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anomaly (SSTA) variability, exhibits a unique pattern characterized by positive SSTA dominating

the central Tropical Indian Ocean (TIO), while negative SSTA prevail in the western and eastern
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study, the underlying causes of SSTA variability in the central TIO during tripole events are
investigated through an SST heat budget analysis. Specifically, the anomalous warming in the
central TIO is examined. A multiple linear regression analysis is performed using climate indices
linked to most dominant SSTA-based climate modes, El Nino Southern Oscillations (ENSO),
Indian Ocean Dipole (IOD), and IOT on SST budget terms to determine key drivers. The results
reveal that net heat flux is the primary contributor to the positive SSTA in the central TIO. To
further disentangle this influence, the individual contributions of radiative and turbulent heat
flux components are analysed. This study enhances our understanding of TIO dynamics during
10T events and their broader implications for regional and global climate systems.
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INTRODUCTION

TIO is a major contributor to overall increase in the global SST trend. It is a significant component of greatest warm
pool on the planet. Its interconnection with atmosphere has a notable impact on regional and global climate.
Numerous investigations found that during past century, surface temperature of the Indian Ocean has been rising
more rapidly than other tropical oceans [1, 2]. The rapid warming of the Indian Ocean has been associated with
various consequences, such as diminished cloud cover, a weakened Indian monsoon, alterations in ocean currents,
and shifts in heat distribution [3, 4, 5]. SSTA based climate modes largely impact TIO variability. The IOD mode
contributes significantly to the TIOs interannual variability, it was by a group of researchers reported in the late 1990s
[6]. Positive and negative phases of IOD are closely associated with rainfall variability of regions surrounding Indian
Ocean. A positive Indian Ocean Dipole (IOD) is characterized by strong easterly and southerly wind anomalies,
typically leading to reduced rainfall over parts of Australia and Indonesia, while Africa experiences above-average
rainfall [7, 8, 9]. In contrast, these patterns reverse during a negative IOD phase.

ENSO is a periodic climatic phenomenon that involves varying SSTs in the equatorial Pacific that has been linked
with IOD events in TIO. The connection between IOD and ENSO is complicated, and ENSO may occasionally generate
IOD episodes, with IOD strength governed by coupled instability and external factors such as intraseasonal
oscillations within the TIO region. In other cases, IOD may occur independently from within the Indian Ocean [10,
11, 12]. The diverse manifestations of ENSO have drawn significant attention from researchers due to their broad
atmospheric teleconnections and impacts on local sea level variations. However, compared to the tropical Pacific,
studies on the variability of climate drivers like the IOD in the Tropical Indian Ocean remain relatively scarce.
However, some researchers investigated differences in the development of IOD events based on their emergence and
maturation [13, 14, 15]. Endo & Tozuka [16] defined IOD events based on their spatial pattern of SSTA. 10D events
were once thought to represent a single phenomenon, but later research revealed the existence of two distinct types:
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the canonical IOD and IOD Modoki [17, 18]. While the canonical IOD involves opposite SSTA between the western
and eastern parts of the TIO, IOD Modoki displays a more complex tripole-like pattern of SST anomalies. SSTA in
the western and eastern regions of TIO are of the same sign (either both positive or both negative), with opposite
anomalies in the central TIO.

The research by Zhang et al [19] offered fresh perspectives on the dynamics of the TIO. Utilizing an extensive dataset,
the study identified a third mode of variability in the region, known as the Indian Ocean Tripole (IOT) mode, which
explains 8% of the total SSTA variability. The periodic development of IOT and IOD occurrences greatly differs. While
IOD matures from September to November, the IOT events often peak from June to August. Apart from IOD, this
study also attempts to addresses the IOT's interaction with other climatic modes such as ENSO. The study revealed
that the IOT is positively connected with El Nino and negatively correlated with La Nina events. The IOT may
influence the climate of surrounding regions, making it crucial to explore the factors driving SSTA variability during
IOT events. This can be accomplished through an SST heat budget analysis [20]. The interconnected nature of climate
modes makes it challenging to isolate the individual impact of the IOT mode. To address this, we employed a Multiple
Linear Regression (MLR) approach [21]. The structure of the paper is as follows: Section 2 describes the datasets
utilized and details the methodology applied for the analysis. Section 3 highlights the results and discussions,
emphasizing the spatio-temporal variability linked to positive IOT events and the findings from regression analysis.
Section 4 concludes with a summary of the key findings and their implications.

