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Abstract. The Oxygen Minimum Zones (OMZs) in the northern Indian Ocean (i.e., the Arabian Sea and the Bay of<

Bengal) are among the most intense OMZs in the world’s oceans. While there has been, no clear evidence of a

significant change in the Bay of Bengal OMZ (BoB OMZ), the Arabian Sea OMZ (AS OMZ) followed a global trend

and expanded in the last decades until 2013. However, this trend has reversed, and the AS OMZ appears, to have /|

shrunk since 2013. The processes, that stabilize the OMZ in the Bay of Bengal and regulate its expansion and

contraction in the Arabian Sea are poorly understood. In this study, we redefined the source water types (SWTs) and
employed an extended optimum multi-parameter (¢OMP) analysis to investigate changes in the oxygen supply due to

mixing and biological oxygen consumption in these OMZs based on empirical data from the Global Ocean Data

Analysis Project version 2 (GLODAPv2) and data from a research cruise conducted with the, German research vessel |

SONNE, in 2024, In line with previous studies, our findings reveal a reversal in the expansion trend of the AS OMZ

and,an jncrease in oxygen supply to,the BoB OMZ between 1995 and yecent years. In both OMZs, this was due to an

increased northward influx of oxygen-rich SWTs from the southern Indian Ocean, combined with a reduced

contribution from relatively oxygen-poor local and equatorial SWTs. We also observed that the increased physical

oxygen supply was accompanied by enhanced biological oxygen consumption, which partly offset, the effect of fhis

of the shallow Indian Ocean meridional overturning circulation (I0-MOC), associated with the, weakening of the

Asian monsoon and the global thermohaline circulation (THC). This, slowdown seems to have increased the residence

time of water masses, which is consistent with the pbserved increase in biological oxygen consumption, whereas the

weaker cross-equatorial, circulation appears to have favored the northward meridional transport of oxygen-rich water,

from the southern Indian Ocean, This suggests a coupling between the OMZs in the Indian Ocean and climate-driven

changes in the THC, as also jndicated by palacoceanographic records, JHowever, the climate-related drivers differ

between the past and present.
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1 Introduction

The decline in, dissolved oxygen concentrations,js one of the greatest threats to the ocean (Breitburg et al., 2018;

Oschlies et al., 2018; Schmidtko et al., 2017). It affects biogeochemical cycles, endangers marine ecosystems, and

ultimately threatens,food security because many economically relevant marine organisms yequire oxygen to survive

(Stramma et al., 2008; Stramma et al., 2010). [This so-called ocean deoxygenation js primarily attributed to global

warming and the associated warming of ocean water, which reduces the solubility of oxygen in it (Benson and Krause

Jr., 1980; Stramma et al., 2008; Bopp et al., 2017). Oxygen minimum zones (OMZs) develop mainly below the surface

mixed layer at water depths of approximately 100600 m as a consequence of the interplay between physical oxygen

supply and piological oxygen consumption (Sverdrup, 1938). The production of organic matter by phytoplankton and,

its subsequent export and respiration by bacteria and zooplankton below the photic zone controloxygen consumption
(Sigman and Hain, 2012; Malone et al., 2015; Rixen et al., 2020). The primary mechanisms supplying oxygen to
OMZs are the intrusion of former well-oxygenated surface waters through vertical mixing, variations in the surface

mixed layer depth (MLD), eddy-induced subduction, as well as subduction and jransport of former surface waters

along density surfaces at frontal zones (Duteil and Oschlies, 2011; Rudnickas et al., 2019; Sarmiento et al., 2004).

Source water types (SWTs) that ventilate OMZs at lower latitudes are formed at high latitudes in association with deep ; i

and mode-water formation_(Broecker, 1991; Sarmiento et al., 2004). ;They are also formed jn regions where

evaporation or cooling increases the density of the surface water until it becomes denser than the water below and

begins to sink (Reichart et al., 2002) Owing to the continuous remineralization of organic matter exported to the water

oxygen saturation concentration. Additionally, an increase in the local export of organic carbon can have the same

effectyRixen et al., 2020; Rixen and Ittekkot, 2005; Cavan et al., 2017).,

The most intense OMZs_in the open ocean occur in the eastern tropical Pacific Ocean, Arabian Sea,and, the Bay of \v

Bengal. The latter two are semi-enclosed basins in the northern Indian Ocean, where dissolved oxygen levels drop

below 20 pumol kg ', (Rixen et al., 2020; Schulz et al., 2025; Acharya and Panigrahi, 2016). This threshold marks the

transition from hypoxia to microbial hypoxia, where oxygen concentrations are not only low enough to adversely

affect the performance of higher organisms such as fish (Ekau et al., 2010; Vaquer-Sunyer and Duarte, 2008), but also

low enough to enable anoxic microbial processes,such as the reduction of nitrate to Ny (Rixen et al., 2020). Climate

projections under all “Shared Socioeconomic Pathways_(SSPs)” predict a decrease in the globally averaged OMZ

dissolved oxygen concentration (i.e., water depths between 100 and 600 m), whereas yegional projections show

considerable variation, (Kwiatkowski et al., 2020). In particular, the largest decreases in dissolved oxygen

concentrations are expected at higher latitudes, whereas rising concentrations are projected in,equatorial regions. In

the Indian Ocean, jncreasing equatorial oxygen concentrations have been associated with decreasing poxygen
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(Kwiatkowski et al., 2020; Ditkovsky et al., 2023). However, the northern Arabian Sea appears to be an exception,
with predictions indicating that the OMZ will intensify in the future (Kwiatkowski et al., 2020; Ditkovsky et al., 2023).

Jn line with ymodel results, data collected prior to 2007 revealed an expansion of the AS OMZ (Banse et al., 2014;

Goes et al., 2020; Rixen et al., 2014) due to both,reduced ventilation and jncreased oxygen consumption. The former,

was related to,warming, and thus a decline in the, inflow of Persian Gulf Water (PGW) into the AS OMZ (Lachkar et
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occurrence of cyclonic,and anticyclonic eddies, seem to have balanced the potential changes in,oxygen consumption

and remote oxygen supply (Sridevi and Sarma, 2020; Bhaskar et al., 2021).

However, OMZs in the northern Indian Ocean are poorly represented in climate models (Rixen et al., 2020,

Vallivattathillam et al., 2023) pwing to uncertainties in nearly all processes that affect their ventilation (Schmidt et al.,

2021). Therefore, the scope of this study, was, to investigate changes in, the AS and BoB OMZs between 1995 and

recent years (i.e., 2016, 2018, 2019, and 2024) using empirical data. The primary objective was, to determine how
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changes in the fraction of SWTs in the OMZs might have triggered the trend reversal of the OMZ in the Arabian Sea
after 2013 and contributed to the stability of the BoB OMZ. Therefore, we redefined (i) SWTs, (ii) quantified their \

contribution to the OMZs using an extended optimum multi-parameter (¢€OMP) analysis, (iii) quantified the physical

oxygen supply, and ,(iv) biological oxygen consumption, as well as temporal shifts between 1995 and recent years.
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Figure 1: Surface currents in the Indian Ocean during (a) the summer monsoon in August and (b) the winter monsoon in
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Another unique feature of the Indian Ocean is the Indonesian Archipelago, which allows the inflow of Indonesian

Throughflow Water (ITFW) from the Pacific o the Indian Ocean. It represents the only connection between major

ocean basins at low latitudes (Gordon et al., 2010; Gordon et al., 2003) and connects to the outflow of water from the

Indian Ocean into the Atlantic Ocean through Agulhas leakage (Durgadoo et al., 2017; Gordon, 1986). Both, the

Agulhas leakage and the JTF act as bottlenecks within the surface water return flow of the global thermohaline

circulation (THC, circulation linking the Atlantic, Indian, and Pacific basins via the ITF and Agulhas leakage)

(Durgadoo et al., 2017; Broecker, 1991). The strength of the ITF is sensitive to climate variability, and it plays a key

role in regulating heat and water mass exchange between the two ocean basins. [The ITF also influences the

composition of thermocline waters jn both basins, as well as the strength of the Agulhas Current (AC) and South

Equatorial Current (SEC) in the Indian Ocean (Gordon et al., 2010; Ditkovsky et al., 2023; Lee et al., 2002; Godfrey,
1996). According to numerical model results, pblockage of the ITF weakens the SEC and AC (Lee et al., 2002).

Contrary to the Atlantic and Pacific Oceans, where major eastern boundary upwelling systems exist off California,
NW Africa, Peru, and Namibia/South Africa, the only, but much weaker, upwelling system in the eastern Indian Ocean
(EIO) develops off South Java and Bali (Susanto et al., 2001b, a; Chavez and Messi¢, 2009; Rixen et al., 2006).

However, driven, by strong SW monsoon winds, a coastal upwelling system emerges along the Arabian Peninsula in

summer, with an intensity comparable to that of the eastern boundary upwelling systems in other ocean basins (Sastry

and D'souza, 1972; Brock et al., 1991; Rixen et al., 2019). In summer, weaker but upwelling-favorable winds, also

occur along the Indian gcoasts in the Arabian Sea and the Bay of Bengal (Abbott and Mahadevan, 2024; Sharma, 1978;

Shetye et al., 1990).

