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Abstract: Global climatic circulation indices play a major role in determining regional and global
climate conditions. These atmospheric circulation patterns exhibit substantial variability, covering a
wide geographical area and affecting weather-related events. The primary goal of this study was to
examine and characterize various global climatic variability indices during the 1950 to 2020 period
(El Niño Southern Oscillation, ENSO; Southern Oscillation Index, SOI; North Atlantic Oscillation,
NAO; Atlantic Meridional Mode, AMM; and Indian Ocean Dipole, IOD). Also, this article try to
investigating the link between these global climatic indices. Trend analysis showed that the ENSO
index exhibits the highest recurrence frequency of correlation relationships with the other yearly
global indices with significance at the 95% and 99% levels, while the NAO index exhibits the lowest
recurrence frequency. On a seasonal basis, most indices demonstrate more abrupt changes during
the winter season than during the summer. An increase occurred in events of abrupt changes in
these indices over the last two decades (2000 to 2020), especially annually and in summer. The SOI
exhibits the largest number of abrupt changes throughout the entire study period, spanning from
positive to negative significant trends, whereas the IOD did not exhibit abrupt changes annually.
Increasing and decreasing trends in the global climatic circulation indices may be related to natural
and anthropogenic causes of climate change. Regarding both the correlation coefficient (CC) and
partial correlation results, there existed a highly negative association between the ENSO and SOI in
the annual, winter and summer time series. On the other hand, there is no relationship between ENSO
and NAO. Furthermore, on an annual basis, there existed a highly negative association between the
NAO and AMM and a less negative but still statistically significant association between these indices
during the winter and summer seasons, respectively. Therefore, through the Azore high, the NAO
could promote AMM. Moreover, when the NAO, AMM, and SOI are held constant, a positive and
robust correlation is reached between the ENSO and IOD in winter season. Therefore, a developing
IOD is intensified and sustained during the onset of an El Niño event in winter season.

Keywords: global climatic circulation indices; El Niño Southern Oscillation; Southern Oscillation
Index; North Atlantic Oscillation; Atlantic Meridional Mode; Indian Ocean Dipole; climatic variability
indices; associations; annual; winter and summer time series

1. Introduction

The atmosphere is disturbed by oceanic heat sources, which allows waves to disperse
as they return to their original state. These waves define teleconnection patterns by in-
fluencing the climate in remote areas [1]. According to the Intergovernmental Panel on
Climate Change (IPCC), climate indices link nearby regions mainly through large-scale,
quasistationary atmospheric Rossby waves, and as a result, certain regions receive more
precipitation or are hotter than indicated by the prevailing global-scale changes [2]. In
addition, climate variation occurs due to large-scale ocean and atmospheric circulations,
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moisture transportation and heat fluxes. Changes in the natural patterns of the modes
of atmospheric and oceanic variability control global weather and climate variations on
seasonal, annual, or longer time scales, and any change in the behavior or relationships
among these climate modes can lead to changes in the global climate [3]. These mode
patterns are crucial characteristics of complex dynamical systems and provide enhanced
prediction capacity [4].

In the 1920s, Sir Gilbert Walker discovered the NAO as the difference in the surface
pressure between the northern region and the tropical region of the NAO [5]. The NAO has
also been defined as one of the most frequent and dominant patterns of atmospheric vari-
ability, but at the same time, there exists no definition of its temporal or spatial structure [6].
However, single modes of variability are typically considered separately. The combined
effect of the NAO and AMM, which has also been described as the cross-equatorial merid-
ional gradient of the sea surface temperature anomaly (SSTA) in the tropical Atlantic, has
been examined for the precipitation season in some regions, such as the Caribbean [7].

The AMM is a well-known coupled ocean-atmosphere mode of variability that is
primarily observed in the tropical Atlantic during the boreal spring, though it can also
be active during the summer and fall in certain years. Due to its modification of the
Intertropical Convergence Zone, which is often found over the warmer hemisphere during
the AMM peak phase, the AMM has an impact on continental land regions [8]. Additionally,
recent research has demonstrated that the atmospheric disturbances caused by the coupled
variability of the ocean and atmosphere in the tropical Atlantic basin serve as driving
conditions for the Indian monsoon [9], ENSO [10], and NAO [11]. Moreover, recent studies
have shown that there are two routes by which the IOD, which is known as the interannual
climatic variability in the Indian Ocan’s tropical regions [12], is one of the primary drivers of
climate variations on our planet and affects the surface temperature [13], precipitation [14]
and evaporation [15]. The IOD can travel to the North Atlantic, first via a Rossby wave
train that crosses the Pacific and Atlantic from the Indian Ocean and then passes through
the Aleutian region and the stratospheric polar vortex [16]. Other studies have focused on
only the IOD and its possible part in the abrupt transition between ENSO phases. They
have revealed that positive IOD situations could contribute to the rapid phase change from
El Niño to La Niña without the support of the Indian Ocean Basin-wide Mode [17].

The ENSO is a well-known air–sea coupled phenomenon that generates climatological
effects well beyond the tropical Pacific. Changes in tropical convection associated with
the ENSO affect global atmospheric circulation, even though the air–sea interactions that
generate ENSO are primarily focused within the equatorial Pacific Ocean [18]. Moreover,
evidence indicating the influence of the Atlantic Sea surface temperature (SST) on ENSO
variability has been mounting in recent years. However, the effects of abnormal large-scale
climate indices on various regions are heterogeneous across both space and time [19]. In
addition, the interannual variability in the ENSO heavily depends on the west-east thermal
asymmetry over the tropical Pacific and the related Walker circulation [20]. Furthermore,
while the ENSO is most obviously observed as a yearly climate fluctuation, its dynamics
comprise a wide variety of mechanisms interacting in timeframes ranging from weeks to
decades. Here, we refer to the variety of patterns, amplitudes, and temporal evolution
features of this climate phenomenon as ENSO complexity [21].

Decadal fluctuations and modulations of the ENSO have been reported [20–22], in-
cluding changes in its strength, unequal distribution of its two stages (El Niño and La Niña),
and multiyear La Niña and El Niño events. The tropical Pacific SST also shows a long-term
warming trend, demonstrating that ENSO may be associated with human-induced global
warming [23]. The climate record is now long enough to provide evidence of both gradual
and sudden changes in the type and intensity of atmosphere–ocean coupling, and alter-
ations in the teleconnection structure of the ENSO and other key modes of atmospheric
general circulation are expected due to both natural variability and human forcing, as has
been confirmed by other researchers [24]. Under increased greenhouse warming, most
Coupled Model Intercomparison Project Phase 5 (CMIP5) models predict decreased inter-
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annual SST variability in the equatorial Pacific, whereas the Kiel Climate Mode (KCM) is
among the minority, showing increased variability [25]. However, the ENSO response to
human forces is fraught with uncertainties [23,26].

