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Abstract. The Oxygen Minimum Zones (OMZs) in the northern Indian Ocean (i.e., the Arabian Sea and the Bay of 11 
Bengal) are among the most intense OMZs in the world’s oceans. While there has been no clear evidence of a 12 
significant change in the Bay of Bengal OMZ (BoB OMZ), the Arabian Sea OMZ (AS OMZ) followed a global trend 13 
and expanded in the last decades until 2013. However, this trend has reversed, and the AS OMZ appears to have 14 
shrunk since 2013. The processes that stabilize the OMZ in the Bay of Bengal and regulate its expansion and 15 
contraction in the Arabian Sea are poorly understood. In this study, we redefined the source water types (SWTs) and 16 
employed an extended optimum multi-parameter (eOMP) analysis to investigate changes in the oxygen supply due to 17 
mixing and biological oxygen consumption in these OMZs based on empirical data from the Global Ocean Data 18 
Analysis Project version 2 (GLODAPv2) and data from a research cruise conducted with the German research vessel 19 
SONNE in 2024. In line with previous studies, our findings reveal a reversal in the expansion trend of the AS OMZ 20 
and an increase in oxygen supply to the BoB OMZ between 1995 and recent years. In both OMZs, this was due to an 21 
increased northward influx of oxygen-rich SWTs from the southern Indian Ocean, combined with a reduced 22 
contribution from relatively oxygen-poor local and equatorial SWTs. We also observed that the increased physical 23 
oxygen supply was accompanied by enhanced biological oxygen consumption, which partly offset the effect of this 24 
increase on the oxygen concentration in the OMZs. These changes are likely linked to a reorganization and slowdown 25 
of the shallow Indian Ocean meridional overturning circulation (IO-MOC), associated with the weakening of the 26 
Asian monsoon and the global thermohaline circulation (THC). This slowdown seems to have increased the residence 27 
time of water masses, which is consistent with the observed increase in biological oxygen consumption, whereas the 28 
weaker cross-equatorial circulation appears to have favored the northward meridional transport of oxygen-rich water 29 
from the southern Indian Ocean. This suggests a coupling between the OMZs in the Indian Ocean and climate-driven 30 
changes in the THC, as also indicated by palaeoceanographic records. However, the climate-related drivers differ 31 
between the past and present. 32 

 33 

 34 

Deleted: its…responses…to changes in the Indian Ocean 122 
meridional overturning 123 ... [1]

Deleted: ,124 
Deleted: ,125 
Deleted: ,126 
Formatted: Line spacing:  1.5 lines
Deleted: is…no clear evidence of a significant change in 127 
the Bay of Bengal OMZ (BoB OMZ), the Arabian Sea OMZ 128 
(AS OMZ) followed the … global trend and expanded in the 129 
last decades until 2013. However,Since then, however,…this 130 
trend has reversed, and the AS OMZ appearsseems…to have 131 
shrunk since 2013. The processesProcesses…that stabilize 132 
the OMZ in the Bay of Bengal and regulate its expansion and 133 
contraction in the Arabian Sea are poorly understood. In this 134 
study, we redefined the source water types (SWTs) and 135 
employed an extended optimum multi-parameter (eOMP) 136 
analysis to investigate changes in the oxygen supply due to 137 
mixing and biological oxygen consumption in these OMZs 138 
based on empirical field …ata from the Global Ocean Data 139 
Analysis Project version 2 (GLODAPv2) and data from a 140 
research cruise conducted with thea…German research 141 
vessel SONNEonne…in 2024. Our findings reveal…Ii… 142 
with previous studies, our findings reveal a reversal in the 143 
expansion trend of the AS OMZ andbut also 144 
a…additionally,… shrinkage …ncrease in oxygen supply 145 
toof…the BoB OMZ between 1995 and 2016…ecent years. 146 
In both regions…MZs, this wasis…due to an increased 147 
northward influx of oxygen-rich SWTs from the southern 148 
Indian Ocean, combined with a reduced contribution from 149 
relatively oxygen-poor local and equatorial SWTs. We also 150 
observed that the increased physical oxygen supply was 151 
accompanied by enhanced biological oxygen consumption, 152 
which partly offsetoffsets…the effect of the increased 153 
oxygen…his supply154 ... [2]
Deleted: the total 155 
Deleted: the …xygen concentrations…in the OMZs. These 156 
changes are likely linked to a reorganization and slowdown 157 
of the shallow Indian Ocean meridional overturning 158 
circulation (IO-MOC) in the Indian Ocean… associated with 159 
thea…weakening of the Asian monsoon and the the …lobal 160 
thermohaline circulation (THC). Thise…slowdown seems to 161 
have increased the residence time of water masses, which is 162 
consistent with the enhanced…bserved increase in biological 163 
oxygen consumption observed… whereaswhile…the weaker 164 
cross-equatorialzonal…circulation appears to have favored 165 
the northward meridional transport of oxygen-rich 166 
waters…from the southern Indian Ocean northwards167 ... [3]
Deleted: global 168 
Deleted: also …ndicated by palaeoceanographic records, … 169 
although170 ... [4]
Deleted: ¶171 
¶172 
¶173 
¶174 