The large-scale meridional transport of water masses in the Indian Ocean is governed by the JO;MOC. It consists of</

shallow and deep overturning cells, with the shallow cell encompassing the upper 300450 m and, the deep cell water

masses below this depth_range (Schott and Mccreary Jr, 2001; Stramma et al., 2002). The shallow I0-MOC is

controlled by monsoon-driven upwelling in the northern Indian Ocean and the formation and subduction of subsurface

water masses, primarily near the Subantarctic Front in the south (Schott and Mccreary Jr, 2001). The high-salinity
Subtropical Surface Water (STSW) forms, preferentially north of the Subantarctic Front between 25° S and 35° S and

at approximately 90° E (Wyrtki et al., 1971; Beal et al., 2006). In contrast, south of the Subantarctic Front, at around

S0° S—40° S, cool, low-salinity water is subducted below the warmer, lighter subtropical water masseg‘ Fine, 1993;

/
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Koch-Larrouy et al., 2010; Talley, 1996)l These bodies of water are called Subantarctic Mode Water (SAMW) and

Antarctic Intermediate Water (AAIW), the latter of which js the deepest of these mode waters. It gnters the Indian

Ocean through the western boundary at approximately 47° S;:39° S and 45° E;80° E (Fine, 1993; You, 1998). The

deep 10-MOC gomprises an_intermediate limb ventilated by AAIW, and an abyssal limb supplied by modified

Antarctic Bottom Water (mnAABW) (Schott and Mccreary Jr, 2001; Talley, 2013; Haine et al., 1998),1'1" he AABW

forms around the Antarctic continental margins (Menezes et al., 2017) and enters the Indian Ocean through the Crozet-
Kerguelen gap at depths below 2000 m. Since the AABW undergoes significant modification due to mixing in the
abyssal Indian Ocean, it is referred to as modified Antarctic Bottom Water (nAABW) (Mantyla and Reid, 1995).
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[Preferentially in spring, a non-upwelling season, when the Arabian Sea begins to warm and the winter MLD flattens,

the Arabian Sea High Salinity Water (ASHSW) forms, This water mass typically occurs at depths between 0 and 100

m in the Arabian Sea (Kumar and Prasad, 1999). In addition, Red Sea Water (RSW) and Persian Gulf Water (PGW)

from marginal seas, flow through the Gulf of Aden and Gulf of Oman into the Arabian Sea at intermediate depths of

approximately 300-1000 m and 250-300 m, respectively (Beal et al., 2000; Bower et al., 2000; Tchernia, 1980). The
Bay of Bengal Water (BoBW) is another SWT that forms in the northern Indian Ocean within the strongly stratified

upper surface of the Bay of Bengal, where excessive freshwater input from the Ganga and Brahmaputra rivers together

with high precipitation produces a warm, low-salinity surface layer usually around 100 m depth (Shetye et al., 1996).

The influence of the fresh BoBW extends up to 300 m, marked by a salinity maximum of about 35 (Shetye et al.

1996). SWTs described above can be referred to as primary source waters and differ from secondary mixtures such as
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the Arabian Sea Water (ASW) found in the northern Indian Ocean and originates through mixing between RSW and
PGW in the Arabian Sea (You and Tomczak, 1993).

The Indian Ocean is also affected by climate anomalies such as the El Nifio-Southern Oscillation (ENSO) (e.g.
Bjerknes, 1969, 1966) and Indian Ocean Dipole (IOD) (Saji et al., 1999; Webster et al., 1999). ENSO has far-reaching

consequences for the global and coupled circulations pf the atmosphere and ocean, and it is often described in terms

of  sea surface temperature (SST) anomalies in the equatorial Pacific Ocean

https://psl.noaa.gov/data/timeseries/month). The IOD describes anomalies in the difference between SSTs in the EIO

and the western Indian Ocean (WIO). Both the IOD and ENSO influence upwelling in the EIO (Rixen et al., 2006;
Abram et al., 2003).

Cl‘ leted: the

[Deleted: s

AN A A AL A

. CDeIeted: in

(Deleted: , on the other hand,




30°N —720.0
17.5
20°N
15.0%‘
o
10°N i;
125 ¢
2
7 p
0° 10.0 &
>
X
o
75 8
10°S 5
v
R
‘] 50 O
20°S| [ Western transect 2018
Eastern transect 2016 2.5
Central equatorial transect 2019/2024
o e  Western transect 1995
30°S 4o Eastern transect 1995 0.0
«  Central equatorial transect 1995

50°E 60°E  70°E 80°E 90°E 100°E 110°E

2 Methods

AN AN

Figure 2: Data transect used for extended optimum multi-par ter (¢OMP) analysis. Western transect (WIO, 1995 and CDeIeted: Showing
2018 GLODAPY2 data), eastern transect (E10. 1995 and 2016 GLODAPv2 data), central equatorial transects (C10. 1995 CDeIete d: d
GLODAPY2 data), and central eq ial transect (. bination of 2024 cruise data and 2019 GLODAPv2 data). The red, .
color, indicates the extent of the Arabian Sea and Bay of Bengal oxygen minimum zone cores (O < 20 umol kg) plotted (Deleted: Red
from the WOA data. Solid rectangles highlight,the portions of the transects used to estimate the OMZs core (O; <20 pmol CDeIeted: map
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data) (Gaye et al., 2024). The GLODAPv2 data consist of 1995 and 2018 transects in the WIO, 1995 and 2016 transects (Deleted: central
in the EIO, and 1995 and 2019 transects in the central gquatorial Indian Ocean (i.e., central Indian Ocean, CIO) (Fig. y CDeIeted: eastern
2). We focused on the WIO and FIO transects because they protrude into the northern Indian Ocean OMZs and, are . - (Deleted: s
therefore jmportant in representing the AS and BoB OMZs. The GLODAPv2 data provide, oceanographic data from CDdeted: > are
the surface to a depth of 4000 m and include, key parameters such as temperature, salinity, and concentrations of CDeIeted: s
dissolved oxygen, nitrate, phosphate, and silicate. We specifically used the merged data product from GLODAPv2, . gDeleted: s
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which has undergone extensive quality control, including systematic bias evaluation,and correction, for calibration and

measurement errors (Olsen et al., 2019). In addition to GLODAPvV2, we incorporated cruise data collected near the

equator in the C10.

The engire WIO and EIO transects were analyzed over, a depth range of 150-1200 m. This filtering enabled us to

exclude upper ocean surface waters with high variability and focus on intermediate depths, which align with the depth ‘

range of OMZs. Furthermore, we defined the core of the OMZs within the transects as regions where the dissolved

oxygen concentration fell below 20 pmol kg'. This corresponds to depths of 15051000 m for the AS OMZ and 150
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700 m for the BoB OMZ. For the central equatorial region, we compared the 1995 GLODAPv2 data with, a :

combination of the 2019 GLODAPv2 and 2024 cruise data (Fig. 2). The latter two were combined to increase the

dataset size.
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Figure 3. Source water types used in the study;colored rectang boxes represent regions,(latitudes and longitudes) where

their properties were defined and the direction of flow (black arrow). Persian Gulf Water (PGW), Red Sea Water (RSW),
Arabian Sea High Salinity Water (ASHSW), Bay of Bengal Water (BOBW), Indonesian Throughflow Water (ITFW),
Subtropical Surface Water (STSW), Antarctic Intermediate Water (AAIW), modified Antarctic Bottom Water (nAABW)
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2.1.1 Primary productivity, sea surface temperature data and climate indices,

Ocean primary productivity data from Kulk et al. (2020) were used to analyze productivity in the Arabian Sea and the
equatorial Indian Ocean. The data were accessed on March 26, 2025

(https://catalogue.ceda.ac.uk/uuid/69b2c9c6c4714517bal0dab3515e4ec6/) and consist of monthly global marine

phytoplankton primary production data at a 9 km resolution between 1998 and 2020. These data were filtered for the
Arabian Sea (5° N-25° N, 50° E-75° E) and equatorial Indian Ocean (8° S—8° N, 55° E-85° E), and the annual mean
was plotted to observe the trend (Supplementary Fig. S1). Similarly, sea surface temperature (SST) data from NOAA

were accessed on July 20, 2025_(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html). It consists of

weekly mean SST data from 1981 to 2025 at a spatial resolution of 0.25°. We filtered these data for the Indian Ocean

region (30° N-30° S, 30° E-120° E) and plotted the yearly mean SST and 5-year running mean SST to observe the
trend across the Indian Ocean (Supplement Fig. S2). Furthermore, the Oceanic Nifio Index (ONI) and 10D or Dipole
Mode Index have been downloaded from https://psl.noaa.gov/data/timeseries/month/. The ONI represents SST
anomalies in the tropical Pacific Ocean (5° N-5° S, 120° W—170° W), and the IOD shows an anomalous SST gradient
between the WIO (50° E-70° E and 10° S—10° N) and EIO (90° E-110° E and 10° S-0° N).
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2.2 Source water types selection and definition

It is important to precisely define the SWTs’ properties when performing eOMP analysis, as this method, uses SWT, ;

characteristics fo quantify mixing proportions and biogeochemical processes, yepresenting a water sample as a linear

Ve (Deleted: in order
CDeleted: and represents

combination of different SWTs (Shrikumar et al., 2022; Tomczak and Large, 1989). SWT is an identifiable body of

water with distinct physical and chemical properties (e.g., temperature, salinity, and concentrations of oxygen and

nutrients) that originates from a specific formation region and, has a specific mixing history (Tomczak, 1999).,

Defining SWTs in the Indian Ocean js_challenging. Many studies yely on secondary yather than primary SWTs

(Acharya and Panigrahi, 2016; Ditkovsky et al., 2023; Narvekar et al., 2025). Following the definition of water mass

CDeIeted: is

ages (Jeansson etal., 2021; Olsen et al., 2019), a primary SWT forms when water gnters the ocean interior and becomes

decoupled from atmospheric influences, Therefore, impacts of deeper water masses on the properties of the SWT, due ks
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to vertical and lateral mixing, cannot be ruled out. However, secondary SWTs are mixtures, such as ASW, which is a

mixture of RSW and PGW as mentioned earlicy, We focused on primary SWTs because they are essentially responsible

(Deleted: is formed

for OMZs ventilation and carry the influence of global warming on their properties into the depths of the ocean.