The abrupt changes in climate indices reported in many studies, for example, Hasanean
(2005), suggested that there was an abrupt change in the Subtropical Circulation Index (SCI)
during the 1970s and the 1980s, and these change points may be linked to El Niño and La Niña
events that occurred in these years. These abrupt changes are also highlighted in many studies,
but the overall results indicate that many abrupt changes remain unresolved [27,28]. Climate
indices are a quantitative tool for climate change analysis [29]. Observational information has
been crucial in improving our comprehension of past ENSO variability [30–32].

In this paper, the authors are concerned with the global climatic teleconnection indices
(ENSO, SOI, AMM, NAO and IOD) that because we will aim in the next article by study
the relationship between these indices and surface air temperature over our region. In
this article we will aim to study the variability of these indices and their relationship.
Additionally, we documented the processes responsible for the abrupt and changes in
these climatic indices. To this end, we used over 70 years (1950 to 2020) of historical
datasets to comprehensively investigate these indices. In Section 2, we evaluate and
assess the variability in the given indices by analyzing their monthly average distribution.
In Section 3, we provide an overview of the historically significant abrupt changes in
the annual and seasonal (winter and summer) variations during the study period and
determine the possible causes of these changes. In Section 4, we perform a trend analysis
of the global climatic indices on an annual basis and over the summer and winter seasons.

2. Data and Methods
2.1. Data

Climatic teleconnection indices such as the ENSO, SOI, NAO and AMM were obtained
from the National Centers for Environmental Information (NCEI) [22]. The NOAA Physical
Sciences Laboratory (PSL) provides free resources to support the research community
with analytical tools, observational reanalysis datasets and climate model ensembles for
managing and addressing various issues related to weather, climate variability/indices, and
underlying causes [33]. To calculate the different climate indices, monthly atmospheric and
ocean time-series data of NOAA PSL composites for the various climate indices, including
the NAO, SOI, Niño3.4, IOD and AMM (Table 1), were employed in this investigation for
the 1950 to 2020 period [34].

Table 1. Area of Global Climate Circulation Indices.

Index NAO ENSO SOI AMM IOD

Area (20◦ N–80◦ N)
(80◦ W–30◦ E)

(5◦ S–5◦ N)
(170◦ W–120◦ W)

(80◦ W–130◦ W, 5◦ N–5◦ S)
(90◦ E to 140◦ E, 5◦ N to 5◦ S)

(21◦ S–32◦ N)
(74◦ W–15◦ E)

(50◦ E–70◦ E)
(10◦ S to 10◦ N)

The Niño3.4 index and the Oceanic Niño Index (ONI) (5◦ S to 5◦ N latitude and 170◦ W
to 120◦ W longitude) are the most common indices used to determine El Niño and La Niña
events. Typically, Niño3.4 uses a 5-month running mean and is defined as an El Niño or La
Niña event when the Niño3.4 sea surface temperature exceeds 0.4 ◦C (plus or minus) for six
months or more. The ONI mostly uses a three-month running mean, and events (El Niño or
La Niña) are classified when the anomalies exceed +/− 0.5 ◦C for 5 continuous months [35].
The National Climate Centre (NCC) uses the Niño3.4 index to classify ENSO conditions [36].

The SOI is based on the observed seal level pressure (SLP) variations between Tahiti
and Darwin, Australia. The SOI is a large-scale fluctuating measure of the air pressure that
occurs between the eastern and western tropical Pacific. Negative values of the SOI indicate a
below-normal air pressure in Tahiti combined with abnormally warm ocean waters across the
eastern tropical Pacific typical of El Niño, and the positive phase exhibits an above-normal
pressure over Darwin coinciding with above-normal cold ocean water (La Niña).
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The NAO (20◦ N–80◦ N, 80◦ W–30◦ E) is normally described as the difference between
the station pressures on Iceland and the Azores. Monthly variations in the daily NAO
index are consistent with NAO patterns. Throughout the past century, daily NAO index
values have been integrated with the standard deviation of the monthly NAO index from
1950 to 2020. The calculation method used for the NAO teleconnection index is based on
rotated principal component analysis (RPCA) [37].

The AMM mode refers to the meridional variability in the tropical Atlantic Ocean over
the 21◦ S to 32◦ N and 74◦ W to 15◦ E region [38]. Additionally, the AMM is described as an
equatorial meridional gradient of the SST anomaly throughout the Atlantic or Atlantic dipole
mode [39,40]. The AMM can be calculated by applying maximum covariance analysis (MCA)
to the SST with meridional and zonal components at 10 m retrieved from NCEP/NCAR
reanalysis datasets with monthly intervals and time coverage from 1950 to 2020.

The IOD is identified as the variation in the sea surface temperature in the tropical
western and eastern Indian Ocean, and the SST gradient between the western equatorial
Indian Ocean and the southeastern equatorial Indian Ocean (50◦ E to 70◦ E and 10◦ S to
10◦ N) is referred to as the Dipole Mode Index (DMI). The calculation method uses the
HadISST1.1 SST dataset for the entire period.

2.2. Methodology

This investigation of the trends and distributions of the seasonal and interannual
climate variability in the potential space focuses on global climatic indices. The ratio of the
standard deviation to the mean is denoted as the coefficient of variation (CV). The higher
the coefficient of variation is, the higher the dispersion level around the mean. The CV of
each individual index can be determined as:

CV = 100 × SD/T (1)

where SD is the standard deviation, defined as:

SD =

√
∑n

i=1
(
Ti − T

)2

n − 1
(2)

where Ti is the time series of the indices, and T is the temporal mean over n years.
The benefit of the CV is its suitability to analyze any quantifiable data because it

is a dimensionless metric. This enables us to evaluate how two datasets differ in terms
of variation. The relative dispersion of data points around the mean can be measured
using the CV . Additionally, the CV may be employed to assess the degree of variability
between several datasets. Moreover, the CV aids in quantifying the degree of uniformity
and consistency in the distribution of datasets.

The sequential form of the Mann–Kendall rank statistic can be used to detect a sud-
den change in climate [41]. The method most suitable for assessing climatic changes in
climatological time series is this test [42].

Trend evaluation of global climatic index time series is performed based on the Hu
1998 method [43]. With this filtering method, 11 years of running mean filtering (RMF) data
were used. In addition, this method removes the changes within a period shorter than ten
years in a time series on decadal time scale. Furthermore, different weights can be assigned
in the running mean to each of the eleven years to retain winter and summer time-series
information. The running windows of this filtering method are 1/24, 1/24, 1/12, 1/8, 1/8,
1/6, 1/8, 1/8, 1/12, 1/24 and 1/24 sequentially. Coherence of the assigned weights ensures
that no variation shift occurs in the time series after filter application [44]. In contrast, there
is a slight effect on variations with frequencies lower than the cutoff frequency of the filter,
while it imposes a notable effect on variations with a frequency near the cutoff frequency
(for example 12 years of variation).