 2 

1 Introduction 175 
The decline in dissolved oxygen concentrations is one of the greatest threats to the ocean (Breitburg et al., 2018; 176 
Oschlies et al., 2018; Schmidtko et al., 2017). It affects biogeochemical cycles, endangers marine ecosystems, and 177 
ultimately threatens food security because many economically relevant marine organisms require oxygen to survive 178 
(Stramma et al., 2008; Stramma et al., 2010). This so-called ocean deoxygenation is primarily attributed to global 179 
warming and the associated warming of ocean water, which reduces the solubility of oxygen in it (Benson and Krause 180 
Jr., 1980; Stramma et al., 2008; Bopp et al., 2017). Oxygen minimum zones (OMZs) develop mainly below the surface 181 
mixed layer at water depths of approximately 100–600 m as a consequence of the interplay between physical oxygen 182 
supply and biological oxygen consumption (Sverdrup, 1938). The production of organic matter by phytoplankton and 183 
its subsequent export and respiration by bacteria and zooplankton below the photic zone control oxygen consumption 184 
(Sigman and Hain, 2012; Malone et al., 2015; Rixen et al., 2020). The primary mechanisms supplying oxygen to 185 
OMZs are the intrusion of former well-oxygenated surface waters through vertical mixing, variations in the surface 186 
mixed layer depth (MLD), eddy-induced subduction, as well as subduction and transport of former surface waters 187 
along density surfaces at frontal zones (Duteil and Oschlies, 2011; Rudnickas et al., 2019; Sarmiento et al., 2004).  188 
Source water types (SWTs) that ventilate OMZs at lower latitudes are formed at high latitudes in association with deep 189 
and mode-water formation (Broecker, 1991; Sarmiento et al., 2004). They are also formed in regions where 190 
evaporation or cooling increases the density of the surface water until it becomes denser than the water below and 191 
begins to sink (Reichart et al., 2002). Owing to the continuous remineralization of organic matter exported to the water 192 
column, oxygen concentrations generally decline as water masses age, with “age” referring to the time elapsed since 193 
the water lost contact with the atmosphere (Jeansson et al., 2021; Olsen et al., 2019). Consequently, an increase in 194 
water age associated with prolonged residence times of water within the OMZ can enhance oxygen consumption, 195 
quantified as the difference between the in-situ oxygen concentration and the salinity and temperature-dependent 196 
oxygen saturation concentration. Additionally, an increase in the local export of organic carbon can have the same 197 
effect (Rixen et al., 2020; Rixen and Ittekkot, 2005; Cavan et al., 2017).  198 
The most intense OMZs in the open ocean occur in the eastern tropical Pacific Ocean, Arabian Sea, and the Bay of 199 
Bengal. The latter two are semi-enclosed basins in the northern Indian Ocean, where dissolved oxygen levels drop 200 
below 20 µmol kg-¹ (Rixen et al., 2020; Schulz et al., 2025; Acharya and Panigrahi, 2016). This threshold marks the 201 
transition from hypoxia to microbial hypoxia, where oxygen concentrations are not only low enough to adversely 202 
affect the performance of higher organisms such as fish (Ekau et al., 2010; Vaquer-Sunyer and Duarte, 2008), but also 203 
low enough to enable anoxic microbial processes such as the reduction of nitrate to N2 (Rixen et al., 2020). Climate 204 
projections under all “Shared Socioeconomic Pathways (SSPs)” predict a decrease in the globally averaged OMZ 205 
dissolved oxygen concentration (i.e., water depths between 100 and 600 m), whereas regional projections show 206 
considerable variation (Kwiatkowski et al., 2020). In particular, the largest decreases in dissolved oxygen 207 
concentrations are expected at higher latitudes, whereas rising concentrations are projected in equatorial regions. In 208 
the Indian Ocean, increasing equatorial oxygen concentrations have been associated with decreasing oxygen 209 
consumption and enhanced inflow of oxygen-enriched water masses from the southern Indian Ocean gyre 210 
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(Kwiatkowski et al., 2020; Ditkovsky et al., 2023). However, the northern Arabian Sea appears to be an exception, 456 
with predictions indicating that the OMZ will intensify in the future (Kwiatkowski et al., 2020; Ditkovsky et al., 2023).  457 
 458 
In line with model results, data collected prior to 2007 revealed an expansion of the AS OMZ (Banse et al., 2014; 459 
Goes et al., 2020; Rixen et al., 2014) due to both reduced ventilation and increased oxygen consumption. The former 460 
was related to warming, and thus a decline in the inflow of Persian Gulf Water (PGW) into the AS OMZ (Lachkar et 461 
al., 2019), and the latter was assumed to be a consequence of enhanced biological productivity in surface water in 462 
response to an assumed intensification of the Asian summer monsoon (Lachkar et al., 2018). The monsoon-driven 463 
upwelling of nutrient-rich deep waters in summer, in addition to the deepening of the mixed layer in winter, is 464 
responsible for the overall high biological productivity of the Arabian Sea and the associated export of organic matter 465 
(Brock et al., 1992; Haake et al., 1993; Rixen et al., 2019). However, in contrast to the observed and projected 466 
expansion of the AS OMZ, a recent Argo float study showed that the AS OMZ has been shrinking since 2013 due to 467 
a decline in surface ocean productivity (Liu et al., 2024). Additionally, recent studies have noted that changes in 468 
ventilation pathways may enhance oxygen supply to the AS OMZ (Oschlies et al., 2017; Vallivattathillam et al., 2023; 469 
Lachkar et al., 2019; Narvekar et al., 2025). In particular, shifts in the balance between cross-equatorial transport 470 
driven by the Indian Ocean meridional overturning circulation (IO-MOC) and the Indonesian Throughflow (ITF) alter 471 
the relative contributions of local (i.e., originating from the Arabian Sea and Bay of Bengal), equatorial, and remote 472 
(southern-sourced) SWTs (Ditkovsky et al., 2023). Nevertheless, the BoB OMZ has remained relatively stable 473 
(Johnson et al., 2019; Nayak et al., 2024) as physical forcing mechanisms, including salinity stratification and the 474 
occurrence of cyclonic and anticyclonic eddies, seem to have balanced the potential changes in oxygen consumption 475 
and remote oxygen supply (Sridevi and Sarma, 2020; Bhaskar et al., 2021). 476 
 477 
However, OMZs in the northern Indian Ocean are poorly represented in climate models (Rixen et al., 2020; 478 
Vallivattathillam et al., 2023) owing to uncertainties in nearly all processes that affect their ventilation (Schmidt et al., 479 
2021). Therefore, the scope of this study was to investigate changes in the AS and BoB OMZs between 1995 and 480 
recent years (i.e., 2016, 2018, 2019, and 2024) using empirical data. The primary objective was to determine how 481 
changes in the fraction of SWTs in the OMZs might have triggered the trend reversal of the OMZ in the Arabian Sea 482 
after 2013 and contributed to the stability of the BoB OMZ. Therefore, we redefined (i) SWTs, (ii) quantified their 483 
contribution to the OMZs using an extended optimum multi-parameter (eOMP) analysis, (iii) quantified the physical 484 
oxygen supply, and  (iv) biological oxygen consumption, as well as temporal shifts between 1995 and recent years.  485 
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 661 
Figure 1: Surface currents in the Indian Ocean during (a) the summer monsoon in August and (b) the winter monsoon in 662 
January. Modified from Schott et al. (2009).  Abbreviations: Somali current (SC), South Equatorial Current (SEC), East 663 
African Coastal Current (EACC), Southern Gyre (SG), Socotra Eddy (SE), Great Whirl (GW), Southwest Monsoon 664 
Current (SMC), East Indian Coastal Current (EICC), Northeast Monsoon Current (NMC), West Indian Coastal Current 665 
(WICC), Indonesian Throughflow (ITF), Ras al Hadd jet (RHJ), South Java Current (SJC).  666 
 667 
 668 
1.1 Study Area  669 
The Indian Ocean differs from other ocean basins primarily due of its geographical characteristics, which have far-670 
reaching consequences for atmospheric and oceanic circulation. The first unique geographical feature is the Asian 671 
landmass. It limits the northern extent of the Indian Ocean in the subtropics at approximately 30° N and enforces the 672 
development of the Asian monsoon. The monsoon is characterized by seasonal changes in wind direction, southwest 673 
(SW) in summer and northeast (NE) in winter (Gadgil et al., 2007), leading to an overall clockwise surface circulation 674 
in the ocean in summer and a counterclockwise surface circulation in winter (Fig. 1) (Wyrtki, 1973; Phillips et al., 675 
2021; Schott et al., 2009). The Southwest Monsoon Current, in turn, carries Arabian Sea Water into the Bay of Bengal 676 
in summer, whereas the Northeast Monsoon Currents transport Bay of Bengal water into the Arabian Sea in winter 677 
(Fig. 1). 678 
 679 
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Another unique feature of the Indian Ocean is the Indonesian Archipelago, which allows the inflow of Indonesian 693 
Throughflow Water (ITFW) from the Pacific to the Indian Ocean. It represents the only connection between major 694 
ocean basins at low latitudes (Gordon et al., 2010; Gordon et al., 2003) and connects to the outflow of water from the 695 
Indian Ocean into the Atlantic Ocean through Agulhas leakage (Durgadoo et al., 2017; Gordon, 1986). Both the 696 
Agulhas leakage and the ITF act as bottlenecks within the surface water return flow of the global thermohaline 697 
circulation (THC, circulation linking the Atlantic, Indian, and Pacific basins via the ITF and Agulhas leakage) 698 
(Durgadoo et al., 2017; Broecker, 1991). The strength of the ITF is sensitive to climate variability, and it plays a key 699 
role in regulating heat and water mass exchange between the two ocean basins. The ITF also influences the 700 
composition of thermocline waters in both basins, as well as the strength of the Agulhas Current (AC) and South 701 
Equatorial Current (SEC) in the Indian Ocean (Gordon et al., 2010; Ditkovsky et al., 2023; Lee et al., 2002; Godfrey, 702 
1996). According to numerical model results, blockage of the ITF weakens the SEC and AC (Lee et al., 2002).   703 
  704 
Contrary to the Atlantic and Pacific Oceans, where major eastern boundary upwelling systems exist off California, 705 
NW Africa, Peru, and Namibia/South Africa, the only, but much weaker, upwelling system in the eastern Indian Ocean 706 
(EIO) develops off South Java and Bali (Susanto et al., 2001b, a; Chavez and Messié, 2009; Rixen et al., 2006). 707 
However, driven by strong SW monsoon winds, a coastal upwelling system emerges along the Arabian Peninsula in 708 
summer, with an intensity comparable to that of the eastern boundary upwelling systems in other ocean basins (Sastry 709 
and D'souza, 1972; Brock et al., 1991; Rixen et al., 2019). In summer, weaker but upwelling-favorable winds also 710 
occur along the Indian coasts in the Arabian Sea and the Bay of Bengal (Abbott and Mahadevan, 2024; Sharma, 1978; 711 
Shetye et al., 1990). 712 
  713 