However, we did not include the ICW and SAMW as separate SWTs in the eOMP analysis, because, although ICW is %

formed by subduction in the Subtropical Front and advected northward (You and Tomczak, 1993), it is not considered

as an independent principal water mass as it mixes with STSW and is identified by a mixing T/S line connecting
AAIW and STSW (Schott and Mccreary Jr, 2001). Additionally, it can get diluted with ASW, BoBW, and ITFW
(Gordon et al., 1997). SAMW, on the other hand, share the same density class and overlap with AAIW (Koch-Larrouy
etal., 2010).
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The properties of primary SWTs must be defined at their sites of origin, including a geographic area, characteristic

depth range, and, in some cases, a specific time of the year. These variables are not precisely constraine

shift in response to climate change; therefore, they are typically estimated to the best of our knowledge. Based on a

literature review, we summarized the specific latitude, longitude, and depth ranges for all SWTs yelevant, to, the
ventilation in the northern Indian Ocean in Table 3 and marked the region of origin/definition in Figure 3.

[Eight SWTs were selected for our initial analysgs,, Persian Gulf Water (PGW). Subtropical Surface Water (STSW)

modified Antarctic Bottom Water (mAABW), Indonesian Throughflow Water (ITFW), Antarctic Intermediate Water
(AAIW), Arabian Sea High Salinity Water (ASHSW), Red Sea Water (RSW), and Bay of Bengal Water (BOBW), a5
they are known to influence the OMZ in the Indian Ocean (Chinni et al., 2019; Sabu et al., 2015; Singh et al., 2012;
Yu et al., 2018; Song et al., 2004; Beal et al., 2000; Bower et al., 2000; Prasad et al., 2001; Shee et al., 2023).1

Out of the eight selected SWTs for our initial analyses, the;nAABW is an exception. If enters the Indian Ocean not as

a primary SWT but as a deep water mass, which, as mengioned before, undergoes significant modification through

mixing in the abyssal Indian Ocean (Mantyla and Reid, 1995). However, owing to its relevance for the ventilation of ||

W

the northern Indian Ocean, and in particular the deep [O-MOC (Song et al., 2004; Johnson, 2008), it cannot be ignored \\\ %
\

in the eOMP analysis. \\ X

2.2.1 World Ocean Atlas and GLORYS12 data

\
The GLODAPvV?2 data lack, coverage in the key source regions where the relevant SWTs form or enter the Indian -

Ocean; therefore, SWT properties were derived from the World Ocean Atlas (WOA) annual statistical data. These,data

consist,of 4° grid annual average temperature and salinity data from,1995 t0.2004 and 2015 10,2022, 1° annual average

oxygen concentration data from 1971 to 2000, and 1° grid annual average nutrient concentration data from 1965 to

2022. We acknowledge that data interpolation ynay introduce uncertainties, However, spatial mapping uncertainty

computed from the WOA?23 standard error fields with sparsity weighting revealed 0 % empty grid cells (sparsity index

=0.00) across all regions where SWTs were defined. This will be discussed inmore detail in later sections,

Jo consider,global change, impacts on, SWTs properties, we used the WOA 1995-2004,and WOA 2015-2022 data to

define the temperatures_and salinities, of the SWTs, (data are shown in Table 2). Additionally, we obtained the

GLORYSI12 global ocean reanalysis data, a 1/12° eddy-resolving physical reanalysis product that provides

dynamically consistent monthly temperature and salinity fields from 1993 to 2020. GLORYS12 assimilates sea level

anomaly, satellite sea surface temperature, and in-situ temperature and salinity profiles into a NEMO-based ocean

model, yielding a gap-free temperature and salinity time series at each grid cell. Because it retains the temporal

dimension that climatological products collapse, GLORYSI12 is the appropriate product for estimating the year-to-

year ENSO and 10D variabilities in temperature and salinity at the SWTs formation regions (Supplementary Fig. S15).

GLORYS12 shows a decadal temperature increase of about 0.2° C, larger than that detected in WOA data. Although

the WOA data is a time-averaged climatology and cannot fully resolve temporal (interannual) variability of SWTs

temperature and salinity, we used it to define SWT properties because it is based on measured data. However,

GLORYS12 data have,beenyised to quantify uncertainties in SWTs’ properties in the Monte Carlo analysis (see below).
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Due to the lack of data, there are no decadal averages for jutrient concentrations. Hence. jwg defined the nutrient

concentration of SWTs using the, WOA all-time, periods_data,for both 1995 and recent years, This implies, that we

assumed that the concentration of nutrients in the near-surface layer of the ocean, where SWTs form, has not changed.

However, to estimate uncertainties agising from potential changes in nutrient concentrations, we performed a Monte

Carlo analysis as mentioned earlier,

The WOA oxygen data are not clearly separated into decades, but consist of two categories: WOA23 all-time period

climatology (spanning combined annual averages from 1965-2020) and the WOA23 1971-2000 climatology.
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Nevertheless, yinlike nutrient concentration, changes in oxygen concentration can be assumed,because the solubility

of oxygen depends on temperature and salinity. Therefore, we defined the SWTs oxygen concentration using the

WOA23 1971-2000 climatology,for the 1995 eOMP analyses, whereas, for recent years we calculated the SWTs \“\

oxygen concentration to account for potential climate-driven changes,as described below,

2.2.2 Changes in source water types oxygen calculation
Oxygen saturation concentrations for 1995 and recent years were calculated from the corresponding temperature and

salinity data of each SWT using the WOA 1995-2004 (1995) and WOA 2015-2022 (recent years) data and the formula,

of Benson and Krause Jr (1984). In line with the global ocean deoxygenation, the djfferences in oxygen saturation

concentrations between yecent years and 1995 were mostly negative (gxcept for the AAIW). Tp account for the impact
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were used for the eEOMP analyseg in recent years (Table 2). The adjusted SWTs oxygen values were similar to oxygen
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whose oxygen values were relatively higher than the WOA23 1971-2000 climatology-derived SWT oxygen values

probably due to the data overlap nature when using both WOA23 1971-2000 climatology and WOA?23 all-time period \

climatology. Since the adjusted SWTs' oxygen values are consistent with global warming, they were adopted to
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represent recent years' eOMP analyses as mentioned earlier. However, this method ignores the influence of deeper

water masses on the properties of these SWTs, and it is probably a weaker assumption for PGW and RSW because

both water masses already undergo substantial mixing when they flow out of the marginal seas, and their oxygen

content reflects this outflow mixing in addition to solubility-driven change. Uncertainties, arising from variations in

SWT oxygen concentration were quantified in the Monte Carlo analysis and oxygen sensitivity test as described ﬁn

Sections 2.5 and 2.6, respectively,
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2.3 Optimum multi-parameter (OMP) analysis
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JOMP analysis is a mathematical technique developed by Tomczak and Large (1989) to study water mass mixingina

given region of the ocean. In this approach, a water sample is considered a mixture of multiple SWTs. The objective
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the contribution of each SWT fo a given measurement point in, the sample. For this study, we performed an eOMP CDeIeted: for

analysis, which, unlike the classic OMP analysis, accounts for the region's biogeochemistry. The eOMP analysis was ) CDeIeted: of

performed using a Python-based model (PY OMPA ), (Shrikumar et al., 2022). PYOMPA is based on the original OMP ) CDeIeted: considers biogeochemistry
analysis by Tomczak and Large (1989). The mathematical formula used to solve the objective function is presented in CDeIeted: called PYOMPA

Eq. (1):
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Here, s denotes the value of the property p in measured water sample J,
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ITFW, and AAIW as the major contributors in the entire WIO transect with the least residuals (Supplementary, Fig.

S4, S5). Because these six SWTs resulted in even smaller residuals in the EIO transect, we adopted them in the final

eOMP analyses of,all transects.
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2.4 Physical oxygen supply and biological oxygen consumption analysis

The physical oxygen supply analysis determines the amount of oxygen (0,) in the sample (j) supplied via mixing by

a specific SWT (sijoz). Therefore, the fraction of SWT (xji-) in the measured sample, j, was multiplied by the defined

oxygen concentration of the SWT (e(i)z) according to Eq. (3).