Principal component analysis and correlation analysis can be used to assess teleconnec-
tion patterns. Due to their advantages and disadvantages, these techniques are frequently
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utilized in climate research. Correlation analysis is the simpler of these two techniques [45].
The method known as partial correlation (PC) enables us to evaluate how well the correla-
tion between two variables holds up while accounting for the impact of other variables.
We can also determine the correlation between two variables if the other variables are
maintained constant owing to the PC. When the effects of variables 3, 4 and 5 are ignored
or kept constant, the PC between variables 1 and 2 can be expressed as follows:

r12.345 =
r12.34 − r15.34r25.34√
1 − r2

15.34

√
1 − r2

25.34

(3)

r12.34 =
r12.3 − r14.3r25.3√
1 − r2

14.3

√
1 − r2

25.3

(4)

r12.3 =
r12 − r13r23√

1 − r2
13

√
1 − r2

23

(5)

and the last equation of correlation coefficient (CC) between two variables can be written as:

r12 =
∑n

i=1 xiyi − (∑n
i xi)(∑n

i=1 yi)√
n
(
∑n

i=1 x2
i
)
− (∑n

i=1 yi)
2

(6)

Here, 1, 2, 3, 4 and 5 denote the global climatic circulation indices NAO, ENSO, AMM,
IOD, and SOI, respectively.

3. Results and Discussion
3.1. Coefficient of Variation

The coefficient of variation (CV), defined as the most common statistical tool, captures the
dispersion in the data relative to the mean as the standard deviation divided by the mean [46]
and measures the variability in a series of numbers independently of the measurement unit
used for this process [47]. The monthly CV of the time series of the given indices has been
adopted to evaluate and assess their variability. Figure 1 and Table 2 reveal a highly positive
value for the AMM of 13.4 (it is the only index with a positive CV value). In contrast, the
remaining indices indicate negative values ranging from −1.26 to −16.18 during the study
period. A negative CV value is due to a negative value of the mean. It is advised to utilize
the mean without sign module for improved CV comparison. As a result, the index CVs
are positive. These results show a relatively high variability in the time series of all indices,
especially the NAO, IOD, and AMM indices, because the CV is greater than 1. The degree of
uniformity and the consistency in the distribution of the index datasets indicate that the NAO,
IOD, and AMM climatic indices are less uniform and less consistent than the SOI and ENSO.
The standard deviation of the monthly variation listed in Table 2 indicates slightly positive
values (ranging from 0.32 to 2.51) for most of the climate indices with consistent relationships.
Although there is no notable difference in the standard deviation, there are large differences
in the CV due its high sensitivity to the average.

Table 2. Monthly Averages, Standard Deviation (SD) and coefficient of variation (CV) for climatic
Indices. The value between brackets is the absolute value of average and CV.

Indices Average SD CV

NAO −0.07 (0.07) 1.08 −16.18 (16.18)
SOI −1.21 (1.21) 1.52 −1.26 (1.62)

Nino 3.4 −0.18 (0.18) 0.85 −4.82 (4.82)
IOD −0.03 (0.03) 0.34 −12.02 (12.02)

AMM 0.19 2.51 13.14
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Figure 1. Monthly Coefficient of Variation for Indices.

3.2. Trend Analysis of Global Climatic Indices
3.2.1. Trend Analysis of the ENSO Index

The trend analysis using the running mean filtering method in the ENSO index
(Figure 2a–c) show that the smoothed and observational time series continue to exhibit a
favorable match in the winter, summer, and annual results. In addition, this indicates an
increasing trend in the ENSO index during the study period (1950–2020). The trends of
the time series of the ENSO (Nino 3.4) in the annual, summer and winter data range from
positive to negative trends. The linear trends increase on an annual basis and during the
summer and winter seasons but not significantly, with R2 values less than 0.25. In general,
one can show from Figure 2a–c the increase in the ENSO index from mid-1970’s up to the
end of study. Increase and decrease in the ENSO index from year to year is observed. El
Niño imposes warming effects on the world’s climate, but La Niña imposes an immediate
cooling effect, which is often most significant in the year after occurrence. Positive and
negative responses that occur naturally through the climate system are among the processes
responsible for SST fluctuations in the tropical Pacific [20]. Moreover, El Niño episodes
became common in the tropical Pacific throughout the 1980s and 1990s. Furthermore, a
significant increase at 95% confidence level in the linear trend is observed in the summer
season of ENSO. However, there is no significant increase in the linear trend of ENSO
for both winter and annual time series. There remains a lack of knowledge regarding the
mechanisms underlying decadal ENSO changes [48].

1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) 

R² = 0.10

-2.5

-1.5

-0.5

0.5

1.5

2.5

1950 1960 1970 1980 1990 2000 2010 2020

No
rm

al
ize

d 
EN

SO
 In

de
x

Year
Smoothed Obs Mean Linear trend

Figure 2. Cont.



Atmosphere 2023, 14, 1741 7 of 30

 

2 

 
(b) 

 
(c) 

 

R² = 0.25

-2
-1.5

-1
-0.5

0
0.5

1
1.5

2

1950 1960 1970 1980 1990 2000 2010 2020

No
rm

al
ize

d 
EN

SO
 In

de
x

Year

Smoothed Obs Mean Linear trend

R² = 0.20

-1.5

-1

-0.5

0

0.5

1

1.5

1950 1960 1970 1980 1990 2000 2010 2020

No
rm

al
ize

d 
EN

SO
 In

de
x

Year

Smoothed Obs Mean Linear trend

Figure 2. Trend analysis for ENSO index (a) Winter season, (b) Summer season, and (c) Annual.

