i and n is expressing the time localization result on a
particular scale s, while x,, is the time-series data ton = 1,2,3 --- N with a time-space 4t. In this
case, x,, is the DMI and the Nifio index3.4.

Result and Discussion

Figure 2 shows the relative standard deviations of the DMI and Nifio3.4 index, which are 0.2
and 0.8. This suggests that the Sea Surface Temperature Anomaly (SSTA) in the Indian Ocean
is lower in comparison to the SSTA in the Pacific Ocean. This statistical analysis shows that
most of ENSO events align with the IOD. This result relates to Polonsky and Torbinsky's
research [9] showing the relationship between ENSO and IOD. These phenomena have
implications for Indonesia, particularly in conditions that get wetter (drier) during the wet
(dry) season. Logically, this affects Indonesia's position between the Indian and Pacific oceans.
Walker's circulation around the equator, which connects the Indian Ocean to the Pacific Ocean,
demonstrates the indirect correlation between the DMI and the Nifio3.4 index [6], [25].

Figure 2 and Table 1 depict the incidences of ENSO and IOD. According to the classification,
it is observed that over the past 84 years, there have been 9 occurrences of El Nifio (4) and La
Nifia, which align with positive IOD (negative IOD). Furthermore, El Nifio and La Nifia events
occur approximately once and three times per year, respectively. El Nifio and La Nifia are
caused by abnormal storm patterns in the northern Pacific Ocean, leading to fast variations in
sea surface temperatures in the region. In addition, the analysis also shows that El Nifio and
La Nifa are generally interannual phenomena [26], beginning in June-August of the first year
and ending in March-May of the second year. However, the La Nifia event that occurred from
1998 to 2000 had a duration of twelve months, making it the longest recorded period among
all observed years. Ren, et at [27] also indicated that La Nifia took place for 24 months.
Generally, positive and negative IODs are a season-lock phenomenon, which means they only
occur over a period of one year, starting in June-August and ending in September-October
[11], [12]. However, SSTs in the western Pacific Ocean appear to be warmer (colder) at the start
of the year, a phenomenon known as IOD-like positive (IOD-like negative). Both of these
phenomena occur 3 (2) times each during the year of observation. The IOD-like positive (IOD-
like negative) occur in 1993, 1994, and 1977(1985 and 2016), as shown in Table 2. Physically,
this happens because of the fast-changing monsoon, especially in the Indian Ocean [12]. Some
IOD-Like also shown by Shang-Min, et al [28] although different years of occurrence. These
differences depend, of course, on the length of the observation data and the limits used. The
DMI and the Nifio Index3.4 also showed that in 1963, positive SSTAs in the Nifio3.4 area did
not meet the deviation standard, which meant they did not show that El Nifio was happening,
as Nur'utami, et al [25] and Ren, et at [27] said. Another interesting result is the ENSO-IOD
anomaly phenomenon in 2002-03. During this period, El Nino occurred along with negative
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IOD. This caused dry conditions in Indonesia to not last long or caused the western (eastern)
region of Indonesia to experience a wet (dry) season.
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Figure 2. Five Months in the Running Average of SSTA for the DMI is represented by the black line, and
the yellow line for the Nifi03.4 Index. Standard deviations of the DMI and Nifio3.4 Index are represented
by vertical lines (yellow and black). The presence of a red fill represents the occurrence of El Nifio and
Positive IOD, whereas a blue fill shows the presence of La Nifia and Negative IOD. In order to ensure
that the SSTA occurs within a minimum of 5 months, we use a 5-month rolling average.

Table 2. The subscripts A and B show that El Nifio and La Nifia occur together with positive and
negative IOD, respectively. The subscript L denotes the presence of positive and negative Indian Ocean
Dipole (I0OD)-like conditions, while Lc denotes the occurrence of El Nino and La Nifia events between
seasons. Subscript C represents the inverse occurrence. The symbols *, **, ***, and **** represent stages
of weakness, moderation, strength, and very high strength, respectively.