Joo_ iy i
Sio, = ¥%j X €0, 3)

Oxygen consumption in this study represents net biological oxygen utilization and, is closely related to Apparent :

Oxygen Utilization (AOU). Biological oxygen consumption in a given sample (j) due to remineralization (sf 0,)> Was

calculated using the measured oxygen in the sample (sgz), and the overall oxygen due to mixing of all SWTs (Z Séoz):

according to Eq. (4):

Sioz = séz -(z Sioz) 4)
The oxygen consumption term is exactly equal to the remineralization term calculated within the eOMP solution when
the oxygen residual is added to it. We calculated the physical oxygen supply and biological oxygen consumption for

the OMZ core, which corresponded, to depth ranges, of 150-1000 m for the AS OMZ and 150-700 m for the BoB

OMZ. The same was calculated for the entire,WIO and EIO transects (150-1200 m) and equatorial transects (15° S— |

3°N, 150-1200 m).

2.5. Sparsity-weighted Monte Carlo eOMP perturbation analysis

To determine whether the observed changes in the SWT mixing fractions between 1995 and recent years were

statistically distinguishable from the combined uncertainty in the SWTs properties definition, we implemented a

sparsity-weighted Monte Carlo perturbation analysis (n = 10,000 iterations). This approach propagates two uncertainty

components (temporal and spatial) through the eOMP solution.

2.5.1. Uncertainty budget construction

The temporal uncertainty (c_temporal) for temperature and salinity was estimated from the interannual standard

deviation of the annual mean values within each SWT formation box (Table 3) extracted from the GLORYS12 global

ocean reanalysis (Mercator Ocean, 1/12° horizontal resolution, monthly output 1993-2020). Box-mean values were

computed using cosine-latitude weighting to correct for latitudinal variation in the grid cell area. For dissolved oxygen

o_temporal was estimated as the absolute difference between the WOA23 1971-2000 climatology and the WOA23

all-time period climatology at each SWT formation box, representing the documented long-term oxygen change at the
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We also performed SWTs property variability test to
understand how the SWTs fractions derived from eOMP
analysis is affected by variability in their properties. To
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sources. For nutrients (NOs, PO, Si), 6_temporal was estimated from the WOA23 sparsity-weighted standard error

(SE) field, as WOAZ23 does not provide decadal nutrient climatologies as mentioned earlier.

Spatial mapping uncertainty (c_mapping) was computed from the WOA23 formal SE fields using sparsity weighting:

each grid cell was assigned a weight w_i = 1/Nmax(n_obs_i. 0.5). where n_obs_i is the number of observations in that

cell. This formula assigns a higher weight to data-sparse cells, penalizing regions with limited observational

constraints. Crucially, the analysis revealed 0 % empty grid cells (sparsity index = 0.00) across all six SWT formation

regions. The weighted mean SE across all cells in each SWT formation box was taken as 6_mapping. For oxygen and

nutrients, 6_temporal and 6_mapping are both WOA23-derived and therefore not independent; 6_mapping was set to
zero for these variables to avoid double counting, and ¢_total = ¢_temporal for these properties. For temperature and

salinity, the two uncertainty sources were genuinely independent (GLORYS12 vs. WOA23 SE) and were combined

in quadrature as follows: ¢_total = \/((52 temporal + 6> mapping). The uncertainty analysis showed relatively small

(<5 %) uncertainty in SWTs properties. The largest relative uncertainties occurred for the silicate and oxygen contents
of the shallow, marginal-sea-influenced water masses PGW (Si 11.3 %, O 8.6 %) and RSW (O- 8.9 %), reflecting the

greater interannual variability and long-term changes in these shallow formation regions. The deep, stable water mass

mAABW showed the lowest relative uncertainties across all properties (< 0.7 %) (Supplementary Fig. S12).

2.5.2 Monte Carlo perturbation procedure

In each Monte Carlo iteration, the SWT properties were perturbed by two components. A structural perturbation

&_mapping) was drawn from ¢_mapping for each property and SWT, and applied identically to both the 1995 and

recent-year SWTs tables, reflecting the shared WOA mapping uncertainty. Independent temporal perturbations

(6_temporal) were drawn from 6_temporal separately for 1995 and the recent years, reflecting independent interannual

conditions in the source regions. The combined perturbation _mapping + 3_temporal is mathematically equivalent

to drawing from o_total. The perturbed SWTs tables were passed to PYOMPA (Shrikumar et al., 2022) to solve the

eOMP system with the original GLODAPV?2/sonne cruise observations, and the resulting averaged mixing fractions

were recorded. This procedure was repeated 10,000 times (random seed = 42), yielding probability distributions of

fraction change (Afraction), representing the recent year minus 1995 for each SWT in each region. For each iteration.

the oxygen supply contribution of each SWT was computed for both years as the product of its mixing fraction and

its oxygen concentration, yielding probability distributions of the change in each SWT oxygen contribution (positive

or negative) per region. Analysis was performed independently for the AS OMZ and BoB OMZ cores (O2 <20 pmol
kg™, the full WIO and EIO transects (150—1200 m). and the CIO (1995 vs. 2019/2024, 150-1200 m).

2.5.3 Statistical assessment

The robustness of each observed change was assessed using the following criteria applied to the Monte Carlo

distributions: (1) 95 % confidence interval (CI) exclusion of zero, computed as the 2.5th and 97.5th percentiles of the

Afraction distribution; (2) the overlap coefficient (OVL), which is a measure of how much the 1995 and recent year
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mixing-fraction distributions coincide, and ranges from 0 (no overlap, fully separated distributions) to 1 (identical

distributions); and (3) Mann-Whitney U test (MW p) comparing the 1995 and recent distributions; (4) P correct

direction (P dir) which measures the proportion of the 10,000 iterations mean that reproduce the direction (sign) of

the observed change (1= 100%); (5) signal-to-noise ratio (SNR) which measures the magnitude of the change relative

to its uncertainty, calculated as the absolute mean change divided by the standard deviation of the Monte Carlo

distribution. A higher SNR means the signal stands out more clearly from the noise. Results of Afraction distribution

were classified as robust (CI excludes zero, OVL < 0.20, MW p < 0.05), likely robust (CI excludes zero, OVL < 0.35

MW p < 0.05), directionally robust (P dir > 0.85, i.e., 85 % of iterations produce a change in the observed direction,

MW p < 0.05, but CI includes zero), or uncertain (none of the above criteria were met). Robustness of changes in

physical oxygen contribution by individual SWTs was classified as robust (95% CI excludes zero and SNR > 2),

directionally robust (SNR > 1, P dir > 0.85), or uncertain (none of the above criteria were met).

2.6 Sensitivity of eOMP soluti iability i e
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closely with the standard Redfield stoichiometry. Additionally, we conducted a sensitivity analysis to evaluate how
variations in individual parameter weights from Acharya and Panigrahi (2016) influence the model solution. Each

weight (e.g., for temperature, salinity, oxygen, phosphate, nitrate, and silicate) was independently varied by + 3 units

from its baseline value, while all other weights remained fixed. All runs used constant remineralization ratios

(02:PO4:NO;

results showed,that the model was more sensitive to changes in nutrients,and relatively stable to changes in temperature

—155:1:15). For each scenario, we computed the model’s RMS error and mean SWT fractions. The

CDeIeted: show

and salinity (Supplementary Fig. S9). Finally, we adopted the parameter weights from Acharya and Panigrahi (2016) ‘ (Deleted: nutrient

NN/

because, despite higher sensitivity to variations in nutrient weights, the overall SWTs contributions remained relatively

stable, indicating a robust solution.

Table 1. Literature values of source water types (SWTs) properties, (Deleted: y
SWTs References Potential Salinity PDA Oxygen  Phosph Nitrate
Temp. (°C) (kgm™)  (umol ate (numol
kg™ (umol kg
kg™)
PGW Acharya and Panigrahi (2016)  18.11 36.5 - 43.7 2.12 21.05
Kumar and Prasad (1999) 19-13 37.9-35.1 26.2-26.8 - - -
AS PGW Coatanoan et al 1999 15 35.8 26.59 9 2.4 20
AS RSW 10 353 27.18 223 2.6 30
RSW Acharya and Panigrahi (2016)  12.55 36.2 - 28 2.38 30.46
Kumar and Prasad (1999) 11-9 35.6-35.1 27.0-27.4 - - -
PGW/RSW Hupe and Karstensen (2000) 18.7 37.69 ~27.1 50 1.56 19.7
You and Tomczak (1993) 25.9 38.08 25.7 161.9 0.372 -
Rixen and Ittekkot (2005) 27.41 36.33 - 146.5 0.99 8.67
RSIW You (1998) 11.96 35.63 27.13 23.9 2.55 -
mAABW Haine et al. (1998) 0.8 34.72 28.14 245 - -
dIDW Acharya and Panigrahi (2016)  0.92 34.72 221.4 2.12 30.53
LIDW Hupe and Karstensen (2000) 0.38 34.7 216 22 32.1
ICW Coatanoan et al. (1999) 10.2 348 26.76 250 0.8 8
Rixen and Ittekkot (2005) 12.45 35.11 <25 126.3 1.46 21.21
ICW upper Acharya and Panigrahi (2016) 18 35.47 253.4 0.11 0.01
ICW lower 9 34.54 274.3 1.07 14.39
AAIW You (1998) 7.04 34.48 27.12 2339 1.59 -
Vianello et al. (2017) 6 34.6 - - - -
De Brauwere et al. (2007) 3.8-4.0 34.35-3425 - - - -
Harms et al. (2019) 28.57
ASHSW Kumar and Prasad (1999) 28-24 36.7-35.3 22.8-245 - - -
Vianello et al. (2017) 28-24 35.45-353 - 196 - -
ITFW Vianello et al. (2017) 17-20 35.2 - 108.9 - -
ow You (1998) 8.16 34.69 27.13 76.2 2.28 -
ITFW Ayers et al. (2014) 1331
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2005
2006
2007
2008

2009
2010

2011
2012
2013
2p14
2015
2016
2017
2p18

STSW De Brauwere et al. (2007) 13.28-

Sokolov and Rintoul (2002) 12.94

35.34-34.71 -
35.30-35 -

Harms et al. (2019) 11-16.25
BOBW Parvathi et al. (2014) 10-5 35.1-35.0 26-27
BOBW Sengupta et al. (2013) 24.23- 24.97-3496 -
29.66

IIW- Indonesian Intermediate water, RSIW — Red Sea Intermediate Water, LIDW — Lower Indian Deep Water
dIDW — deep Indian Deep Water, AS PGW — Arabian Sea Persian Gulf water, AS RSW — Arabian Sea Red Sea water

Table 2. Properties of source water types (SWTs) included in this study and their associated weights in the eOMP solution.