3.2.2. Trend Analysis of the SOI

The SOI index indicates a general decreasing trend in the summer and annual time
series (Figure 3b,c), while in contrast, no changes are detected in the winter long-range
trend, as shown in Figure 3a. Additionally, the smoothed and observational time series
fluctuations are acceptable with positive and negative values throughout the study period.
The decreasing linear trends in the SOI index in the annual, summer and winter time series
are not significant because R2 is less than 14%. From the definition of the SOI, the positive
phase represents an above-normal air pressure in Tahiti and a below-normal air pressure in
Darwin. Long durations of positive (negative) SOI values correspond with the unusually
cold (warm) ocean waters that are characteristic of La Niña (El Niño) events in the eastern
tropical Pacific. Additionally, the Walker circulation strength can be determined by the SOI,
which is considered one of the most important atmospheric indicators for determining the
intensity of El Niño and La Niña occurrences. Figure 3a–c clearly show a decrease in the
SOI from the mid-1970s up to the start or mid-1980s (according to the season) and over the
last decade (2010–2020). The Walker circulation seems to be weakening as a result of both a
natural increase in the frequency of El Niño events and a natural decrease in the frequency
of La Niña events [49–51], as well as to a certain extent due to global warming [23,51,52].
Power and Smith examined the possibility that global warming might have contributed to
some of the observed decreases in the value of the SOI after 1976 [51]. An increase in the
SOI occurs approximately during the period from the mid-1960s to mid-1970s and from the
mid-1980s up to the first decade of the 21st century. Power and Kociuba demonstrated that,
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contrary to expectations, the SOI tends to rise rather than fall during the 21st century [53].
The MSLP tends to rise in Darwin and Tahiti during global warming, while Tahiti tends
to exhibit greater increases than Darwin. Tahiti is located in a vast area in which the
MSLP tends to increase as a result of global warming. The SOI is thus a highly uncertain
indicator of long-term tropical changes related to global warming, despite functioning
as a suitable measure of yearly variability in both the equatorial MSLP gradient and the
WC. The findings of Power and Kociuba also suggest that internal, naturally occurring
variability is the primary cause of the first 21st-century decline in the SOI.
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3.2.3. Trend Analysis of the NAO Index

Generally, the NAO index shows an increasing trend in the winter and annual time
series (Figure 4a,c), while it exhibits a decreasing trend during the summer season (Figure 4b).
Regarding the winter season NAO time series (Figure 4a), the 1950s up to mid-1960s showed
decreasing trends and gradually increasing trends up to the start of the 1990s, then decreasing
trends up to 2010 (mostly above the mean) and an increasing trend up to the end of the study
period. The linear trend in the NAO winter series is a significant increasing trend, while the
increasing trends of the NAO in the annual and summertime series are not significant. The
winter NAO index tends to rise in most climate models as a result of rising greenhouse gas
concentrations; however, these increases are often lower than those in reality, but overall, the
mechanism of the response to greenhouse gases remains open to debate [54]. Regarding the
summer NAO time series (Figure 4b), the 1950s showed decreasing trends and gradually
increasing trends from the 1960s up to the mid-1990s, then decreasing trends up to 2010 and
an increasing trend up to the end of the study period (still below the mean of the series). The
NAO summer series showed a linear decreasing trend. Regarding the annual NAO time
series (Figure 4c), the 1950s and 1960s showed decreasing trends, a gradually increasing trend
up to the first 1990s, a decreasing trend to 2010 and then an increasing trend up to the end
of the study period (2020). The linear trend in the series was a slightly increasing trend. A
positive NAO index was associated with ozone increase over Greenland and/or its depletion
over the Azores, as was the case at the start and end of the 20th century [55]. Ozone depletion
at polar latitudes, particularly over Greenland and Iceland, could be attributed to the negative
NAO phase, which was recorded in the middle of the last century [56].
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Figure 4. Trend analysis for North Atlantic Oscillation Index (NAO) (a) Winter season, (b) Summer
season, and (c) Annual.

3.2.4. Trend Analysis of the AMM Index

The smoothed AMM time series and the observational time series during the winter
with the same sample size also exhibited favorable matching (Figure 5a), beginning with
positive values (trends) from 1950 to 1970 and decreasing values during (negative trends)
the mid-1970s and 1990s. The remainder of the time series was interspersed with positive
trends in 2000 and 2010 and a declining trend at the end of the study period. During the
summer season (Figure 5b), the change in AMM starts with positive trends over the first
decade during the study period (1950 to 1960) and a declining trend during the 1970s
followed by an increasing trend. During the rest of the period, the smoothed time series
and the observational time series fluctuated between positive and negative trends in almost
identical patterns with a top positive value at the beginning of each decade. The time series
depicted in Figure 5c shows the annual variation of AMM with 11 smoothing algorithms.
The figure clearly shows that the sample size of the smoothed time series is the same as
that of the observational time series. Additionally, it shows that the fluctuation match
between both records is satisfactory. The smoothed time series of the AMM starts with
a positive value from 1950 to 1970, and thereafter, a significant decreasing trend occurs
until approximately the mid-1970s. The remainder of the time series ranges from positive
trends in 1980, 1998, 2004 and 2011 to negative trends in 1985 and 1993. Moreover, it
gradually increased from the mid-1970s until the end of the period and did not return to its
original value, which may be similar to an increase in the surface temperature under global
warming. The trend in the wintertime series is approximately similar to the trend in the
annual time series of the AMM. Therefore, the wintertime series of the AMM may impose
a greater effect on the annual time series of the AMM than the summertime series of the
AMM. There are no significant linear trends in the annual, summer and winter time series
of the AMM, with an R2 value of approximately zero.

The positive phase of the AMM is accompanied by considerable above-normal SST and
southwest wind stress anomalies in the northern tropical Atlantic. This suggests that the
baseline northeast trade winds are weakened over the northern tropical Atlantic, resulting
in reduced wind-driven evaporation and consequently lower heat fluxes from the ocean
into the atmosphere. In this situation, the ocean loses less heat, resulting in a higher SST.
Regarding the negative phase of the AMM, opposite circumstances can be attained [57–59].
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Figure 5. Trend analysis for Atlantic Meridional Mode (AMM) (a) Winter season, (b) Summer season,
and (c) Annual.

3.2.5. Trend Analysis of the IOD Index

A decreasing trend in the wintertime series of the IOD (Figure 6a) from the mid-1970s
to mid-1990s is observed. An increasing trend in the wintertime series of the IOD index
(Figure 6a) is found from the mid-1990s up to the end of the study period. The linear trends
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in the annual and summer IOD time series are significant positive trends (R2 = 0.50), while
the linear trend in the winter IOD time series is not significant (R2 = 0.12).
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Figure 6. Trend analysis for Indian Ocean Dipole (IOD) (a) Winter season, (b) Summer season, and
(c) Annual.

Overall, the trend in the summertime series of the IOD index (Figure 6b) is similar to
the trend of the annual time series of the IOD index (Figure 6c). The trend in the annual
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IOD index time series (Figure 6c) is a negative trend (decrease) over the first decade (1950s),
a positive trend (increase) over the second decade (1960s), ranges from positive to negative
trends or vice versa during the 1970s and 1980s, and then increases until the end of the
study period. The linear trend in the annual IOD index time series is a significant increasing
trend. There are a similarity of the trend analysis results for the annual, summer and winter
time series of the IOD index, which starts from negative values at the beginning of the
study period toward positive values at the end of the study period. Trend analysis of the
winter, summer, and annual IOD index time series showed approximately the same trend,
which decreased during the first decade of the 1950s.