The large-scale meridional transport of water masses in the Indian Ocean is governed by the IO-MOC. It consists of 714 
shallow and deep overturning cells, with the shallow cell encompassing the upper 300–450 m and the deep cell water 715 
masses below this depth range (Schott and Mccreary Jr, 2001; Stramma et al., 2002). The shallow IO-MOC is 716 
controlled by monsoon-driven upwelling in the northern Indian Ocean and the formation and subduction of subsurface 717 
water masses, primarily near the Subantarctic Front in the south (Schott and Mccreary Jr, 2001). The high-salinity 718 
Subtropical Surface Water (STSW) forms preferentially north of the Subantarctic Front between 25° S and 35° S and 719 
at approximately 90° E (Wyrtki et al., 1971; Beal et al., 2006). In contrast, south of the Subantarctic Front, at around 720 
50° S–40° S, cool, low-salinity water is subducted below the warmer, lighter subtropical water masses (Fine, 1993; 721 
Koch-Larrouy et al., 2010; Talley, 1996). These bodies of water are called Subantarctic Mode Water (SAMW) and 722 
Antarctic Intermediate Water (AAIW), the latter of which is the deepest of these mode waters. It enters the Indian 723 
Ocean through the western boundary at approximately 47° S–39° S and 45° E–80° E (Fine, 1993; You, 1998). The 724 
deep IO-MOC comprises an intermediate limb ventilated by AAIW and an abyssal limb supplied by modified 725 
Antarctic Bottom Water (mAABW) (Schott and Mccreary Jr, 2001; Talley, 2013; Haine et al., 1998). The AABW 726 
forms around the Antarctic continental margins (Menezes et al., 2017) and enters the Indian Ocean through the Crozet-727 
Kerguelen gap at depths below 2000 m. Since the AABW undergoes significant modification due to mixing in the 728 
abyssal Indian Ocean, it is referred to as modified Antarctic Bottom Water (mAABW) (Mantyla and Reid, 1995). 729 
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Preferentially in spring, a non-upwelling season, when the Arabian Sea begins to warm and the winter MLD flattens, 940 
the Arabian Sea High Salinity Water (ASHSW) forms. This water mass typically occurs at depths between 0 and 100 941 
m in the Arabian Sea (Kumar and Prasad, 1999). In addition, Red Sea Water (RSW) and Persian Gulf Water (PGW) 942 
from marginal seas flow through the Gulf of Aden and Gulf of Oman into the Arabian Sea at intermediate depths of 943 
approximately 300–1000 m and 250–300 m, respectively (Beal et al., 2000; Bower et al., 2000; Tchernia, 1980). The 944 
Bay of Bengal Water (BoBW) is another SWT that forms in the northern Indian Ocean within the strongly stratified 945 
upper surface of the Bay of Bengal, where excessive freshwater input from the Ganga and Brahmaputra rivers together 946 
with high precipitation produces a warm, low-salinity surface layer usually around 100 m depth  (Shetye et al., 1996). 947 
The influence of the fresh BoBW extends up to 300 m, marked by a salinity maximum of about 35 (Shetye et al., 948 
1996). SWTs described above can be referred to as primary source waters and differ from secondary mixtures such as 949 
the Arabian Sea Water (ASW) found in the northern Indian Ocean and originates through mixing between RSW and 950 
PGW in the Arabian Sea (You and Tomczak, 1993).  951 

The Indian Ocean is also affected by climate anomalies such as the El Niño-Southern Oscillation (ENSO) (e.g. 952 
Bjerknes, 1969, 1966) and Indian Ocean Dipole (IOD) (Saji et al., 1999; Webster et al., 1999). ENSO has far-reaching 953 
consequences for the global and coupled circulations of the atmosphere and ocean, and it is often described in terms 954 
of sea surface temperature (SST) anomalies in the equatorial Pacific Ocean 955 
(https://psl.noaa.gov/data/timeseries/month). The IOD describes anomalies in the difference between SSTs in the EIO 956 
and the western Indian Ocean (WIO). Both the IOD and ENSO influence upwelling in the EIO (Rixen et al., 2006; 957 
Abram et al., 2003).  958 
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 978 
Figure 2: Data transect used for extended optimum multi-parameter (eOMP) analysis. Western transect (WIO, 1995 and 979 
2018 GLODAPv2 data), eastern transect (EIO, 1995 and 2016 GLODAPv2 data), central equatorial transects (CIO, 1995 980 
GLODAPv2 data), and central equatorial transect (combination of 2024 cruise data and 2019 GLODAPv2 data). The red 981 
color indicates the extent of the Arabian Sea and Bay of Bengal oxygen minimum zone cores (O2 < 20 µmol kg-1) plotted 982 
from the WOA data. Solid rectangles highlight the portions of the transects used to estimate the OMZs core (O2 < 20 µmol 983 
kg-1) based on the GLODAPv2 data. 984 
 985 
 986 
2 Methods 987 
2.1 Data collection 988 
The data used in this study were obtained from the GLODAPv2 database (Lauvset et al., 2022; Olsen et al., 2019) and 989 
from a cruise with the German research vessel SONNE in the Indian Ocean in 2024 (hereafter referred to as cruise 990 
data) (Gaye et al., 2024). The GLODAPv2 data consist of 1995 and 2018 transects in the WIO, 1995 and 2016 transects 991 
in the EIO, and 1995 and 2019 transects in the central equatorial Indian Ocean (i.e., central Indian Ocean, CIO) (Fig. 992 
2). We focused on the WIO and EIO transects because they protrude into the northern Indian Ocean OMZs and are 993 
therefore important in representing the AS and BoB OMZs. The GLODAPv2 data provide oceanographic data from 994 
the surface to a depth of 4000 m and include key parameters such as temperature, salinity, and concentrations of 995 
dissolved oxygen, nitrate, phosphate, and silicate. We specifically used the merged data product from GLODAPv2, 996 

Deleted: Showing 997 
Deleted: d998 
Deleted: Red999 
Deleted:  map1000 
Deleted: rectangle highlights1001 

Deleted: during 1002 
Deleted: Meteor 1003 
Deleted: transects from 1004 
Deleted: from 1005 
Deleted: central 1006 
Deleted: eastern 1007 
Deleted: ,1008 
Deleted: , are 1009 
Deleted: s1010 
Deleted: s1011 
Deleted: as well as1012 



 8 

which has undergone extensive quality control, including systematic bias evaluation and correction for calibration and 1013 
measurement errors (Olsen et al., 2019). In addition to GLODAPv2, we incorporated cruise data collected near the 1014 
equator in the CIO.  1015 
The entire WIO and EIO transects were analyzed over a depth range of 150–1200 m. This filtering enabled us to 1016 
exclude upper ocean surface waters with high variability and focus on intermediate depths, which align with the depth 1017 
range of OMZs. Furthermore, we defined the core of the OMZs within the transects as regions where the dissolved 1018 
oxygen concentration fell below 20 µmol kg-¹. This corresponds to depths of 150–1000 m for the AS OMZ and 150–1019 
700 m for the BoB OMZ. For the central equatorial region, we compared the 1995 GLODAPv2 data with a 1020 
combination of the 2019 GLODAPv2 and 2024 cruise data (Fig. 2). The latter two were combined to increase the 1021 
dataset size. 1022 
 1023 
 1024 
 1025 