SWTs Potential Absolute PDA Oxygen Phosphate  Nitrate Silicate
Temp. (°C)  Salinity (kg m™) (umol kg')  (umolkg™') (umol kg') (umol kg™)

PGW 21.07* 36.56* 25.67* 36.85¢ 1.87 18.94 14.64
21.39° 36.73° 25.71° 35.45¢

RSW 14.50* 36.37* 27.14* 25.58¢ 2.09 27.47 31.29
14.90° 36.35° 27.04° 23.78¢

mAABW 1.18* 34.9* 27.95% 210.29° 2.20 31.43 117.06
1.2 34.9° 27.95° 210.09¢

AAIW 6.18° 34.52° 27.15* 211.41¢ 1.87 29.67 34.19
6.02° 34.52° 27.17° 210.31¢

ASHSW 24.23% 36.45° 24.67 122.82¢ 1.00 11.95 6.72
24.33" 36.39° 24.60° 122.62¢

ITFW 18.10° 34.55° 24.91° 131.92¢ 1.04 14.09 21.34
18.19° 34.59° 24.92° 131.52¢

STSW 14.08* 35.35% 26.44* 236.40° 0.55 5.72 3.45
14.78° 35.41° 26.34° 233.00¢

BOBW 16.39° 34.92° 25.60° 20.85°¢ 2.11 25.56 31.15
16.69° 34.90° 25.52° 19.55¢

Weights 36 36 14 5 5 1

PDA= Potential density anomaly with respect to a reference pressure of 0 dbar,
a=SWT properties defined using 1995-2004 WOA data

b =SWT properties defined using 2015-2022 WOA data

¢ = SWT oxygen properties defined using WOA23 1971-2000 climatologies

d = SWT oxygen properties calculated from oxygen change according to Benson and Krause Jr (1984)

Table 3. The specific latitude, longitude, and depth ranges used for source water types (SWTs) definition.
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and washighest at water depths between 500,and 1200,m. The contribution of the equatorial SWT (i.e., the ITFW, &
45 %) and the local water masses (i.e., PGW plus RSW, 913 %) was similar to that of the AAIW (Fig. 4) 5, The JTFW
was more prominent at depths between 150 and 300 m and 6001000 m around 10° S and 20° S (Fig. 5d, g).

v

3.1.2 Distinct characteristics of the Arabian Sea and Bay of Bengal OMZs in 1995
The OMZs reveal a similar picture to the transects as a whole, with mAABW (27534 %) and STSW (24,27 %) as the

dominant water masses, but the contribution of the AAIW to the water masses in these OMZs was, low (1 — 3 %). In
contrast, the proportion of local water masses was significantly higher in the AS OMZ (PGW = 28 %, RSW = 14 %), |
whereas in the BoB OMZ (ITFW = 21 % and PGW = 14 %). the ITFW appears to have replaced the RSW (Fig. 4)}

3.1.3 Temporal shifts in source water, contribution between 1995 and recent years.

Compared with 1995, our results show that the proportion of STSW,has increased across all transects (WIO: 39 — 42
%.: CIO: 31 — 41 %; EIO: 30 — 35 %) in recent years (Fig. 4). In turn, the proportion of ITFW and local Watcrs,‘ i

decreased, A similar trend was also evident in the AS OMZ and the BoB OMZ, where the proportion of STSW
increased from 24 — 26 % and 27 — 35 %, respectively and ghe contribution of PGW, mAABW and ITFW decrease
(Fig. 4). These changes in the SWTs fraction are, on the whole, quite moderate (< 10 %), which is to be expected

given that difference between the two considered times periods fis approximately, 24 vears and AAIW takes |

approximately 9 years to reach the central Indian Ocean and about 30 years to reach the eastern South Indian Ocean

(Fine (1993). However, fo better assess the robustness of the observed changes, we conducted a Monte Carlo analysis

as described garlier. It revealed that the increase in STSW was formally robust in the CIO within the 95 % confidence | }

interval (CI: [+0.035; +0.157], OVL = 0.05) and directionally robust (P dir = 0.9, MW p < 0.05) across all other \ |

transects and OMZ cores in the Monte Carlo analysis. Similarly, the decline in PGW is directionally robust (P dir = \‘\
0.9, MW p < 0.05) across all transects and OMZ cores (except in the CIO and AS OMZ). Furthermore, ghe decline in
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equatorial SWTs declined between 1995 and 2016 between
463 1995 and 2016, all local and equatorial SWTs declined.
(a) AS OMZ However, STSW (30 % to 35 %) and mAABW (37 % to 39
core ® Western transect %) increased (Fig. 4e).
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Figure 4: Source water types (SWTs) fraction, in the Indian Ocean: (a) Arabian Sea OMZ (AS OMZ, O, < 20 pmol kg™,

depth 150-1000 m),,(b) entire western transect (W10, 150-1200 m), (¢) Bay of Bengal OMZ (BoB OMZ, O, < 20 pmol kg-
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1, depth 150-700 m),, (d) entire eastern transect (E10. 150-1200 m), (¢) central equatorial region (C10,15° S-3° N, depth -

150-1200 m).
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Figure 5: Temporal changes in Indonesian Throughflow Water (ITFW) fraction between 1995 and recent years across (a,

b) western Indian Ocean (WIO) transect, (d, ¢) eastern Indian Ocean (EIO) transect, (g, h) central Indian Ocean (CIO)

transect, and (c, f, i) source water type fraction change (recent year — 1995) for the WIO, EIO, and CIO.
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Deleted: A vertical section of the ITFW contribution
revealed a clear weakening between 1995 and recent years
(Fig. 5). In 1995, the largest ITFW fractions were
concentrated in the upper ocean (150-300 m) and between
600 and 1000 m, with the strongest signal occurring between
10° S and 20° S, corresponding to the entry latitudes of the
ITF. The signal was strongest in the EIO and progressively
weakened toward the CIO and WIO. A northward extension
of the ITFW signal was also apparent in all three transects,
although at reduced fractions compared to the equatorial
source region. In the recent year sections, a clear temporal
decline in the ITFW fraction was evident across all transects
(Fig. 5b, e, h). In the WIO, the reduction was most
pronounced at approximately 600—1000 m between 10° S
and 20° S and in the upper layer (150-300 m) between 0°
and 15° N, as shown in the difference panel (Fig. 5c). In the
EIO, the ITFW reduction was most pronounced at
approximately 150-800 m between 20° S and 10° N (Fig.
5f). Whereas in the CIO, the decline was strongest between
5° S and 3°N across all depths (Fig. 5i)

The effect of the ITFW decline is noticeable in the increased
fraction distribution of the STSW in recent years across all
transects (Fig. 6). In 1995, STSW contributions were
concentrated in the upper water column, generally above
500-600 m depth, and were most prominent south of 10°S,
with a reduced fraction northward across all transects (Fig.
6a, d, g). In recent years, the STSW signal has intensified
and extended farther north across all transects (Fig. 6b, e, h).
The increased signal was strongest north of 10° S across all
transects (Fig. 6c, f, i), which corresponded to the cut-
through point (latitude) of the ITF.
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across all transects (Fig. 5). Overall, there is a noticeable
decline of the ITFW across the transects from east to west
and towards the northern Indian Ocean (Fig. 5). The effect of
the ITFW decline is noticeable in the distribution of the
STSW in the recent years across all transect. The pen(_ .. [73]
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Figure 6: Temporal changes in Subtropical Surface Water (STSW) fraction between 1995 and recent years across (a, b)

western Indian Ocean (WIO) transect, (d, ¢) eastern Indian Ocean (EIO) transect, (g, h) central Indian Ocean (CIO) .
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Figure 7: Temporal changes in Subtropical Surface Water (mAABW) fraction between 1995 and recent years across (a, b)

western Indian Ocean (WIQ) transect, (d, e) eastern Indian Ocean (EIO) transect, (g, h) central Indian Ocean (CIO)

transect, and (c, f, i) source water type fraction change (recent year — 1995) for the WIO, EIO, and CIO.
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Deleted: 3.1.4 Robustness of temporal changes in mixing
fraction(