Climate model projections of the response of the IOD to global warming are generally
uncertain [60]. Additionally, strong positive IOD cool anomalies are caused by enhanced
equatorial non-linear advection resulting from enhanced equatorial convection, which
raises the temperature of the lower troposphere due to greenhouse warming. Consequently,
the greenhouse effect is likely to increase the frequency of occurrence of climatic extremes
compared to 2019 [61,62]. Evidence from other sources also points to a greater role of the
tropical Indian Ocean in influencing the interannual climate variability [63].

Overall, the seasonal time series results indicate greater values (+ or −) than the annual
values for most indices; interestingly, the trends in most cases start with negative values
except the summer season for the SOI, NAO and AMM indices.

3.3. Abrupt Change in the Global Climatic Circulation Indices
3.3.1. Abrupt Change in the ENSO Index

Figure 7a–c show the abrupt change in the ENSO index, which was obtained using the
sequential form of the Mann-Kendall test for the winter, summer, and annual seasons (U1
forward sequential statistic and U2 backward sequential statistic, respectively). During the
winter season (Figure 7a), there was an abrupt change (decreasing trend) in 1976 and an
increasing trend in 1978 and 2019. In 2002 Rodo found a shift in the ENSO in 1976 that may
possibly be linked to global warming [64]. Also, Rashid illustrated that forced changes in
the ENSO are associated with global warming [65]. The abrupt change in the ENSO index
during the summer season (Figure 7b) indicates an increasing trend in 1990 only. Figure 7c
shows the Mann–Kendall t test results for the annual ENSO index. This figure illustrates
annual positive abrupt changes in 1982, 1991, and 2015 and a negative abrupt change in
approximately 1976. Similarly, other studies [66–69] have detected these changes, and they
coupled and identified them with the ENSO cycle-related variability on an interannual
timescale, which is also linked to climate change in general. Additionally, the time series
are not smooth during the study period.

The observed trend toward positive values over the last 30 years of climate change
in the tropical Pacific from approximately 1976 may be manifested both as shifting means
and changing preferences in specific regimes [2]. Furthermore, there has been a rise in
uncertainty in those climate change components that heavily depend on regional changes
due to the importance of the ENSO and NAO as the primary drivers of regional climate
change and their potential to trigger sudden shifts. The inference drawn from the observed
ENSO variability is that small forcings could cause large changes in the behavior of this
nonlinear system. The last two decades are marked by higher El Niño variability, including
the two strongest El Niño events (1982/83 and 1997/98) over the 130 years of instrumental
records and a prolonged warm spell in the early 1990s. This is in response to the apparent
climate shift in the tropical Pacific in approximately 1976 [67,68], which is part of the recent
tropical Pacific warming pattern [70,71]. Although attribution is dubious in light of the
considerable natural variability observed [72] and the models’ inability to fully replicate the
ENSO realistically, tropical Pacific warming may be linked to anthropogenic forcing [73].
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Figure 7. Abrupt change for ENSO index as derived from sequential version of the Mann-Kendall
test (a) Winter season, (b) Summer season, and (c) Annual (U1 forward sequential statistic and U2
backward sequential statistic).

There have been recorded multidecadal variations in the ENSO variability, although it is
uncertain whether these shifts are caused by the ENSO cycle itself or by other types of climatic
variability [74]. These records demonstrate the significant impact of the Atlantic on the ENSO
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multidecadal variability. The Walker circulation in the tropical Pacific Ocean is known to be
forced by changes in Atlantic Multidecadal Oscillation-related tropical Atlantic SSTs. This
demonstrates that these modifications to the Walker circulation affect the ENSO stability on
both annual and multidecadal time scales, changing it in a way that produces a characteristic
multidecadal ENSO variability pattern discovered in observations and ocean reanalysis.

3.3.2. Abrupt Change in the SOI

The winter season shows several abrupt changes, starting with positive trends in 1950,
1956, 1975 and 2013 and decreasing trends in 1952, 1958, 1964, 1986 and 2015 (Figure 8a). The
summer season time series (Figure 8b) indicates that a positive increasing trend occurred
in 1974 and 1979. There were decreasing abrupt changes in 1983 and 1991; thereafter, no
changes occurred over the last decade of the study period. Figure 8c shows the significant
positive abrupt change in the annual SOI in 1955, 1958, 1971, and 1987. In contrast,
there were several decreasing trends (abrupt negative change) in 1965 and 1992 and more
similar events starting in 2013. From the definition of the SOI, this index is one of the
key atmospheric indices for gauging the strength of El Niño and La Niña events and their
potential impacts, and from this perspective, the abrupt changes in the SOI might also
be linked to the ENSO cycle-related variability on an interannual timescale, which also
contributes to climate change in general.

3.3.3. Abrupt Change in the NAO Index

The winter season time series (Figure 9a) shows only an increasing trend in a couple
of years (1972 and 1979). Abrupt changes in the summer season time series start in the
mid-1990s (1996), with a positive abrupt short-term change and another change in 2012
(Figure 9b). In contrast, negative abrupt changes occurred in 1999 and 2002. Figure 9c
shows significant negative abrupt changes in 1958, 1963 and 1980 above the 95% confidence
level. Additionally, a positive significant trend (increasing) starts in 1974 and in 1983, after
which no abrupt change occurs until the end of the study period. The observed trend in the
NAO index toward positive values over the past 30 years starting in 1976 [2] suggests that
climate change may be seen as both shifting and changing in some regimes. Negative events
occurred when the zonal flow across the Atlantic Ocean was weaker than usual, while
positive episodes occurred when westerlies were stronger than usual [75]. The sudden
NAO phase reversal is due to the change in the propagation direction of Rossby waves
over northeastern North America due to the ENSO [76]. This change is mostly controlled
by a climatological alteration in the local jet meridional shear. They also showed how the
inherent eddy-low-frequency flow feedback in the North Atlantic supports and amplifies
the NAO responses. Regarding intra-seasonal climate forecasting in the Euro-Atlantic
region, the abrupt NAO phase reversal signal is strong enough during the ENSO winter.