METHODOLOGY
Datasets

In this study, we have used SST, winds (10 m height), Surface Latent Heat Flux (SLHF), Surface Sensible Heat Flux
(SSHF), Surface Net Solar Radiation (SSR), and Surface Net Thermal Radiation (STR) datasets from the fifth-
generation European Centre for Medium-Range Weather Forecasts Reanalysis (ERA5) [22]. These parameters are
available on a monthly domain at a spatial resolution of 0.25°x0.25°. The zonal and meridional components of
surface current and mixed-layer depth monthly data is obtained from Ocean Reanalysis System 5 (ORAS5) available
at 0.25°x0.25° resolution [23].

Methodology

Monthly climate indices associated with SSTA based climate modes are utilized for this study. Dipole Mode Index
(DMI) used to identify IOD events is calculated using method proposed by Saji et al. [6] and Nino3.4 index is utilized
for distinguishing ENSO related variability. The Tripole Mode Index (TMI) associated with IOT events was suggested
by Zhang et al. [19] The TMI index is determined by difference in averaged SSTA of central (65°-85°E,20°S-5°N)
from western (45°-60°E,5°S-20°N and 60°-70°E,10°-20°N) and eastern (90°-110°E,10°S-equator) regions of TIO.

To extract the signals exclusively related to TMI index, we use a MLR approach, where climate indices are set as
independent variables and their impact is observed on other ocean-atmospheric variables. MLR is applied on SST
heat budget equation as shown in equation 1 [24]:
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Where @, is the net heat flux represented by the following equation 2:

Qnet = SLHF + SSHF + SSR + STR (2)

Regression coefficient associated with TMI index shows its individual impact on SST budget terms. The air density,
p, is 1.225 kg m~3, while C, refers to the specific heat capacity of seawater. H denotes the depth of the ocean's mixed
layer, and u and v represent the zonal and meridional components of ocean surface currents, respectively. The
residual term, R, accounts for the effects of other oceanic processes, such as upwelling and vertical mixing.
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RESULTS AND DISCUSSIONS
Spatio Temporal analysis of Indian Ocean Tripole mode

Figure 1 represents the composite map of all the positive Indian Ocean Tripole mode events spanning from 1993 to
2022 for June-August (JJA) season. The W, C, and E boxes represent the western, central, and eastern regions of TIO
utilized in calculating the time series Tripole mode Index (TMI). TMI series shown in Figure 2 associated with IOT
events identifies six positives: 1994, 2003, 2008, 2013, 2015, and 2018 and five negative: 1993, 1995, 1998, 2009,
and 2021 IOT events. Since positive IOT events are a mirror image of negative, they remain focus of this study.

Figure 3a depicts the regression coefficient of TMI on SSTA and wind components for JJA season. Colour bar is
showing regions with statistical significance above 90% confidence level. The spatial pattern resembles positive IOT
like pattern. Stronger positive SSTA are found in central region, whereas, negative SSTA are found in western and
eastern regions, with more significance in western region. The unique wind pattern obtained of MLR analysis shows
that in western region, winds follow climatological pattern over Arabian Sea, strengthening the south-west monsoon
winds towards the Indian subcontinent. The easterlies originating from eastern TIO, are splitting into two branches,
one deflecting towards the Bay of Bengal, and another converging in central TIO. The south-central TIO is found to
be the region of convergence, for both westerly and easterly winds. MLR patterns depicts significant positive SSTA,
along with converging winds in the central region of TIO, highlighting the importance of further investigating the
SSTA variability caused in this region due to IOT events.