ﬂ
Monte Carlo analysis yielded a result with mixed robustness
signals. Nevertheless, in all transect analyses, the Monte
Carlo mean and observed change in SWTs aligned very
closely, and all analyses resulted in MW p < 0.05. Monte
Carlo analysis shows that the mAABW decline in the BoB
OMZ core is formally robust at the 95 % confidence interval
(CI[-0.102, —0.020], OVL = 0.043, MW p < 0.001). The
STSW increase in the CIO is also formally robust (CI [0.035,
0.156], OVL =0.078, MW p < 0.001), and the mAABW
decline in the CIO is likely robust (CI [-0.076, —0.002],
OVL =0.209, and MW p < 0.001). These results were
statistically distinguishable from the combined SWTs
property uncertainties. Across all transects and OMZs cores,
the STSW increase and PGW decline were directionally
robust in the Monte Carlo analysis. The ITFW decline was
directionally robust in >85 % of iterations in the AS OMZ
and Bay of Bengal (5° N—15° N) analyses and uncertain in
the other transects. In the CIO, the basin-wide reorganization
signal was particularly clear, with 99.9 % of the iterations
producing a positive STSW change. The mAABW decline
was directionally robust in the WIO and 5°N-15°N analyses.
RSW changes were directionally robust in the EIO and CIO.
AAIW changes were within the uncertainty verdict in most
analyses, except in the WIO and Arabian Sea (5°N—15°N)
transects. Nevertheless, the uncertain verdict (i.e., no
significant change) in the RSW, PGW, and AAIW in the
WIO, CIO, and EIO, respectively, aligns with the observed
changes in these SWTs. This Monte Carlo robustness verdict
is useful for interpreting changes in the SWTs fraction in the
eOMP analysis. All figures of the Monte Carlo results are
presented in the Supplementary Material (Figs. S11-23).9
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3.2 Physical oxygen supply and biological oxygen consumption

Firstly, the oxygen variability sensitivity test in the AS OMZ, with scenarios including decreasing SWT oxygen

constant SWTs oxygen, and increasing SWTs oxygen values, showed no significant changes in the SWTs fraction. In

all scenarios, the SWTs fraction was similar, i.e., an increase in STSW and a decline in PGW, ITFW and mAABW

:‘CDeIeted: Biological

(Supplementary Fig. S6). The SWTs fraction and oxygen contributions reported below are therefore likely insensitive

to SWTs oxygen variability. This is also supported by Monte Carlo physical oxygen supply perturbations (see below).

v

Results from physical oxygen supply show that in the, WIO and AS OMZ, the physical oxygen supply increased, from
193.2 to 196.5 pmol kg! and 135.8 to 143.8 pmol kg™!, respectively, between 1995 and 2018 (Fig. 8¢ & 8a). In,the
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due to the supply and mixing of SWTs. Our

EI0 and BoB OMZ transects, oxygen supply rose from 191.3 to 198.4 pmol kg™' and 175.7 to 184.3 ymol kg™', -
respectively, between 1995 and 2016 (Fig. & & 8b).
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Figure § Mean oxygen supply (oxygen due to mixing), ed oxygen, and biological oxygen ¢ ption averaged over

(a) Arabian Sea OMZ (AS OMZ, O: <20 pmol kg™, depth range 150-1000 m), (b) Bay of Bengal OMZ (BoB OMZ, 0. <20
nmol kg™, depth range 150-700 m), The measured oxygen values represent average dissolved oxygen within the OMZs at

the same depth range above (c) comparing oxygen supply and consumption across the western (WIO, 1995 and 2018),
eastern (E10, 1995 and 2016), and central equatorial transects ( C10, 1995 and 2019/2024).

Table 5. Monte Carlo (MC) robustness verdict of physical oxygen contribution change (recent year minus 1995) of
individual source water types (SWTs) to combined uncertainty in SWTs properties from MC perturbation analysis (n =
10.000 iterations). MC verdict description: robust (RR) (95% CI excludes zero and SNR > 2), directionally robust (DR) (P

dir > 85% and SNR > 1).

Transects SWTs O SupplyA MC MC P dir SNR MC
(umol kg™)  std 95% CI verdict
AS OMZ PGW -2.7 2.7 -8,+2.7 0.9 1.0 DR
STSW +12.9 13.1 -14.7, +37.9 0.9 1.0 DR
BoBOMZ PGW -1.9 12 4.1,+0.5 1 1.6 DR
STSW 20.8 14.7 -7.7,+50.3 0.9 14 DR
mAABW -12.9 4.3 -21.2,-4.4 1 3.0 RR
wIO PGW -0.9 0.5 -2,0.3 0.9 1.5 DR
STSW 5.4 52 -4.8,+15.6 0.9 1.0 DR
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mAABW  -5.7 3.9 3.1, +1.9 0.9 15 DR
AAIW 5.5 4.6 3.7, +14.5 0.9 12 DR
EIO PGW 0.9 0.5 -1.9, 0.1 1.0 1.8 DR
STSW 10.2 7.7 4.9.425.3 0.9 13 DR
CI10 PGW 13 0.9 32,07 0.9 13 DR
STSW 18.1 12. -6.8,+43.8 0.9 14 DR
mAABW 4.1 3.0 -10,+1.9 0.9 14 DR
ITFW 3.8 3.6 -11,43.0 0.9 L1 DR

SNR (signal-to-noise ratio).

P correct direction (P dir): the proportion of the mean of 10,000 iterations that reproduces the direction of
the observed change (1 = 100%).

VAnalysis of the CIO transect, also revealed, an increase in the physical oxygen supply around the equator, primarily ;-
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L10 between 1995 and 2019/2024 (Fig. 8c).,T'he,core of both the BoB OMZ (from 744 to 733 m) and, AS OMZ (from
1092 to 1025 m) pecame, shallower in 2016/2018 than in, 1995, Overall, the increase in physical oxygen supply was,

more pronounced from approximately 15° S towards the northern Indian Ocean (Fig. 9).

[Physical oxygen contributions by individual SWTs were also analyzed. The STSW showed increased physical oxygen
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Furthermore, mAABW showed decreased oxygen contribution in the BoB OMZ (-12.9 umol kg™!), WIO (-5.7 umol
kg ). and CIO (-4.1 pmol kg™"), while AAIW showed an increase in the WIO (Table 5).|We assessed the robustness of

the physical oxygen change associated with individual SWTs from the Monte Carlo perturbation analysis (n = 10,000

iterations), as described in the methods. The results show that the increase of the physical oxygen supply associated

with STSW was directionally robust (SNR > 1, P dir > 0.85) across all transects; additionally, the increase in oxygen

due to AAIW was directionally robust only in the WIO (SNR =1.2, P dir = 0.9). Furthermore, decrease in physical

oxygen supply associated with PGW was directionally robust (SNR > 1, P dir > 0.85) across all transects and OMZs,
while decrease in oxygen supply due mAABW was formally robust in the BoB OMZ (SNR =3.0, P dir = 1), and
directionally robust in the WIO (SNR =1.5, P dir = 0.9) and CIO (SNR =1.4, P dir = 0.9) (Table 5).
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ingecent years. This was accompanied by a reduced influence from relatively oxygen-poor local and equatorial SWTs

(e.g., PGW and ITFW), Furthermore. recent studies have suggested a weakening of the summer monsoon (Zhou et~ )

al., 2008; Roxy et al., 2015), in combinationwith the decline in primary productivity (PP) in the Arabian Sea/equatorial :

Indian Ocean since 2005, (Supplementary Fig. S1), has increased the equatorial oxygen concentrations additionally by

lowering the biological poxygen consumption (Kwiatkowski et al., 2020). In contrast, pur analysis points towards

Jncreased, oxygen consumption, suggesting that alternative mechanisms may be involved, ,
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2017; Rixen et al.,

their, exposure to remineralization processes (Cavan et al., 2020). Hence, it seems that the

weakening of the monsoon-driven upwelling, in addition to the slowdown in the THC (i.e., the associated reduced

inflow via the ITF and lower outflow via Agulhas leakage), has not only rearranged the STWs' contributions but also

slowed thegshallow I0-MOG, While the former seems to have increased the physical oxygen supply, the latter appears, i
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o have increased the oxygen consumption by increasing the residence time of water in the OMZs, Due to these,

counteracting processes, the measured increase in dissolved oxygen in the GLODAPvV2 data is relatively small,
approximately 0.1 pmol kg in the AS OMZ and, on average, 1.8 umol kg™ in the BoB OMZ (Fig. 8a & 8b). This ‘

indicates that, in the EIO, the influence of SWTs' reorganization in the shallow I0-MOC on the BoB OMZ dominates

and overcompensates for the possible slowdown between 1995 and 2016.
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southern-sourced inflow to the Indian Ocean OMZs, even as the absolute volume transport associated with the shallow

10-MOC itselfis likely also slowing, Hence, how the OMZs develop in the future depends on both the reorganization

of the SWTs contributions and the transport rate of the shallow I0-MOC.
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%), with its greatest influence between 500 and 1200 m. The ITFW (8-15 %) and local water masses (PGW and RSW;

9-13 %) contributed similarly. Within the OMZs, STSW and mAABW remained the dominant water masses, whereas

AAIW contributed only 1-3 %. The two OMZs differed primarily in their intermediate water contributions: the AS

OMZ was characterized by strong contributions from local water masses, particularly PGW and RSW, whereas the

Bay of Bengal OMZ showed a greater influence of ITFW, indicating distinct regional ventilation pathways.