3.3.4. Abrupt Change in the Atlantic Meridional Mode (AMM)

Figure 10a shows the winter season time series that exhibits an increasing trend (abrupt
change) in 1977 and a decreasing trend in 2014 and 2019. Figure 10b shows the Mann–
Kendall t test results for the AMM on a seasonal (summer) basis. There is an abrupt change
(increasing trend) in 1961 and a decreasing trend in 1964 and 2018. Figure 10c shows the
Mann–Kendall t test results for the abrupt changes in the AMM on an annual basis. This
reveals that abrupt climatic changes occurred at different times during the study period
from 1950–2020. An increasing trend abruptly occurred in 1981, 2013, and 2016. These
change points in the AMM might be related to the phases of the ENSO cycle. It is proposed
that the Pacific and Atlantic modes are similar and controlled by physics essential to the
ITCZ [38]. In addition, the episodic changes in climate variabilities accompanied by changes
in atmospheric circulation may be linked to changes in the Atlantic Meridional Overturning
Circulation (AMOC) [77], which conforms with the AMM structure [78]. The AMOC is an
important component of the Earth’s climate system, characterized by a northward flow
of warm, salty water in the upper layers of the Atlantic and a southward flow of colder
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water in the deep Atlantic. Furthermore, changes in this circulation pattern profoundly
impact the global climate system, and it is very likely that the strength of the AMOC will
decrease over the course of the 21st century in response to increasing levels of greenhouse
gases [79,80]. Generally, the annual, summer and winter U1 and U2 vectors share the same
patterns except for no abrupt changes during the 1980s in summer.
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of the Mann-Kendall test. (a) Winter season, (b) Summer season, and (c) Annual (U1 forward
sequential statistic and U2 backward sequential statistic).



Atmosphere 2023, 14, 1741 17 of 30Atmosphere 2023, 14, x FOR PEER REVIEW 18 of 32 
 

 

 

(a) 

 

(b) 

 

(c) 

Figure 9. Abrupt change for the North Atlantic Oscillation (NAO) as derived from sequential version 

of the Mann-Kendall test. (a) Winter season, (b) Summer season, and (c) Annual (U1 forward se-

quential statistic and U2 backward sequential statistic). 

  

-3

-2

-1

0

1

2

3

4

1950 1960 1970 1980 1990 2000 2010 2020

N
A

O
 In

d
ex

Year

U1 U2

95%

95%

Figure 9. Abrupt change for the North Atlantic Oscillation (NAO) as derived from sequential version
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3.3.5. Abrupt Change in the IOD Index

In the case of the IOD, the summer and annual time series show that there are no
significant abrupt changes during the study period (Figure 11b,c), while during the winter
(Figure 11a), a positive trend is clearly observed involving abrupt changes in the early and
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mid-60s. Moreover, other positive trend values of abrupt changes occurred in 2006 and 2010.
There is evidence that the declining Walker circulation plays a role in the occurrence of these
out-of-season IOD events, but more research is necessary. If true, this suggests increased IOD
activity and, consequently, increased unseasonable IOD events in a warming world [81].
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Figure 12 summarizes the annual and seasonal (summer and winter) abrupt changes in
the global climatic indices. The data in these figures are magnified in terms of any climatic
patterns between the chosen indices on a decadal basis, and we search for relationships
with atmospheric large-scale circulations such as Hadley, Ferrel, Walker and Polar cells.
These variations transition from positive to negative results throughout the study period
(1950–2020); certain indices show no abrupt changes annually, such as the IOD index, while
there is no abrupt change in the AMM index during the winter season only. In contrast,
the SOI indicates the most abrupt changes, especially annually, over the study period,
with the exception of the decade from 2000 to 2010 and winter (from 1950 to 1990), with
approximately equal positive and negative occasions of abrupt changes. In addition, the
IOD indicates only positive changes during the summer (once from 1950–1960) and winter
seasons (twice from 1961–1970 and 2001–2010), while the NAO shows positive results
between 1971 and 1980 in winter and transitions from positive to negative values over the
last three decades during the summer season. Similar to the IOD, ENSO exhibits a single
positive abrupt change during the summer season while indicating two mixed instances
during the winter season (1971–1980 and 2011–2020).
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Figure 12. Decadal abrupt change for the global climatic indices (a) annual, (b) Summer season, and
(c) winter season.

As a result of the previous outputs, there is no clear fixed pattern except that with
each positive or negative change, there is a similar future change in direction in the sub-
sequent decades, but without a guarantee or expectation that this will occur at a specific
time. However, further investigation and measurement are needed to increase the degree
of confidence in these findings. The correlation between the indices and atmospheric
large-scale circulations is one reason why this pattern should be monitored and reviewed.
Notably, The Ferrel and Hadley circulations in the atmosphere are enhanced at times of
high NAO index values, and the warm phase of the ENSO is characterized by a weakening
in the Pacific Walker circulation, western Pacific Hadley circulation, and Atlantic Hadley
circulation and a strengthening in the eastern Pacific Hadley circulation [82]. Moreover,
the strengthening in the Hadley circulation in the North Atlantic area during the 1950s
is indicated by the Atlantic Hadley’s rising pressure [83]. The ENSO Modoki, North Pa-
cific Oscillation (NPO), and NAO all influence the interannual variability in the Western
Pacific Hadley cell [84]. Furthermore, another study [85] suggested that the pre-monsoon
AMM modifies the pressure systems and monsoonal Hadley circulation over India, hence
affecting the monsoon circulation intensity.

3.4. Relationship between the Global Climatic Circulation Indices

The CC values between the global climatic indices during the winter season are listed
in Table 3a. The highest negative CC value (r = −0.88, at the 99% confidence level) is
found between the ENSO and SOI. The SOI and AMM also show a highly significant
correlation (99%) (r = 0.34). Additionally, negative CC values were observed between the
ENSO and AMM with r = −0.30 at the 95% confidence level. The CC during the summer
season (Table 3b) exhibits several positive and negative values and significant relationships
between the indices. Highly negative CC values (−0.81) between the ENSO and SOI at the
99% confidence level are observed. Additionally, a negative association (−0.44) between
the SOI and IOD is found. However, a positive relationship (0.42) between the ENSO and
IOD is observed. Moreover, the association between the SOI and AMM is 0.24 at the 95%
confidence level.
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Table 3. (a) Correlation Coefficient between climatic circulation indices in winter season. (b) Correla-
tion Coefficient between climatic circulation indices in summer season. (c) Correlation Coefficient
between climatic circulation indices in winter season.

(a)

CC AMM IOD ENSO SOI NAO

NAO −0.24 * 0.06 −0.02 0.00 1.0
SOI 0.34 ** 0.11 −0.88 ** 1.0

ENSO −0.30 * 0.07 1.0
IOD 0.15 1.0

AMM 1.0

(b)

CC AMM IOD ENSO SOI NAO

NAO −0.24 * 0.11 −0.09 −0.02 1.0
SOI 0.24 * −0.44 ** −0.81 ** 1.0

ENSO −0.16 0.42 ** 1.0
IOD −0.24 * 1.0

AMM 1.0

(c)

CC AMM IOD ENSO SOI NAO

NAO −0.59 ** 0.15 0.25 * −0.22 1.0
SOI 0.45 ** −0.32 ** −0.87 ** 1.0

ENSO −0.59 ** 0.39 ** 1.0
IOD −0.31 ** 1.0

AMM 1.0
**: means 99% significant level. *: means 95% significant level.