Figure 3b shows temporal plots of SST, rate of change of SST, and wind speed anomalies for positive IOT events,
averaged over central TIO region. It is observed that SSTA remained closed to zero in April and May, indicating no
major changes in solar heating. From June the SSTA remains positive till December above 0.25 K, suggesting more
than usual SSTA warming during those months. The wind patterns align with SSTA patterns. As SSTA is positive
from, June, anomalous wind speed reduces significantly in June and remains negative from June to September. The
lower wind speed anomalies can also be lined with the region of convergence of winds observed in Figure 3a. The
anomalous rate of change of SST is found to be positive from May to July, and reaches near zero in August, indicating
slower than usual rate of change during positive IOT events, which explains the positive SSTA over the region. The
rate of change of SST can have major impact on climate of surrounding region, hence it needs to be investigated
further.
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Figure 1. Composite of positive IOT events from 1993 to 2022. W, C, and E boxes represent western, central, and
eastern regions of Tropical Indian Ocean respectively.
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Figure 2. Monthly TMI time series from 1993 to 2022.
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Figure 3. (a) regression of TMI series on SSTA (colour) on significant regions at 90% confidence and wind
components (vectors) for JJA season. (b) monthly composite anomalies of SST (black), d(SST)/dt (red), and wind
speed (blue) for positive IOT years over the central tropical Indian Ocean.

SST budget terms analysis

This section discusses the SST budget terms analysis. Figure 4 depicts the results MLR of TMI on SST budget, which
includes net heat flux and horizontal advection terms. Vertical processes and mixing are excluded for the purpose of
simplifying the analysis, as it aligns with a focus on large-scale SST variability. Figure 4a and Figure 4b shows
regression coefficient of TMI on rate of change of SST and net heat flux term respectively for JJA season. Figure 4c¢
depicts monthly regression coefficients of TMI for budget terms. From Figure 4c, it is observed that, rate of change
of SST is maximum in May and reduces rapidly in June. This sudden decrease is linked with the onset of summer



110 J INFORM SYSTEMS ENG, 10(29s)

monsoon. Monsoon winds cover the region, reducing SSTA in June and July. Once the monsoon is established, the
SSTA starts to rise slowly from August. It is observed that pattern of rapidly decreasing SSTA aligns with NHF in JJA
season. Whereas, the advection term does not show any significant changes and remains close to zero. This pattern
can also be seen spatially in Figure 4a and Figure 4b. The rate of change of SST is significantly negative in the central
region, aligning with slightly negative pattern of net heat flux term. The net heat flux term does not show strong signal
like rate of change of SST because after showing negative pattern in June, it also recovers in July and remains close
to zero. The analysis suggests net heat flux term to be dominant factor in influencing the rate of change of SST over
the central region of TIO.
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Figure 4. Regression of TMI on (a) rate of change of SST and (b) net heat flux term. (c) regression coefficient of
TMI on budget terms averaged over central Tropical Indian Ocean.

The MLR analysis shows the pattern of budget terms over the region, however, it needs further investigation on how
these terms differ during IOT years from climatological pattern. Figure 5 shows the results of composite analysis of
anomalous net heat flux and advection term for positive IOT events averaged over central region. It is found that net
heat flux term remains negative from Jan to April, and it becomes positive from May to August. The positive values
align with anomalous values of rate of change of SST in Figure 3b, suggesting positive contribution of net heat flux
term in influencing SST change. However, the advection term is found to be negative from May to August. The
analysis suggest that positive anomalies of rate of change of SST are closely linked with net heat flux term, which is
also consistent with the results of MLR analysis shown in Figure 4c. Therefore, net heat flux term needs to be
investigated further to comprehend individual impacts of each radiative and turbulent flux components.
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Figure 5. Composite anomalies of net heat flux (black) and advection (blue) terms for positive IOT events
averaged over central Tropical Indian Ocean.