Compared with 1995, our results show that the proportion of STSW has increased across all transects, whereas the

proportion of ITFW and PGW decreased in recent years. A similar trend was evident in the AS OMZ and the BoB
OMZ, where the proportion of STSW increased while the contributions of PGW, mAABW, and ITFW decreased.

These changes are consistent with a reorganization of the shallow I0-MOC in response to the weakening of the warm

water return flow of the THC in the Indian Ocean and monsoon-driven upwelling in the Arabian Sea. Consistent with

other studies, our findings revealed that the enhanced inflow of oxygen-rich remote SWTs increased the physical

oxygen supply. However, in contrast to other results, our findings indicate increased biological oxygen consumption

which partly offsets the effect of increased oxygen supply on oxygen concentration in the OMZs. Such increased

oxygen consumption was attributed to longer residence times of water masses in the Indian Ocean basin due to a

slowdown in the THC and a shallow IO-MOC. Nevertheless, the net result was an overall increase in dissolved oxygen

in both the AS and BoB OMZ. Paleoceanographic studies indicate a strong link between climate change in the North

Atlantic and the AS OMZ on glacial and interglacial timescales. In contrast to the present, where ITF weakening is

primarily caused by climate-driven circulation changes, past variations in the ITF were linked to extreme sea-level

changes on glacial-interglacial timescales. However, the underlying mechanism remains the same: a reduced ITF

favors an increased meridional flow and ventilation of the OMZs. Therefore, the future of Indian Ocean OMZs

depends on the reorganization and transfer rate of the shallow 10-MOC.
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entering the central and north Indian Ocean via the southern
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The STSW predominantly occurred at water depths between
200 and 600 m, while the mAABW dominated at water
depths of > 800 m (Fig. 6 & 7). The mean contribution of the
AAIW ranged between 8 % and 11 % at all three transects
and was highest at water depths between 500 and 1500 m.
The contribution of the equatorial SWT (i.e., the ITFW, 8-15
%) and the local water masses (i.e., PGW plus RSW, 9-13
%) was similar to that of the AAIW (Fig. 4). The ITFW was
more prominent at depths between 150 and 300 m and 600—
1000 m around 10° S and 20° S (Fig. 5d, g).

Compared with 1995, our results show that the proportion of
STSW has increased across all transects whereas the
proportion of ITFW and PGW decreased. A similar trend
was also evident in the AS OMZ and the BoB OMZ, where
the proportion of STSW increased and the contribution of
PGW, mAABW and ITFW decreased (Fig. 4). In line
changes in an increase in oxygen supply and biological
oxygen consumption was observed. Nevertheless, analysis of
GLODAPV2 data shows a net increase in oxygen
concentrations in the AS OMZ (+0.1) and BoB OMZ 1.8)
between 1995 and 2016/2018.

These changes are consistent with of the Indian Ocean MOC
in response to the weakening of water return flow of the
THC in the Indian Ocean, and the monsoon-driven upwelling
in the Arabian Sea.
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And paleoceanographic studies indicating a strong link
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OMZ on glacial and interglacial time scales. In contrast to
the present, where ITF weakening is primarily caused by
climate-driven circulation changes, past variations in the ITF
were linked to extreme sea-level changes on glacial-
interglacial timescales. However, the underlying mechanism
remains the same: a reduced ITF favors an increased
meridional flow and ventilation of the OMZs.

Our findings will help improve the representation of the
Indian Ocean OMZs in global models, while also indicating
the need for continuous monitoring and high-resolution
modelling studies to achieve a comprehensive under( .. [101]
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[21] Deleted

Microsoft Office User

7/1/26 11:28:00 AM

[22] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:43:00 PM

[22] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:43:00 PM

[22] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:43:00 PM

[22] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:43:00 PM

[22] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:43:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM




[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[23] Deleted

eugeneoboh.o@gmail.com

6/21/26 1:46:00 PM

[24] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:20:00 PM

[24] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:20:00 PM

[24] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:20:00 PM

[24] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:20:00 PM

[25] Deleted

eugeneoboh.o@gmail.com

7/1/26 3:45:00 PM

[25] Deleted

eugeneoboh.o@gmail.com

7/1/26 3:45:00 PM

[25] Deleted

eugeneoboh.o@gmail.com

7/1/26 3:45:00 PM

[25] Deleted

eugeneoboh.o@gmail.com

7/1/26 3:45:00 PM

[25] Deleted

eugeneoboh.o@gmail.com

7/1/26 3:45:00 PM

[25] Deleted

eugeneoboh.o@gmail.com

7/1/26 3:45:00 PM

[26] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:38:00 PM

[26] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:38:00 PM

[26] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:38:00 PM




Page 5:

[26] Deleted

eugeneoboh.o@gmail.com

6/21/26 2:38:00 PM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM




Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[27] Deleted

eugeneoboh.o@gmail.com

7/3/26 3:15:00 AM

Page 5:

[28] Deleted

eugeneoboh.o@gmail.com

7/5/26 11:39:00 PM

Page 5:

[28] Deleted

eugeneoboh.o@gmail.com

7/5/26 11:39:00 PM

Page 5:

[28] Deleted

eugeneoboh.o@gmail.com

7/5/26 11:39:00 PM

Page 5:

[28] Deleted

eugeneoboh.o@gmail.com

7/5/26 11:39:00 PM

Page 5:

[29] Deleted

Microsoft Office User 6/25/26 6:45:00 AM

Page 5:

[29] Deleted

Microsoft Office User 6/25/26 6:45:00 AM




Page 5: [29] Deleted

Microsoft Office User

6/25/26 6:45:00 AM

Page 5: [30] Deleted

eugeneoboh.o@gmail.com

Page 5: [31] Deleted

Microsoft Office User

6/25/26 6:40:00 AM

Page 5: [31] Deleted

Microsoft Office User

6/25/26 6:40:00 AM

Page 10: [32] Deleted

6/17/26 3:20:00 PM

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

A\

A

Page 10: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

A\

A

Page 10: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

A\

A

Page 10: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

A\

A

Page 10: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

A\

A

Page 10: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

A\

A

Page 10: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM




: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

: [32] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:01:00 AM

: [33] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:28:00 PM

: [33] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:28:00 PM

: [33] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:28:00 PM

: [33] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:28:00 PM

: [33] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:28:00 PM

: [34] Deleted

Microsoft Office User 6/25/26 7:48:00 AM

iy

: [34] Deleted

Microsoft Office User 6/25/26 7:48:00 AM

: [35] Deleted

eugeneoboh.o@gmail.com

6/21/26 3:58:00 PM

: [35] Deleted

eugeneoboh.o@gmail.com

6/21/26 3:58:00 PM

: [35] Deleted

eugeneoboh.o@gmail.com

6/21/26 3:58:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM




: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [36] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:00:00 PM

: [37] Deleted

Microsoft Office User

6/25/26 7:53:00 AM




: [37] Deleted

Microsoft Office User 6/25/26 7:53:00 AM

: [38] Deleted

eugeneoboh.o@gmail.com

6/26/26 4:33:00 PM

: [38] Deleted

eugeneoboh.o@gmail.com

6/26/26 4:33:00 PM

o

: [39] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:24:00 PM

: [39] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:24:00 PM

: [40] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:22:00 PM

: [40] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:22:00 PM

: [40] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:22:00 PM

: [40] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:22:00 PM

o

: [40] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:22:00 PM

: [41] Deleted

Microsoft Office User

7/1/26 11:44:00 AM

Py

: [41] Deleted

Microsoft Office User

7/1/26 11:44:00 AM

: [41] Deleted

Microsoft Office User

7/1/26 11:44:00 AM

: [41] Deleted

Microsoft Office User

7/1/26 11:44:00 AM

: [42] Deleted

eugeneoboh.o@gmail.com

7/3/26 9:24:00 AM

Py




Page 10: [42] Deleted eugeneoboh.o@gmail.com 7/3/26 9:24:00 AM

Page 11: [43] Deleted eugeneoboh.o@gmail.com 6/26/26 12:48:00 PM

: L
Page 11: [43] Deleted eugeneoboh.o@gmail.com 6/26/26 12:48:00 PM (

o

[44] Deleted

Microsoft Office User 6/25/26 8:17:00 AM

[44] Deleted

Microsoft Office User 6/25/26 8:17:00 AM

[44] Deleted

Microsoft Office User 6/25/26 8:17:00 AM

[45] Deleted

eugeneoboh.o@gmail.com 6/30/26 5:00:00 PM

[45] Deleted

eugeneoboh.o@gmail.com 6/30/26 5:00:00 PM

[46] Deleted

Microsoft Office User 6/25/26 8:18:00 AM

o

[46] Deleted

Microsoft Office User 6/25/26 8:18:00 AM

Page 11: [47] Deleted eugeneoboh.o@gmail.com 6/21/26 6:55:00 PM
\ (
N {
Page 11: [47] Deleted eugeneoboh.o@gmail.com 6/21/26 6:55:00 PM
v (
Page 11: [47] Deleted eugeneoboh.o@gmail.com 6/21/26 6:55:00 PM
. (
Page 11: [48] Deleted eugeneoboh.o@gmail.com 6/17/26 5:08:00 PM (
Page 11: [48] Deleted eugeneoboh.o@gmail.com 6/17/26 5:08:00 PM