 1026 
Figure 3. Source water types used in the study; colored rectangular boxes represent regions (latitudes and longitudes) where 1027 
their properties were defined and the direction of flow (black arrow). Persian Gulf Water (PGW), Red Sea Water (RSW), 1028 
Arabian Sea High Salinity Water (ASHSW), Bay of Bengal Water (BOBW), Indonesian Throughflow Water (ITFW), 1029 
Subtropical Surface Water (STSW), Antarctic Intermediate Water (AAIW), modified Antarctic Bottom Water (mAABW) 1030 
 1031 
 1032 
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2.1.1 Primary productivity, sea surface temperature data and climate indices  1047 
Ocean primary productivity data from Kulk et al. (2020) were used to analyze productivity in the Arabian Sea and the 1048 
equatorial Indian Ocean. The data were accessed on March 26, 2025 1049 
(https://catalogue.ceda.ac.uk/uuid/69b2c9c6c4714517ba10dab3515e4ee6/) and consist of monthly global marine 1050 
phytoplankton primary production data at a 9 km resolution between 1998 and 2020. These data were filtered for the 1051 
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 1052 
was plotted to observe the trend (Supplementary Fig. S1). Similarly, sea surface temperature (SST) data from NOAA 1053 
were accessed on July 20, 2025 (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html). It consists of 1054 
weekly mean SST data from 1981 to 2025 at a spatial resolution of 0.25°. We filtered these data for the Indian Ocean 1055 
region (30° N–30° S, 30° E–120° E) and plotted the yearly mean SST and 5-year running mean SST to observe the 1056 
trend across the Indian Ocean (Supplement Fig. S2). Furthermore, the Oceanic Niño Index (ONI) and IOD or Dipole 1057 
Mode Index have been downloaded from https://psl.noaa.gov/data/timeseries/month/. The ONI represents SST 1058 
anomalies in the tropical Pacific Ocean (5° N–5° S, 120° W–170° W), and the IOD shows an anomalous SST gradient 1059 
between the WIO (50° E–70° E and 10° S–10° N) and EIO (90° E–110° E and 10° S–0° N). 1060 
 1061 
 1062 
2.2 Source water types selection and definition 1063 
It is important to precisely define the SWTs’ properties when performing eOMP analysis, as this method uses SWT 1064 
characteristics to quantify mixing proportions and biogeochemical processes, representing a water sample as a linear 1065 
combination of different SWTs (Shrikumar et al., 2022; Tomczak and Large, 1989). SWT is an identifiable body of 1066 
water with distinct physical and chemical properties (e.g., temperature, salinity, and concentrations of oxygen and 1067 
nutrients) that originates from a specific formation region and has a specific mixing history (Tomczak, 1999).  1068 
 1069 
Defining SWTs in the Indian Ocean is challenging. Many studies rely on secondary rather than primary SWTs 1070 
(Acharya and Panigrahi, 2016; Ditkovsky et al., 2023; Narvekar et al., 2025). Following the definition of water mass 1071 
ages (Jeansson et al., 2021; Olsen et al., 2019), a primary SWT forms when water enters the ocean interior and becomes 1072 
decoupled from atmospheric influences. Therefore, impacts of deeper water masses on the properties of the SWT, due 1073 
to vertical and lateral mixing, cannot be ruled out. However, secondary SWTs are mixtures, such as ASW, which is a 1074 
mixture of RSW and PGW as mentioned earlier. We focused on primary SWTs because they are essentially responsible 1075 
for OMZs ventilation and carry the influence of global warming on their properties into the depths of the ocean.  1076 
However, we did not include the ICW and SAMW as separate SWTs in the eOMP analysis, because, although ICW is 1077 
formed by subduction in the Subtropical Front and advected northward (You and Tomczak, 1993), it is not considered 1078 
as an independent principal water mass as it mixes with STSW and is identified by a mixing T/S line connecting 1079 
AAIW and STSW (Schott and Mccreary Jr, 2001). Additionally, it can get diluted with  ASW,  BoBW, and ITFW 1080 
(Gordon et al., 1997). SAMW, on the other hand, share the same density class and overlap with AAIW (Koch-Larrouy 1081 
et al., 2010).  1082 
 1083 
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The properties of primary SWTs must be defined at their sites of origin, including a geographic area, characteristic 1123 
depth range, and, in some cases, a specific time of the year. These variables are not precisely constrained and may 1124 
shift in response to climate change; therefore, they are typically estimated to the best of our knowledge. Based on a 1125 
literature review, we summarized the specific latitude, longitude, and depth ranges for all SWTs relevant to the OMZs 1126 
ventilation in the northern Indian Ocean in Table 3 and marked the region of origin/definition in Figure 3.  1127 
Eight SWTs were selected for our initial analyses: Persian Gulf Water (PGW), Subtropical Surface Water (STSW), 1128 
modified Antarctic Bottom Water (mAABW), Indonesian Throughflow Water (ITFW), Antarctic Intermediate Water 1129 
(AAIW), Arabian Sea High Salinity Water (ASHSW), Red Sea Water (RSW), and Bay of Bengal Water (BOBW), as 1130 
they are known to influence the OMZ in the Indian Ocean (Chinni et al., 2019; Sabu et al., 2015; Singh et al., 2012; 1131 
Yu et al., 2018; Song et al., 2004; Beal et al., 2000; Bower et al., 2000; Prasad et al., 2001; Shee et al., 2023).  1132 
Out of the eight selected SWTs for our initial analyses, the mAABW is an exception. It enters the Indian Ocean not as 1133 
a primary SWT but as a deep water mass, which, as mentioned before, undergoes significant modification through 1134 
mixing in the abyssal Indian Ocean (Mantyla and Reid, 1995). However, owing to its relevance for the ventilation of 1135 
the northern Indian Ocean, and in particular the deep IO-MOC (Song et al., 2004; Johnson, 2008), it cannot be ignored 1136 
in the eOMP analysis.  1137 
 1138 
2.2.1 World Ocean Atlas and GLORYS12 data 1139 
The GLODAPv2 data lack coverage in the key source regions where the relevant SWTs form or enter the Indian 1140 
Ocean; therefore, SWT properties were derived from the World Ocean Atlas (WOA) annual statistical data. These data 1141 
consist of ¼° grid annual average temperature and salinity data from 1995 to 2004 and 2015 to 2022, 1° annual average 1142 
oxygen concentration data from 1971 to 2000, and 1° grid annual average nutrient concentration data from 1965 to 1143 
2022. We acknowledge that data interpolation may introduce uncertainties. However, spatial mapping uncertainty 1144 
computed from the WOA23 standard error fields with sparsity weighting revealed 0 % empty grid cells (sparsity index 1145 
= 0.00) across all regions where SWTs were defined. This will be discussed in more detail in later sections. 1146 
To consider global change impacts on SWTs properties, we used the WOA 1995–2004 and WOA 2015–2022 data to 1147 
define the temperatures and salinities of the SWTs (data are shown in Table 2). Additionally, we obtained the 1148 
GLORYS12 global ocean reanalysis data, a 1/12° eddy-resolving physical reanalysis product that provides 1149 
dynamically consistent monthly temperature and salinity fields from 1993 to 2020. GLORYS12 assimilates sea level 1150 
anomaly, satellite sea surface temperature, and in-situ temperature and salinity profiles into a NEMO-based ocean 1151 
model, yielding a gap-free temperature and salinity time series at each grid cell. Because it retains the temporal 1152 
dimension that climatological products collapse, GLORYS12 is the appropriate product for estimating the year-to-1153 
year ENSO and IOD variabilities in temperature and salinity at the SWTs formation regions (Supplementary Fig. S15). 1154 
GLORYS12 shows a decadal temperature increase of about 0.2° C, larger than that detected in WOA data. Although 1155 
the WOA data is a time-averaged climatology and cannot fully resolve temporal (interannual) variability of SWTs 1156 
temperature and salinity, we used it to define SWT properties because it is based on measured data. However, 1157 
GLORYS12 data have been used to quantify uncertainties in SWTs’ properties in the Monte Carlo analysis (see below). 1158 
 1159 

Deleted: However, p…operties of primary SWTs must be 1277 
defined at their sites of origin, including a geographic area, 1278 
a…characteristic depth range, and, in some cases, a specific 1279 
time of the year. These variables are not precisely 1280 
constrained; …and may shift in response to climate change; 1281 
therefore, they are they may also shift in response to climate 1282 
change and are therefore …ypically estimated to the best of 1283 
our current …nowledge. Based on a literature review, we 1284 
summarized the specific latitude, longitude, and depth ranges 1285 
for all SWTs of …elevantce…tofor…the ventilation of the 1286 ... [32]
Deleted: i…ss, including…;…Persian Gulf Water (PGW), 1287 
Subtropical Surface Water (STSW), modified Antarctic 1288 
Bottom Water (mAABW), Indonesian Throughflow Water 1289 
(ITFW), Antarctic Intermediate Water (AAIW), Arabian Sea 1290 
High Salinity Water (ASHSW), Red Sea Water (RSW), and 1291 
Bay of Bengal Water (BOBW),PGW, STSW, mAABW, 1292 
ITFW, AAIW, ASHSW, RSW, and Bay of Bengal Water 1293 
(BOBW)…assince1294 ... [33]
Commented [MOU4]: That can be deleted as it’s a 
repetition of what you’ve already said 

Formatted: Font: (Default) Times New Roman, 10 pt

Commented [o5R4]: It wasn’t stated explicitly, it’s also 
one of the reviewers recommendation to list out all the 
SWTs in full. 