Table 3c shows the annual CC between the six global climatic circulation indices (NAO,
SOI, ENSO, IOD, and AMM). Generally, a positive correlation was observed between the
NAO and ESO at the 95% significance level (0.25). Moreover, the CC value between
the annual SOI and AMM is 0.45 at the 99% significance level. However, negative CC
values between the annual SOI and each of the IOD and ENSO events (−0.32 and −0.87,
respectively) at the 99% significance level are found. In addition, the ENSO exhibits positive
and negative CC values with three global climatic circulations (AMM and IOD) at the 99%
confidence level (r = −0.59 and 0.39, respectively). The IOD exhibits an annual (positive
and negative) CC value of −0.31 at the 99% confidence level with the AMM index. Notably,
the NAO index has a negative relationship (r = −0.24, at the 95% significance level) with
the AMM index during the winter and summer seasons and a highly negative relationship
(r = −0.59, at the 99% significance level) annually.

Due to the interaction between these global circulations and the effect on each other,
the question is now which two of these indices are the most correlated when removing
the effects of the other indices. To investigate the annual and seasonal PC values for the
global climatic indices used in this study, we kept 4 of these indices constant each time to
obtain PC results for the other two indices. Here, 1, 2, 3, 4 and 5 denote the global climatic
circulation indices NAO, ENSO, AMM, IOD, and SOI, respectively.

In the winter, summer, and annual time series (Table 4a, Table 4b, and Table 4c,
respectively), the ENSO and SOI indices are negatively correlated (r = −0.88, r = −0.76, and
r = −0.84, respectively) at the 99% significance level, with the other indices kept constant.
The SOI is a climatological variable that captures the El Niño state in the Pacific [86].
Ocean–atmosphere interactions in the tropical Pacific and the surrounding atmosphere
cause ENSO occurrence. Positive temperature anomalies in the eastern equatorial Pacific
help decrease the generally wide sea surface temperature gradient range in the tropical
Pacific. The trade winds weakened as a result, and the SOI becomes abnormally negative.
The initial positive temperature anomaly is strengthened by these reduced trade winds
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because they stop cold water from upwelling in the eastern equatorial Pacific [87]. The
temperature anomaly in the east consequently decreases and drastically changes after the
generation of these negative anomalies. Oscillations may be caused by tropical air–sea
instability and the delayed negative feedback of subsurface ocean dynamics [88]. The
ENSO and SOI indices are almost fully anti-correlated, with low SOI values (weak trade
winds) matching abnormally high SSTs and vice versa. The strong link between these two
indices illustrates the positive feedback between the ocean and the atmosphere that causes
ENSO oscillations [89].

Table 4. (a) Winter Partial Correlation between seasonal global climatic indices. (b) Summer Partial
Correlation between seasonal global climatic indices. (c) Annual Partial Correlation between global
climatic indices.

(a)

PC r12.345 r13.245 r14.235 r15.234

1950–2020 −0.08 −0.24 * 0.11 −0.03
PC r23.145 r24.135 r25.134

1950–2020 −0.05 0.36 ** −0.88 **
PC r34.125 r35.124

1950–2020 0.15 0.11
PC r45.123

1950–2020 0.34 **

(b)

PC r12.345 r13.245 r14.235 r15.234

1950–2020 −0.17 −0.24 0.10 −0.09
PC r23.145 r24.135 r25.134

1950–2020 0.04 0.16 −0.76 **
PC r34.125 r35.124

1950–2020 −0.14 0.14
PC r45.123

1950–2020 −0.14

(c)

PC r12.345 r13.245 r14.235 r15.234

1950–2020 −0.17 −0.57 ** 0.00 −0.12
PC r23.145 r24.135 r25.134

1950–2020 −0.44 ** −0.18 −0.84 **
PC r34.125 r35.124

1950–2020 −0.08 −0.20
PC r45.123

1950–2020 0.04
* means 95% significant confidence level, and ** 99% significant confidence level.

With the NAO, AMM, and SOI maintained constant, a positive relationship between
the ENSO and IOD (r = 0.36, at the 99% significance level) during the winter season is found
(Table 4a). Ham et al. A weakening link has been observed between the ENSO and the IOD
mode after the 2000s and 2010s relative to the preceding two decades (1980s and 1990s) [90].
Their results showed that the relationship between the IOD from September-November and
the ENSO index from December-February was weaker during the 1999–2014 period (0.21)
than during the preceding two decades (1979–1998) (0.64). Additionally, the differences in
the spatial patterns of ENSO evolution during the boreal spring and summer are linked
to the weakening in ENSO-IOD coupling in the 2000s and 2010s. The link between the
IOD and ENSO, a significant mode of the interannual climate variability, has been the
subject of intense debate since the IOD was discovered [91,92]. Most IOD episodes are
considered associated with the ENSO; however, others are considered to result from the
natural oscillations in the tropical Indian Ocean [93,94]. Through a change in the Walker
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circulation, the ENSO impacts the IOD. For instance, an experiment using an atmosphere–
ocean coupled model showed that the ENSO might cause the formation of the IOD to be
postponed until the boreal summer, while IOD events unrelated to the ENSO could occur
as early as the boreal spring [95]. The periodicity, strength, and formation processes of the
IOD are influenced by the ENSO variability in years of co-occurrence [96], although the
IOD may also impact ENSO development [97]. A growing IOD is intensified and sustained
when an El Niño event also occurs. The IOD can arise even in the absence of such an El
Niño event or the related reinforcing air–sea interaction from the tropical Pacific, but it
typically does so during the austral winter and ends within the season [81].

There exists no relationship between the ENSO and NAO based on partial correlation
analysis, and only a weak positive relationship between these indices is found when using
classical correlation (Table 4a). Only on an annual basis is the positive relationship between
the NAO and ENSO in classical correlation analysis weak but statistically significant. A
weak negative correlation between the two during the winter season, suggesting that a
positive NAO phase may favor La Niña conditions [98,99]. However, the relationship
is complex and can vary over time. The spatial correlation between the ENSO-related
atmospheric pattern and the traditional NAO pattern is 0.86 and 0.85 in January and
February, respectively [100]. The NAO causes a north-south dipole response over the North
Atlantic throughout winter and spring, with potentially linked interactions with the ENSO
stemming from the Pacific pool in winter [101]. The stability of linkages over time was
examined using a running correlation for specific common global atmospheric and oceanic
teleconnection indicators with a 35-year window width.