: [48] Deleted

eugeneoboh.o@gmail.com

6/17/26 5:08:00 PM

: [48] Deleted

eugeneoboh.o@gmail.com

6/17/26 5:08:00 PM

: [48] Deleted

eugeneoboh.o@gmail.com

6/17/26 5:08:00 PM

—

: [48] Deleted

eugeneoboh.o@gmail.com

6/17/26 5:08:00 PM

: [48] Deleted

eugeneoboh.o@gmail.com

6/17/26 5:08:00 PM

: [49] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:30:00 PM

: [49] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:30:00 PM

: [49] Deleted

eugeneoboh.o@gmail.com

6/30/26 5:30:00 PM

: [50] Deleted

Microsoft Office User 6/25/26 8:35:00 AM

o

: [50] Deleted

Microsoft Office User 6/25/26 8:35:00 AM

: [51] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:31:00 PM

Py

: [51] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:31:00 PM

: [52] Deleted

Microsoft Office User 6/25/26 8:42:00 AM

: [53] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:32:00 PM

: [53] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:32:00 PM




: [53] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:32:00 PM

: [53] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:32:00 PM

: [53] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:32:00 PM

o

: [54] Deleted

Microsoft Office User 6/25/26 8:42:00 AM

: [54] Deleted

Microsoft Office User 6/25/26 8:42:00 AM

: [55] Deleted

eugeneoboh.o@gmail.com

6/22/26 8:40:00 PM

: [55] Deleted

eugeneoboh.o@gmail.com

6/22/26 8:40:00 PM

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

o

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

iy

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM

: [56] Deleted

eugeneoboh.o@gmail.com

6/26/26 3:25:00 PM




A

Page 11: [57] Formatted eugeneoboh.o@gmail.com

7/3/26 2:50:00 AM

Font: (Default) Times New Roman

A

Page 11: [57] Formatted eugeneoboh.o@gmail.com

7/3/26 2:50:00 AM

Font: (Default) Times New Roman

A

Page 11: [58] Deleted

eugeneoboh.o@gmail.com

7/3/26 9:35:00 AM

A\

A

Page 11: [58] Deleted

eugeneoboh.o@gmail.com

7/3/26 9:35:00 AM

A\

A

Page 11: [58] Deleted

eugeneoboh.o@gmail.com

7/3/26 9:35:00 AM

A\

A

iy

Page 11: [58] Deleted

eugeneoboh.o@gmail.com

7/3/26 9:35:00 AM

A\

A

Page 11: [59] Deleted

Microsoft Office User 6/25/26 9:26:00 AM

A\

A

Page 11: [60] Commented [MOU7]

Microsoft Office User 6/25/26 9:59:00 AM

The section is incorrect; please correct it.

A

Page 11: [61] Deleted

eugeneoboh.o@gmail.com

6/18/26 11:40:00 AM

Page 11: [62] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:39:00 PM

A\

A

Page 11: [62] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:39:00 PM

Page 11: [62] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:39:00 PM

Page 11: [62] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:39:00 PM

Page 11: [62] Deleted

eugeneoboh.o@gmail.com

6/21/26 4:39:00 PM

A

Page 18: [63] Deleted

eugeneoboh.o@gmail.com

6/29/26 3:58:00 PM

Page 19: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM




: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [64] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:00:00 PM

: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM

: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM

: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM




: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM

: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM

: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM

o

: [65] Deleted

eugeneoboh.o@gmail.com

6/29/26 4:07:00 PM

—

: [66] Deleted

Microsoft Office User 6/25/26 2:04:00 PM

: [67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM




Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

iy

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM




Page 19:

[67] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:42:00 AM

Page 19:

[68] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:51:00 AM

Page 19:

[68] Deleted

eugeneoboh.o@gmail.com

6/26/26 11:51:00 AM

Page 19:

[69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19:

[69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19:

[69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19:

[69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19:

[69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM




Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19

: [69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM




Page 19:

[69] Deleted

eugeneoboh.o@gmail.com

6/28/26 12:49:00 PM

Page 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM
APage 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM
APage 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM
APage 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM
APage 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM
APage 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM
APage 19: [70] Deleted eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM




Page 19:

[70] Deleted

eugeneoboh.o@gmail.com 6/28/26 8:37:00 AM

: [71] Deleted

Microsoft Office User 6/25/26 3:57:00 PM

: [72] Deleted

eugeneoboh.o@gmail.com 6/28/26 9:37:00 AM

: [73] Deleted

eugeneoboh.o@gmail.com 6/22/26 11:28:00 AM

: [74] Deleted

eugeneoboh.o@gmail.com 6/26/26 4:54:00 PM

: [75] Deleted

Microsoft Office User 6/25/26 4:03:00 PM

: [76] Deleted

Microsoft Office User 6/25/26 4:11:00 PM

: [77] Deleted

eugeneoboh.o@gmail.com 7/3/26 12:34:00 AM

: [78] Deleted

eugeneoboh.o@gmail.com 7/3/26 12:39:00 AM

: [79] Deleted

Microsoft Office User 7/1/26 12:16:00 PM

: [80] Deleted

Microsoft Office User 7/1/26 12:20:00 PM

Page 27: [81] Deleted eugeneoboh.o@gmail.com 6/29/26 5:05:00 PM
v

Page 27: [82] Deleted Microsoft Office User 7/1/26 12:28:00 PM

X

Page 27: [83] Change Unknown

Field Code Changed

A

Page 27

: [84] Deleted

eugeneoboh.o@gmail.com 7/1/26 11:35:00 PM

A\

A

Page 28

: [85] Deleted

Microsoft Office User 7/1/26 12:32:00 PM




: [85] Deleted

Microsoft Office User

7/1/26 12:32:00 PM

: [86] Deleted

Microsoft Office User

7/1/26 12:39:00 PM

: [87] Deleted

Microsoft Office User

7/1/26 12:40:00 PM

: [87] Deleted

Microsoft Office User

7/1/26 12:40:00 PM

: [88] Deleted

Microsoft Office User

7/1/26 12:41:00 PM

: [88] Deleted

Microsoft Office User

7/1/26 12:41:00 PM

: [88] Deleted

Microsoft Office User

7/1/26 12:41:00 PM

: [89] Deleted

Microsoft Office User

7/1/26 12:37:00 PM

: [89] Deleted

Microsoft Office User

7/1/26 12:37:00 PM

: [89] Deleted

Microsoft Office User

7/1/26 12:37:00 PM

: [90] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:02:00 PM

: [90] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:02:00 PM

: [91] Deleted

Microsoft Office User

7/1/26 12:43:00 PM

: [91] Deleted

Microsoft Office User

7/1/26 12:43:00 PM




Page 28: [91] Deleted

Microsoft Office User 7/1/26 12:43:00 PM

Page 28: [91] Deleted

Microsoft Office User 7/1/26 12:43:00 PM

Page 28: [92] Deleted

eugeneoboh.o@gmail.com

7/3/26 10:17:00 AM

Page 28: [92] Deleted

eugeneoboh.o@gmail.com

7/3/26 10:17:00 AM

Page 28: [92] Deleted

eugeneoboh.o@gmail.com

7/3/26 10:17:00 AM

Page 28: [93] Deleted

eugeneoboh.o@gmail.com

7/3/26 10:18:00 AM

Page 28: [93] Deleted

eugeneoboh.o@gmail.com

7/3/26 10:18:00 AM

Page 28: [94] Deleted

Microsoft Office User 7/1/26 12:54:00 PM

Page 28: [95] Deleted

eugeneoboh.o@gmail.com

6/29/26 5:27:00 PM

Page 28: [95] Deleted

eugeneoboh.o@gmail.com

6/29/26 5:27:00 PM

A\

A

Page 28: [96] Deleted

Microsoft Office User 7/1/26 1:41:00 PM

x

Page 28: [97] Commented [MOU29]

Microsoft Office User

f you’re going to do this, you must always mention the Indian Ocean MOC first. I'd suggest introducing the

abbreviation I0-MOC and using it everywhere.

A

Page 28: [98] Deleted

Microsoft Office User 7/1/26 12:58:00 PM

A\

A

Page 28: [98] Deleted

Microsoft Office User 7/1/26 12:58:00 PM

A\

A

Page 28: [98] Deleted

Microsoft Office User 7/1/26 12:58:00 PM

A\

A

7/1/26 1:05:00 PM




Page 28

: [98] Deleted

Microsoft Office User 7/1/26 12:58:00 PM

A\

A

Page 28

: [99] Deleted

eugeneoboh.o@gmail.com

7/2/26 12:13:00 AM

A\

A

Page 28

: [99] Deleted

eugeneoboh.o@gmail.com

7/2/26 12:13:00 AM

A\

A

Page 28

: [100] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:14:00 PM

A\

A

Page 28

: [100] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:14:00 PM

A\

A

Page 28

: [100] Deleted

eugeneoboh.o@gmail.com

6/21/26 10:14:00 PM

A\

A

Page 30

: [101] Deleted

eugeneoboh.o@gmail.com

7/5/26 11:27:00 PM

X