El Nifio Positive IOD La Nifa Negative IOD
1940/414%**;1952/53*%;  1941a%; 19431**; 19441*;,  1942/43**; 1955/56***;  1947*; 1949%; 19758%;
1957/58**; 1965/ 664***;  1961%; 1963*; 1965a%; 1964.c*; 1970/ 71*%; 1984p*; 1985.*; 19921%;
1968/69A*%; 1967%;19694%; 19724%;  1972/73**%; 1996**; 1998s*; 2002c*;
1972/73 4% 1977 1*; 19824%; 19944%;  1975/768**; 2010g*; 20161%; 2021%;
1982/834%***;1986/87*%;  1995%; 1996L*; 1997,**;  1984/858*; 2022%; 2018*; 2020*
1991/92***; 1994 /954%; 2011%; 2012**; 2013%; 1988/89****; 19951.c*;

1997 /98 a****; 20154% 2019**; 20232*  1998-20008**; 20041c*;

2002/03c**; 2006 L*; 2007/08**; 2010/ 118**;

2009/10**; 2015/16,****; 2013cc*;
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Figure 3 shows the DMI power spectrum, which indicates the spread of DMI in the period's
domain. Figure 3 (a) reveals that the inter-seasonal period saw DMI activity in 1993-2023 (0.5-
1 years), while the 2-4-year period saw DMI activity in 1995-2000 and 2009-2019. It means that
from 1993 to 2023 (1995 to 2000 and 2009 to 2019), the peak of DMI was in 0.5 - 1(2 - 4)
year/cycle. It shows the DMI activity gains in the 1993 to 2023 period. However, some physical
aspect for this event are not shown yet in this research. From 1940 to 1990, we observed DMI
activity on a scale of more than 4 years. Although significant activity occurred during 1974-
1983, this activity represents the peak of significant DMI, as shown in Figure 3. (b). Figure 3 (c)
not only bases DMI activity on the power spectrum but also illustrates it through variance.
Along with the power spectrum, the DMI variance also shows an increasing in the 2-7 year
period scale. Based on this variance, we can identify at least three groups of variances based
on the time scale: 1940-1968, 1969-1991, and 1992-2023.

a) DMI Wavelet Power Spectrum (Morlet), Significance Level 95.0% b) Global Wavelet Spectrum
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Power SSTA

c) 2--7 year scale-averaged power
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Figure 3. DMI Wavelet Power Spectrum (a), Magnitude (b), and 2-7 year scale average power (c). Dash
black(red) line is significancy level at 95% (deviation standard). Color gradation indicates DMI activity.

Figure 4 displays the power spectrum of the Nifio3.4 index. The power spectrum also describes
the activity of Nifio3.4 in various periods. Figure 4 (a) reveals that the dominant Nifio3.4
activity takes place between 2 - 7 years. Sreedevi [29] also showed no significant differences
in results. Significant positive activity occurred around 1970-2000. After 2000, Nifi03.4 activity
fell again until 2023. This shows that in the 1970-2000 period, the intensity (frequency) of
ENSO was stronger (lower) than in the period after 2000. An increase in SST around the 20°
region is the cause [30]. The variance in Figure 4 (c) aligns with the increase in Nifio3.4 activity
around 1970-2000. Fig. 4 (b) shows that this peak of Nifi03.4 activity occurs over a period of
more than 8 years, although this is not significant.
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b) Global Wavelet Spectrum

a) Nifio3.4 Wavelet Power Spectrum (Morlet), Significance Level 95.0%
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Figure 4. Same as Figure 3, but for Nifio3.4 index.
Conclusion

Analysis of SSTA in the DMI and Nifio3.4 region spanning 84 years reveals that certain
occurrences of IOD are independent of the ENSO, as prior research has indicated. [11].
Furthermore, as is usually the case, ENSO happens concurrently with 10D, but El Nifio
happens in 2002-03 concurrently with negative IOD. The outcome deviated from the
anticipated result. Additional research is required to gain a comprehensive understanding of
the ENSO-IOD phenomenon, especially within the same calendar year. Apart from this
unusual ENSO-IOD event, the analysis results also show five ENSO events that did not
continue in the second year and several IODs that occurred at the beginning of the year.
Subsequently, we determined that this IOD was indeed an occurrence resembling an I0D.
Additionally, the Wavelet's analysis variance revealed that IOD activity was rising throughout
the 1940-1968, 1969-1991, and 1992-2023 periods, whereas ENSO activity decreased once
more during the 2000-2023 period following an increase during the 1970-2000 period [30]. The
10D variance also indicates that in the period 2000-2023, IOD was more dominant in climate
conditions, especially rainfall in Indonesia. Based on Wang's analysis [30], which showed the
causes of ENSO changes before and after 2000, we suspect the same thing was also the cause
of increased IOD activity during the periods 1940-1968, 1969-1991, and 1992-2023.
Nevertheless, this requires further investigation and proof.
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