Keeping the ENSO, IOD, and SOI constant, the NAO is negatively associated with
the AMM in winter and summer (r = −0.24, at the 95% confidence level)) and annually
(r = −0.57, at the 99% confidence level). According to several studies [38,102–105], the
NAO can stimulate the AMM through its southern portion of the Atlantic high. The North
Atlantic Oscillation (NAO) exerts a significant impact on the development of the NTA
and, consequently, the AMM [106–108]. However, further research is needed to determine
how well models can simulate the NAO-AMM connection and its associated influence
on the AMM. The AMO is likely a part of the mechanism that might force the AMM on
decadal time scales [109]. The positive phase of AMO triggers wintertime negative phase
of the NAO [110]. Both phenomena are related to variations in the strength and position of
the Azores high-pressure system [98]. The lifetime of an AMM event begins in the boreal
winter, when stochastic meteorological noise stemming from the Northern Hemisphere
extratropics stretches into the subtropics and alters the strength of trade winds [111].

4. Conclusions

In this study, we examined the role of the variability in global climatic indices (ENSO,
SOI, NAO, AMM, and IOD) and attempted to determine the relationship between these
climatic indices during the period from 1950 to 2020. Monthly climatic index time se-
ries data were obtained from the NOAA PSL. Monthly average, standard deviation (SD)
and coefficient of variation (CV) values of these climatic indices were calculated. Linear
and nonlinear trend distributions of the time series on seasonal and annual bases were
investigated. Moreover, abrupt changes throughout the study period in the annual and
seasonal climatic indices were investigated, which indicate various significant positive to
negative changes.

According to the CV results, all CV values of the climatic indices are negative due
to a negative average value, with the exception of the CV value of the AMM. Moreover,
all climatic index time series exhibit relatively high variability because the CV values are
greater than 1.0. The NAO, IOD, and AMM climate indices are less uniform and less
consistent than the SOI and ENSO, according to the degree of uniformity and consistency
in the distribution of these index datasets.

Trend analysis of the annual time series for the AMM indicated a positive value from
1950 to 1970. Additionally, it steadily increased from the middle of the 1970s to the end
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of the period and did not return to its original value, which might be comparable to the
increase in the surface temperature under global warming. During the summer season, the
AMM exhibited a general decrease from 1950 up to the start of the 1970s, then increased
up to 1980 and then fluctuated up to 2010, but it indicated a decrease over the last decade.
The trend analysis results for the wintertime series are approximately similar to those for
the annual time series. There are no obvious linear patterns in the annual, summer, or
wintertime series of the AMM, and R2 is close to zero. The annual, summer, and winter
ENSO time series trends change from positive to negative. Winter and summer seasonal
linear trends are rising but are not statistically significant, with an R2 value less than 0.25.
Over the study period, the SOI index annual, summer, and winter series values fluctuated
between positive and negative values. The annual, summer, and winter declining linear
trends in the SOI index were not notable. Generally, the annual NAO index showed a
slowly increasing trend from the first period up to 1991 and then a decreasing trend up
to 2010, while it indicated an increasing trend up to the end of 2020. The nonlinear trend
in the summertime series illustrated a gradual increase from the first period up to the
mid-1980s, and it decreased up to the end of the period. Regarding the winter season
NAO time series, the period from the 1950s up to the mid-1960s showed decreasing trends
and, in general, increasing trends up to the end of the study. While the rising trends in
the NAO in the annual and summertime series were not considerable, the linear trend
in the NAO winter series was a significant increasing tendency. The annual IOD index
attained a downward trend in the 1950s, an upward trend in the 1960s, a fluctuating trend
from positive to negative values or vice versa in the 1970s and 1980s, and then an upward
trend to the end of the era. Generally, the summer IOD index pattern was similar to that of
the annual IOD time series trend. Throughout the first decade of the 1950s and from the
middle of the 1970s to the middle of the 1990s, the wintertime IOD index trend decreased.
However, a rising trend in the wintertime series IOD index was observed from the middle
of the 1990s until the end of the study period. The linear trend in the annual and summer
IOD index time series was a significant increasing trend. The linear trend in the winter IOD
time series was an increasing trend but not significant.

Regarding the abrupt change and considering the annual results, the SOI showed
the largest number of abrupt change events ranging from positive to negative significant
trends throughout the study period, while the IOD did not indicate any abrupt variations
throughout the entire period. Another interesting finding is that the AMM showed positive
trends only, especially over the last decade of the study period. In terms of seasonal changes,
it exhibited more abrupt changes during the winter season than during the summer season,
with approximately double the number of cases. Moreover, there were no changes in the
AMM during the winter season. In contrast, the IOD indicated more increasing trends
during the winter season than during the summer season (only one case).

Furthermore, we investigated the annual and seasonal (winter and summer) CC and
PC values between the global climatic indices at the 95% and 99% confidence levels. In
winter, the highest negative CC value was found between the ENSO and SOI. Additionally,
statistically significant negative (positive) CC values occurred between the ENSO (SOI)
and AMM. The CC values during the summer season indicated a highly negative (positive)
relationship between the ENSO and SOI (IOD). Moreover, a highly negative association
between the SOI and IOD was found, while a less positive association was found between
the SOI and AMM. In the annual time series, there was a positive relationship between the
ENSO and each of the NAO and IOD events, while there existed a negative relationship
with each of the SOI and AMM events. Additionally, the SOI attained a positive (nega-
tive) association with the AMM (IOD). Moreover, the AMM index exhibited a negative
association with the IOD index. In the winter and summer time series, it was evident that
there exists a statistically negative association between the NAO index and the AMM index,
while on an annual basis, a strongly negative relationship was discovered.

The ENSO and SOI indices, with the other indicators kept constant, were significantly
negatively associated in the winter, summer, and annually time series, according to the
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PC results. A strong anti-correlation existed between the ENSO and SOI indices, with
low SOI values (weak trade winds) corresponding to unusually high SSTs and vice versa.
The close relationship between these two indices shows how the ocean and atmosphere
positively interact to produce ENSO cycles [89]. The ENSO and IOD attained a very strong
association during the winter season when the NAO, AMM, and SOI are absent. The ENSO
affects the IOD by altering the Walker circulation. When an El Niño event also develops,
a developing IOD is amplified and prolonged. When utilizing PC analysis, there is no
association between the ENSO and NAO; nevertheless, when using classical correlation
analysis, there exists only a weak positive relationship between these indices. However,
the connection is complex and subject to change over time. Throughout winter and spring,
the NAO is responsible for the north-south dipole reaction over the North Atlantic, with
possible interactions with the ENSO from the Pacific pool in winter [101]. With the ENSO,
IOD, and SOI kept unchanged, the NAO attains yearly and seasonal negative correlations
with the AMM. When stochastic meteorological noise from the Northern Hemisphere extra
tropics spreads into the subtropics and modifies the strength of trade winds, the boreal
winter is when an AMM event first manifests itself [111].
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