Net heat flux analysis

In this section turbulent heat fluxes: SLHF and SSHF, and radiative heat fluxes: SSR and STR are analysed for
positive IOT years. Surface heat flux components are crucial for managing the ocean-atmosphere system. SLHF
directs heat loss by evaporation, which directly influences SST, especially during monsoon season. SSHF refers to
heat exchange caused by temperature gradients, although its role in relatively small. SSR, net solar heating absorbed
by ocean, is primary source of ocean heating. STR represents net longwave radiation radiation at the surface,
contributing to heat retention and regulating surface cooling. Together these fluxes interact to modulate SST
variability.

Figure 6 shows the composite of anomalous fluxes averaged over central TIO for positive IOT years. SLHF shows
positive anomalies from January to April, reduces in May, and remains negative from May to August. Negative SLHF
anomalies in monsoon season can reduce heat loss through evaporation. The SSHF anomalies remains close to zero,
however in August, they seem to be negative. This can be due to reduced temperature gradient. As the monsoon
season arrives, air temperature reduces whereas SSTs are warmer, leading to positive temperature gradient. As the
SST starts to become cooler by August, the temperature gradient between ocean and atmosphere reduces leading to
negative SSHF values. Negative SSHF anomalies in August are showing reduction in heat transfer from ocean surface
to atmosphere, which can contribute to warmer SSTs. SSR anomalies remain negative throughout the year except for
May and June, indicates that ocean surface receives more solar radiation during these months than the long-term
average. This can be attributed to Clearer skies and reduced cloud cover before the full onset of the monsoon. The
anomalous STR values are found to be positive from April to June and slightly negative from July onwards. Positive
anomalies associated with pre monsoon period are due to increased warming of ocean surface, emitting more thermal
radiation to the atmosphere. By July and August, southwest monsoon in full swing brings increased cloud cover and
precipitation, acting as a barrier to thermal radiation. the composite heat flux anomalies during positive IOT years
highlight the complex interplay between radiative and turbulent fluxes, with SSRD and SLHF playing dominant roles
in shaping SST anomalies and ocean-atmosphere interactions in the central tropical Indian Ocean.
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Figure 6. Composite of anomalies of heat flux components averaged over central tropical Indian Ocean for
positive IOT years.

CONCLUSIONS

This study investigates at the spatio-temporal characteristics and underlying mechanisms that influence sea surface
temperature anomalies (SSTA) during positive Indian Ocean Tripole (I0T) events, with a focus on the June-August
(JJA) season. The analysis shows that the central tropical Indian Ocean (TIO) experiences large positive SSTA during
these events, which is caused by complex interactions between atmospheric circulation patterns and oceanic heat
fluxes. The regression and budget term studies emphasise the significant role of net heat flux (NHF), which exhibits
positive anomalies throughout the monsoon season and contributes to SST warming. The lowered wind speed
anomalies and converging wind patterns in the central TIO intensify the warming. Surface heat flux components,
specifically surface latent heat flux (SLHF) and surface net solar radiation (SSR), play an important role in modifying
SST variability. The combined effect of negative SLHF anomalies and negative SSR anomalies signifies that, while
the ocean receives less solar radiation during the monsoon season (due to cloud cover), the decrease in evaporative
heat loss (negative SLHF) allows the ocean to retain more of the heat absorbed earlier in the year. The pre-monsoon
period experiences increased solar heating, whereas the monsoon season reduces heat loss, resulting in sustained
warming of the ocean surface. This understanding is crucial for improving climate models and predictions for the
region, particularly in the context of Indian Ocean variability and its impacts on surrounding climate systems. The
interaction between radiative and turbulent heat fluxes shapes the SST anomalies, emphasizing the need for further
investigation into the individual contributions of each flux component to the observed warming patterns during IOT
events.
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