Deleted: i1295 
Deleted: The …AABW is an exception. I,s as i1296 ... [34]
Deleted: o…ioned before, undergoes significant 1297 
modification due to…hrough mixing in the abyssal Indian 1298 
Ocean (Mantyla and Reid, 1995). However, due 1299 ... [35]
Deleted: data1300 
Deleted: Since t…e GLODAPv2 data lacks…coverage in 1349 
the key source regions where the relevant SWTs form or 1350 
enter into …he Indian Ocean; therefore, , …WT properties 1351 
were derived from the World Ocean Atlas (WOA) annual 1352 
statistical mean …ata. Theseis…data consists…of ¼° grid 1353 
annual average temperature and salinity data from time 1354 
periods …995 to –…004 and 2015 to –…022, 1° annual 1355 
average oxygen concentration data from 1971 to –…000, and 1356 
1° grid annual average nutrient concentration data from 1965 1357 
to –…022. We acknowledge that data interpolation can 1358 
add…ay introduce some …ncertaintiesuncertainty… 1359 
However, analysis of WOA “numbers of observation” data 1360 ... [36]
Deleted:  (…ore detail in later sections)1315 ... [37]
Deleted: ¶1316 
In order to…o consider take1317 ... [38]
Deleted: the impacts of 1318 
Deleted:  impacts…impacts on into account 1319 ... [39]
Deleted: when defining 1320 
Deleted: y…we used the the …OA 1995–2004 …and data 1347 
as well as …OA 2015–2022 data to define the temperatures 1348 ... [40]
Deleted: .…(dD…ta are shown in Table 2). Additionally, 1345 
we obtained the GLORYS12 global ocean reanalysis data, a 1346 ... [41]
Deleted:  to…been employ1344 ... [42]



 11 

Due to the lack of data, there are no decadal averages for nutrient concentrations. Hence, we defined the nutrient 1361 
concentration of SWTs using the WOA all-time periods data for both 1995 and recent years. This implies that we 1362 
assumed that the concentration of nutrients in the near-surface layer of the ocean, where SWTs form, has not changed. 1363 
However, to estimate uncertainties arising from potential changes in nutrient concentrations, we performed a Monte 1364 
Carlo analysis as mentioned earlier.  1365 
The WOA oxygen data are not clearly separated into decades, but consist of two categories: WOA23 all-time period 1366 
climatology (spanning combined annual averages from 1965–2020) and the WOA23 1971–2000 climatology. 1367 
Nevertheless, unlike nutrient concentration, changes in oxygen concentration can be assumed because the solubility 1368 
of oxygen depends on temperature and salinity. Therefore, we defined the SWTs oxygen concentration using the 1369 
WOA23 1971–2000 climatology for the 1995 eOMP analyses, whereas for recent years we calculated the SWTs 1370 
oxygen concentration to account for potential climate-driven changes, as described below. 1371 
 1372 
2.2.2 Changes in source water types oxygen calculation 1373 
Oxygen saturation concentrations for 1995 and recent years were calculated from the corresponding temperature and 1374 
salinity data of each SWT using the WOA 1995–2004 (1995) and WOA 2015–2022 (recent years) data and the formula 1375 
of Benson and Krause Jr (1984). In line with the global ocean deoxygenation, the differences in oxygen saturation 1376 
concentrations between recent years and 1995 were mostly negative (except for the AAIW). To account for the impact 1377 
of global warming on SWTs’ oxygen concentrations, we subtracted the calculated oxygen change from the SWTs’ 1378 
oxygen values derived from the WOA23 1971–2000 climatology to estimate SWT oxygen concentrations for the 1379 
recent years. Accordingly, WOA23 1971–2000 climatology-derived SWT oxygen values were used for the eOMP 1380 
analyses in 1995, whereas the adjusted SWT oxygen values (i.e., 1995 values minus the calculated oxygen change) 1381 
were used for the eOMP analyses in recent years (Table 2).  The adjusted SWTs oxygen values were similar to oxygen 1382 
values calculated using the WOA all-time periods data, except for PGW (+10° µmol kg⁻¹) and RSW (+1 µmol kg⁻¹), 1383 
whose oxygen values were relatively higher than the WOA23 1971–2000 climatology-derived SWT oxygen values, 1384 
probably due to the data overlap nature when using both WOA23 1971–2000 climatology and WOA23 all-time period 1385 
climatology. Since the adjusted SWTs' oxygen values are consistent with global warming, they were adopted to 1386 
represent recent years' eOMP analyses as mentioned earlier. However, this method ignores the influence of deeper 1387 
water masses on the properties of these SWTs, and it is probably a weaker assumption for PGW and RSW because 1388 
both water masses already undergo substantial mixing when they flow out of the marginal seas, and their oxygen 1389 
content reflects this outflow mixing in addition to solubility-driven change. Uncertainties arising from variations in 1390 
SWT oxygen concentration were quantified in the Monte Carlo analysis and oxygen sensitivity test as described in 1391 
Sections 2.5 and 2.6, respectively. 1392 
 1393 
2.3 Optimum multi-parameter (OMP) analysis 1394 
OMP analysis is a mathematical technique developed by Tomczak and Large (1989) to study water mass mixing in a 1395 
given region of the ocean. In this approach, a water sample is considered a mixture of multiple SWTs. The objective 1396 
is to determine the fraction of each SWT in the water sample using a non-negative least-squares method to estimate 1397 
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the contribution of each SWT to a given measurement point in the sample. For this study, we performed an eOMP 1663 
analysis, which, unlike the classic OMP analysis, accounts for the region's biogeochemistry. The eOMP analysis was 1664 
performed using a Python-based model (PYOMPA) (Shrikumar et al., 2022). PYOMPA is based on the original OMP 1665 
analysis by Tomczak and Large (1989). The mathematical formula used to solve the objective function is presented in 1666 
Eq. (1): 1667 
 1668 

!∑ #!" $#"" % +  &$%D#$ = '!# + (!#                                            (1) 1669 

Here, '!# denotes the value of the property p in measured water sample j,  1670 

 $#" stands for the estimated fraction of SWT i in water sample j,   1671 

#!"  stands for the value of property p in the SWT, 1672 

(!#  denotes the residual in explaining property p for sample j, 1673 

 &$%D#$ represents the biogeochemical terms, where &$% denotes the exchange ratio of two properties A (oxygen) and B 1674 

(phosphate and nitrate), while D#
$ denotes the amount of property B that is remineralized due to the consumption of 1675 

property A in sample j. 1676 
The residual equation is given by Eq. (2), where )! represents the property mean. 1677 
 1678 

(!# =
&!"#$%
'! +!∑ !#!" − )!%$#"" % + &$%D#$ − !'!# − )!%.                     (2.) 1679 

 1680 
Weights were assigned to each property to regulate its effect on the equation. The larger the weight, the greater its 1681 
influence on the eOMP solution. Weights were adopted from Acharya and Panigrahi (2016), with higher weights 1682 
assigned to temperature and salinity and lower weights assigned to non-conservative biogeochemical properties (Table 1683 
2). Remineralization was tracked as the conversion of oxygen to phosphate and nitrate according to the ratio -155:1:15, 1684 
adopted from Hupe and Karstensen (2000). The low parameter residue in the objective and low mass residual in the 1685 
OMZs (< 0.003) recorded by the majority (> 98.7 %) of the water samples showed that the water samples were well 1686 
represented by the SWTs included in the eOMP analysis (Poole and Tomczak, 1999; Shrikumar et al., 2022). 1687 
 1688 
 1689 
2.3.1 Determined eOMP solution  1690 
To achieve a determined eOMP solution, we reduced the number of SWTs using an exclusion process, resulting in six 1691 
SWTs and seven constraints (temperature, salinity, nitrate, phosphate, silicate, and mass). First, we performed a 1692 
preliminary underdetermined eOMP analyses using all eight SWTs relevant to the regions (see Table 3). Thereafter, 1693 
we separated the SWTs into major (PGW, STSW, mAABW, and ITFW) and minor (AAIW, ASHSW, RSW, and 1694 
BoBW) SWTs based on their contributions to the Arabian Sea OMZ. We then performed four sets of overdetermined 1695 
eOMP analyses using five SWTs and seven constraints. The five SWTs included four major SWTs that were kept 1696 
constant, plus one minor SWT at a time. Using this method, we identified PGW, RSW, STSW, mAABW, and ITFW 1697 
as the major contributors to the OMZ with the least residuals, and the combination of PGW, RSW, STSW, mAABW, 1698 
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ITFW, and AAIW as the major contributors in the entire WIO transect with the least residuals (Supplementary Fig. 1735 
S4, S5). Because these six SWTs resulted in even smaller residuals in the EIO transect, we adopted them in the final 1736 
eOMP analyses of all transects.  1737 
 1738 
2.4 Physical oxygen supply and biological oxygen consumption analysis 1739 
The physical oxygen supply analysis determines the amount of oxygen (0()  in the sample (j) supplied via mixing by 1740 

a specific SWT ('")&
# ). Therefore, the fraction of SWT ($#") in the measured sample, j, was multiplied by the defined 1741 

oxygen concentration of the SWT (#)&" ) according to Eq. (3). 1742 
 1743 

'")&
#  =  $#" x #)&"                              (3) 1744 

Oxygen consumption in this study represents net biological oxygen utilization and is closely related to Apparent 1745 

Oxygen Utilization (AOU).  Biological oxygen consumption in a given sample (j) due to remineralization ('*)&
# ), was 1746 

calculated using the measured oxygen in the sample (')&
# ), and the overall oxygen due to mixing of all SWTs !∑ '+)&

# %, 1747 

according to Eq. (4): 1748 
 1749 

'*)&
#  =  ')&

#  - !∑'+)&
# %                                              (4) 1750 

The oxygen consumption term is exactly equal to the remineralization term calculated within the eOMP solution when 1751 
the oxygen residual is added to it. We calculated the physical oxygen supply and biological oxygen consumption for 1752 
the OMZ core, which corresponded to depth ranges of 150–1000 m for the AS OMZ and 150–700 m for the BoB 1753 
OMZ. The same was calculated for the entire WIO and EIO transects (150–1200 m) and equatorial transects (15° S–1754 
3° N, 150–1200 m).  1755 
 1756 
2.5. Sparsity-weighted Monte Carlo eOMP perturbation analysis 1757 
To determine whether the observed changes in the SWT mixing fractions between 1995 and recent years were 1758 
statistically distinguishable from the combined uncertainty in the SWTs properties definition, we implemented a 1759 
sparsity-weighted Monte Carlo perturbation analysis (n = 10,000 iterations). This approach propagates two uncertainty 1760 
components (temporal and spatial) through the eOMP solution. 1761 
 1762 
2.5.1. Uncertainty budget construction 1763 
The temporal uncertainty (σ_temporal) for temperature and salinity was estimated from the interannual standard 1764 
deviation of the annual mean values within each SWT formation box (Table 3) extracted from the GLORYS12 global 1765 
ocean reanalysis (Mercator Ocean, 1/12° horizontal resolution, monthly output 1993–2020). Box-mean values were 1766 
computed using cosine-latitude weighting to correct for latitudinal variation in the grid cell area. For dissolved oxygen, 1767 
σ_temporal was estimated as the absolute difference between the WOA23 1971–2000 climatology and the WOA23 1768 
all-time period climatology at each SWT formation box, representing the documented long-term oxygen change at the 1769 
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sources. For nutrients (NO₃, PO₄, Si), σ_temporal was estimated from the WOA23 sparsity-weighted standard error 1893 
(SE) field, as WOA23 does not provide decadal nutrient climatologies as mentioned earlier. 1894 
Spatial mapping uncertainty (σ_mapping) was computed from the WOA23 formal SE fields using sparsity weighting: 1895 
each grid cell was assigned a weight w_i = 1/√max(n_obs_i, 0.5), where n_obs_i is the number of observations in that 1896 
cell. This formula assigns a higher weight to data-sparse cells, penalizing regions with limited observational 1897 
constraints. Crucially, the analysis revealed 0 % empty grid cells (sparsity index = 0.00) across all six SWT formation 1898 
regions. The weighted mean SE across all cells in each SWT formation box was taken as σ_mapping. For oxygen and 1899 
nutrients, σ_temporal and σ_mapping are both WOA23-derived and therefore not independent; σ_mapping was set to 1900 
zero for these variables to avoid double counting, and σ_total = σ_temporal for these properties. For temperature and 1901 
salinity, the two uncertainty sources were genuinely independent (GLORYS12 vs. WOA23 SE) and were combined 1902 
in quadrature as follows: σ_total = √(σ²_temporal + σ²_mapping). The uncertainty analysis showed relatively small 1903 
(< 5 %) uncertainty in SWTs properties. The largest relative uncertainties occurred for the silicate and oxygen contents 1904 
of the shallow, marginal-sea-influenced water masses PGW (Si 11.3 %, O₂ 8.6 %) and RSW (O₂ 8.9 %), reflecting the 1905 
greater interannual variability and long-term changes in these shallow formation regions. The deep, stable water mass 1906 
mAABW showed the lowest relative uncertainties across all properties (≤ 0.7 %) (Supplementary Fig. S12). 1907 
 1908 
 1909 
2.5.2 Monte Carlo perturbation procedure 1910 

In each Monte Carlo iteration, the SWT properties were perturbed by two components. A structural perturbation 1911 
(δ_mapping) was drawn from σ_mapping for each property and SWT, and applied identically to both the 1995 and 1912 
recent-year SWTs tables, reflecting the shared WOA mapping uncertainty. Independent temporal perturbations 1913 
(δ_temporal) were drawn from σ_temporal separately for 1995 and the recent years, reflecting independent interannual 1914 
conditions in the source regions. The combined perturbation δ_mapping + δ_temporal is mathematically equivalent 1915 
to drawing from σ_total. The perturbed SWTs tables were passed to PYOMPA (Shrikumar et al., 2022) to solve the 1916 
eOMP system with the original GLODAPV2/sonne cruise observations, and the resulting averaged mixing fractions 1917 
were recorded. This procedure was repeated 10,000 times (random seed = 42), yielding probability distributions of 1918 
fraction change (Δfraction), representing the recent year minus 1995 for each SWT in each region. For each iteration, 1919 
the oxygen supply contribution of each SWT was computed for both years as the product of its mixing fraction and 1920 
its oxygen concentration, yielding probability distributions of the change in each SWT oxygen contribution (positive 1921 
or negative) per region. Analysis was performed independently for the AS OMZ and BoB OMZ cores (O₂ < 20 µmol 1922 
kg⁻¹), the full WIO and EIO transects (150–1200 m), and the CIO (1995 vs. 2019/2024, 150–1200 m). 1923 

 1924 
2.5.3 Statistical assessment 1925 
The robustness of each observed change was assessed using the following criteria applied to the Monte Carlo 1926 
distributions: (1) 95 % confidence interval (CI) exclusion of zero, computed as the 2.5th and 97.5th percentiles of the 1927 
Δfraction distribution; (2) the overlap coefficient (OVL), which is a measure of how much the 1995 and recent year 1928 
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mixing-fraction distributions coincide, and ranges from 0 (no overlap, fully separated distributions) to 1 (identical 1929 
distributions); and (3) Mann-Whitney U test (MW p) comparing the 1995 and recent distributions; (4) P correct 1930 
direction (P dir) which measures the proportion of the 10,000 iterations mean that reproduce the direction (sign) of 1931 
the observed change (1= 100%); (5) signal-to-noise ratio (SNR) which measures the magnitude of the change relative 1932 
to its uncertainty, calculated as the absolute mean change divided by the standard deviation of the Monte Carlo 1933 
distribution. A higher SNR means the signal stands out more clearly from the noise. Results of Δfraction distribution 1934 
were classified as robust (CI excludes zero, OVL < 0.20, MW p < 0.05), likely robust (CI excludes zero, OVL < 0.35, 1935 
MW p < 0.05), directionally robust (P dir ≥ 0.85, i.e., 85 % of iterations produce a change in the observed direction, 1936 
MW p < 0.05, but CI includes zero), or uncertain (none of the above criteria were met). Robustness of changes in 1937 
physical oxygen contribution by individual SWTs was classified as robust (95% CI excludes zero and SNR > 2), 1938 
directionally robust (SNR ≥ 1, P dir ≥ 0.85), or uncertain (none of the above criteria were met). 1939 
 1940 
 1941 
2.6 Sensitivity of eOMP solution to variability in source water types properties 1942 
To evaluate the sensitivity of the eOMP solution to variability in SWT oxygen concentrations, we conducted an oxygen 1943 
sensitivity test, where we used a higher oxygen scenario (i.e., we added the calculated oxygen change described earlier 1944 
to the 1995 oxygen values), a constant oxygen scenario (i.e., we used the 1995 oxygen values for eOMP analysis of 1945 
recent years), and a lower oxygen scenario (where the oxygen change was subtracted). The resulting SWT fractions 1946 
and changes between 1995 and recent years were not significantly different (Supplementary Fig. S6). Therefore, the 1947 
variability in the SWT oxygen concentration does not alter the conclusions of this study.  1948 
 1949 
We also performed a variability test on the SWT properties to understand how the SWTs fraction derived from the 1950 
eOMP analysis are affected by variability in their properties. To achieve this, we defined all six selected SWTs using 1951 
literature values, as shown in Table 1 (see Table S1 in the Supplement for the SWTs properties used in the sensitivity 1952 
analysis). We performed a sensitivity analysis using the 2018 WIO transect. The results did not differ significantly 1953 
(Supplement Fig. S7), as the major SWTs contribution remained similar to the output when the SWTs properties were 1954 
defined using the WOA data, as shown in Table 2. 1955 
 1956 
2.7 Sensitivity of eOMP solution to remineralization ratios and parameter weights 1957 
We performed a sensitivity analysis to assess the sensitivity of the eOMP solution to O₂:PO₄:NO₃ remineralization 1958 
ratios as well as to the parameter weights. For the remineralization ratios, we performed a sensitivity analysis based 1959 
on three O₂:PO₄:NO₃ ratio scenarios: -138:1:16 (the standard Redfield ratios), -155:1:15 (Hupe and Karstensen, 2000), 1960 
and -170:1:16 (Anderson and Sarmiento, 1994). For each scenario, we computed the model’s root mean square (RMS) 1961 
error from the total weighted sum of squared residuals and the mean fraction of SWTs. The results revealed that the 1962 
scenario with the lowest oxygen ratio (i.e., O₂: −138) led to the highest RMS errors and a more varied distribution of 1963 
SWTs compared to the other two scenarios, while ratios with O2: -170 and O2: -155 both had similar RMS and SWTs 1964 
distribution (Supplementary Fig. S8), we selected −155:15:1 because it recorded the lowest RMS and aligned more 1965 
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closely with the standard Redfield stoichiometry. Additionally, we conducted a sensitivity analysis to evaluate how 1989 
variations in individual parameter weights from Acharya and Panigrahi (2016) influence the model solution. Each 1990 
weight (e.g., for temperature, salinity, oxygen, phosphate, nitrate, and silicate) was independently varied by ± 3 units 1991 
from its baseline value, while all other weights remained fixed. All runs used constant remineralization ratios 1992 
(O₂:PO₄:NO₃ = −155:1:15). For each scenario, we computed the model’s RMS error and mean SWT fractions. The 1993 
results showed that the model was more sensitive to changes in nutrients and relatively stable to changes in temperature 1994 
and salinity (Supplementary Fig. S9). Finally, we adopted the parameter weights from Acharya and Panigrahi (2016) 1995 
because, despite higher sensitivity to variations in nutrient weights, the overall SWTs contributions remained relatively 1996 
stable, indicating a robust solution.  1997 
 1998 
 1999 
Table 1. Literature values of source water types (SWTs) properties 2000 
 2001 

SWTs References Potential  
Temp. (°C) 

Salinity PDA  
(kg m-1) 

Oxygen  
(µmol 
kg-1) 

Phosph
ate 
(µmol 
kg-1) 

Nitrate 
(µmol 
kg-1) 

PGW 
 
AS PGW 
AS RSW 

Acharya and Panigrahi (2016) 
Kumar and Prasad (1999) 
Coatanoan et al 1999 

18.11 
19-13 
15 
10 
 

36.5 
37.9-35.1 
35.8 
35.3 

- 
26.2-26.8 
26.59 
27.18 

43.7 
- 
9 
22.3 

2.12 
- 
2.4 
2.6 

21.05 
- 
20 
30 

RSW 
 
PGW/RSW 
 
 
RSIW 

Acharya and Panigrahi (2016) 
Kumar and Prasad (1999) 
Hupe and Karstensen (2000) 
You and Tomczak (1993) 
Rixen and Ittekkot (2005) 
You (1998) 

12.55 
11-9 
18.7 
25.9 
27.41 
11.96 

36.2 
35.6-35.1 
37.69 
38.08 
36.33 
35.63 

- 
27.0-27.4 
~ 27.1 
25.7 
- 
27.13 

28 
- 
50 
161.9 
146.5 
23.9 

2.38 
- 
1.56 
0.372 
0.99 
2.55 

30.46 
- 
19.7 
- 
8.67 
- 

mAABW 
dIDW 
LIDW 

Haine et al. (1998) 
Acharya and Panigrahi (2016) 
Hupe and Karstensen (2000) 

0.8 
0.92 
0.38 

34.72 
34.72 
34.7 

28.14 245 
221.4 
216 

- 
2.12 
2.2 

- 
30.53 
32.1 

ICW 
 
ICW upper 
ICW lower 
 

Coatanoan et al. (1999) 
Rixen and Ittekkot (2005) 
Acharya and Panigrahi (2016) 

10.2 
12.45 
18 
9 

34.8 
35.11 
35.47 
34.54 

26.76 
< 25 

250 
126.3 
253.4 
274.3 

0.8 
1.46 
0.11 
1.07 

8 
21.21 
0.01 
14.39 

AAIW You (1998) 
Vianello et al. (2017) 
De Brauwere et al. (2007) 
Harms et al. (2019) 

7.04 
6 
3.8-4.0 

34.48 
34.6 
34.35-34.25 

27.12 
- 
- 

233.9 
- 
- 

1.59 
- 
- 

- 
- 
- 
28.57 

ASHSW Kumar and Prasad (1999) 
Vianello et al. (2017) 

28-24 
28-24 

36.7-35.3 
35.45-35.3 

22.8-24.5 
- 

- 
196 

- 
- 

- 
- 

ITFW 
IIW 
ITFW 

Vianello et al. (2017) 
You (1998) 
Ayers et al. (2014) 

17-20 
8.16 

35.2 
34.69 

- 
27.13 

108.9 
76.2 

- 
2.28 

- 
- 
13.31 

Deleted: show2002 
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STSW De Brauwere et al. (2007) 
Sokolov and Rintoul (2002) 
Harms et al. (2019) 

13.28-
12.94 
11-16.25 

35.34-34.71 
35.30-35 

- 
- 
 

- 
- 
200 

- 
- 
2.29 
 

- 
- 
2.85 

BOBW  
BOBW 

Parvathi et al. (2014) 
Sengupta et al. (2013) 

10-5 
24.23-
29.66 

35.1-35.0 
24.97-34.96 

26-27 
- 

- 
- 

- 
- 

- 
- 

IIW- Indonesian Intermediate water, RSIW – Red Sea Intermediate Water, LIDW – Lower Indian Deep Water  2005 
dIDW – deep Indian Deep Water, AS PGW – Arabian Sea Persian Gulf water, AS RSW – Arabian Sea Red Sea water 2006 
 2007 
 2008 
Table 2. Properties of source water types (SWTs) included in this study and their associated weights in the eOMP solution. 2009 
 2010 

PDA= Potential density anomaly with respect to a reference pressure of 0 dbar, 2011 
a = SWT properties defined using 1995–2004 WOA data  2012 
b = SWT properties defined using 2015–2022 WOA data 2013 
c = SWT oxygen properties defined using WOA23 1971–2000 climatologies 2014 
d = SWT oxygen properties calculated from oxygen change according to Benson and Krause Jr (1984)   2015 
 2016 
 2017 
Table 3. The specific latitude, longitude, and depth ranges used for source water types (SWTs) definition. 2018 

SWTs Potential 
Temp. (°C) 

Absolute 
Salinity 

PDA  
(kg m-1) 

Oxygen  
(µmol kg-1) 

Phosphate 
(µmol kg-1) 

Nitrate 
(µmol kg-1) 

Silicate 
(µmol kg-1) 

PGW 21.07a   
21.39b 

36.56a 

36.73b 
25.67a 

25.71b 
36.85c 
35.45d 

1.87 18.94 14.64 

RSW 14.50a 

14.90b 
36.37a 

36.35b 

 

27.14a 

27.04b 
25.58c 

23.78d 
2.09 27.47 31.29 

mAABW 1.18a 

1.2b 
34.9a 

34.9b 
27.95a 

27.95b 
210.29c 
210.09d 

 

2.20 31.43 117.06 

AAIW 6.18a 

6.02b 

 

34.52a 

34.52b 

  

27.15a 

27.17b 
211.41c 
210.31d 

1.87 29.67 34.19 

ASHSW 24.23a 

24.33b 
36.45a 

36.39b 
24.67a 

24.60b 
122.82c 
122.62d 

1.00 11.95 6.72 

ITFW 18.10a 

18.19b 
34.55a 

34.59b 
24.91a 

24.92b 
131.92c 
131.52d 

1.04 14.09 21.34 

STSW 14.08a 

14.78b 
35.35a 

35.41b 
26.44a 

26.34b 
236.40c 
233.00d 

0.55 5.72 3.45 

BOBW 16.39a 

16.69b 
34.92a 

34.90b 
25.60a 

25.52b 
20.85c 
19.55d 

2.11 25.56 31.15 

Weights 36 36  14 5 5 1 

Deleted: WOA data2019 



 18 

 2020 

 2021 
 2022 
 2023 
 2024 
 2025 
3 Results 2026 
3.1 SWTs in the Indian Ocean 2027 
The primary objective of this study was to investigate the distribution of SWTs along the GLODAP transects in the 2028 
WIO, CIO, and EIO in 1995 and in recent years (2016–2024), and to quantify the associated physical oxygen supply 2029 
and resulting biological oxygen consumption. Thereby, recent years refer to 2018 in the WIO (15° N–30° S, 150–1200 2030 
m), 2016 in the EIO (15° N–30° S, 150–1200 m), and 2019/2024 in the CIO (3° N–15° S, 150–1200 m). Based on the 2031 
overdetermined eOMP analyses, we identified six SWTs as the major contributors in the entire WIO. From a northern 2032 
Indian Ocean /OMZ perspective, these six SWTs can be considered as remote sources (STSW, AAIW, and mAABW) 2033 
with a southern Indian Ocean pathway, an equatorial source (ITFW), and local sources (PGW and RSW), i.e., formed 2034 
close to marginal seas in the Arabian Sea.  2035 
 2036 
3.1.1 Spatial distribution of SWTs in 1995 2037 
STSW (30–39 %) and mAABW (30– 40%) are the main SWTs along the transects in the WIO, CIO and EIO (Fig. 4). 2038 
The STSW predominantly occurred at water depths between 200 and 600 m, while the mAABW dominated at water 2039 
depths of > 800 m (Fig. 6 & 7). The mean contribution of the AAIW ranged between 8 % and 11 % at all three transects 2040 

SWTs  Latitude Longitude Depth range Category 

PGW 23.6° N–27.1° N 55.5° E–57.5° E 100–300m Local 

RSW 10.3° N–14° N 43.5° E–48° E  300–800 m Local 

mAABW 50° S–30° S 45° E–70° E 3000–5500 m Remote 

AAIW 47° S–39° S  45° E–80° E 500–1000 m Remote 

ASHSW 17° N–21° N 61° E–67° E 50–100 m Local 

ITFW 14° S–8° S 100° E–125° E 80–300 m Equatorial 

STSW 35° S–25° S 70° E–90° E 100–300 m Remote 

BOBW 12° N–18° N 85° E–91° E 100–250 m Local 
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and was highest at water depths between 500 and 1200 m. The contribution of the equatorial SWT (i.e., the ITFW, 8–2084 
15 %) and the local water masses (i.e., PGW plus RSW, 9–13 %) was similar to that of the AAIW (Fig. 4).  The ITFW 2085 
was more prominent at depths between 150 and 300 m and 600–1000 m around 10° S and 20° S (Fig. 5d, g). 2086 
 2087 
3.1.2 Distinct characteristics of the Arabian Sea and Bay of Bengal OMZs in 1995 2088 
The OMZs reveal a similar picture to the transects as a whole, with mAABW (27–34 %) and STSW (24–27 %) as the 2089 
dominant water masses, but the contribution of the AAIW to the water masses in these OMZs was low (1 – 3 %). In 2090 
contrast, the proportion of local water masses was significantly higher in the AS OMZ (PGW = 28 %, RSW = 14 %), 2091 
whereas in the BoB OMZ (ITFW = 21 % and PGW = 14 %), the ITFW appears to have replaced the RSW (Fig. 4). 2092 
 2093 
3.1.3 Temporal shifts in source water contribution between 1995 and recent years. 2094 

Compared with 1995, our results show that the proportion of STSW has increased across all transects (WIO: 39 → 42 2095 
%; CIO: 31 → 41 %; EIO: 30 → 35 %) in recent years (Fig. 4). In turn, the proportion of ITFW and local waters 2096 
decreased. A similar trend was also evident in the AS OMZ and the BoB OMZ, where the proportion of STSW 2097 
increased from 24 → 26 % and  27 → 35 %, respectively and the contribution of PGW, mAABW and ITFW decreased 2098 
(Fig. 4). These changes in the SWTs fraction are, on the whole, quite moderate (< 10 %), which is to be expected 2099 
given that difference between the two considered times periods is approximately 24 years and AAIW takes 2100 
approximately 9 years to reach the central Indian Ocean and about 30 years to reach the eastern South Indian Ocean 2101 
(Fine (1993). However, to better assess the robustness of the observed changes, we conducted a Monte Carlo analysis 2102 
as described earlier. It revealed that the increase in STSW was formally robust in the CIO within the 95 % confidence 2103 
interval (CI: [+0.035; +0.157], OVL = 0.05) and directionally robust (P dir = 0.9, MW p < 0.05) across all other 2104 
transects and OMZ cores in the Monte Carlo analysis. Similarly, the decline in PGW is directionally robust (P dir = 2105 
0.9, MW p < 0.05) across all transects and OMZ cores (except in the CIO and AS OMZ). Furthermore, the decline in 2106 
mAABW in the BoB OMZ core was formally robust within the 95 % confidence interval (CI: [−0.10; −0.02], OVL = 2107 
0.05) and is likely robust within the CIO (CI: [−0.076; −0.003], OVL = 0.2). Additionally, the ITFW decline was 2108 
directionally robust in ≥ 85% of iterations in the AS OMZ and uncertain in the other transects, with P dir values 2109 
ranging from 0.7 to 0.9. Therefore, while not all eOMP results are statistically distinguishable from uncertainties in 2110 
SWTs properties, the Monte Carlo analysis directionally supports the main results shown by the eOMP analyses 2111 
(supplementary Fig. S10–14 ), that along selected GLODAPV2 sections the proportion of STSW has increased at the 2112 
expense of local water masses such as the PGW, which was most likely also associated with a reduced contribution 2113 
from ITFW and mAABW. 2114 

 2115 
 2116 
Table 4. Percentage change in source water types (SWTs) fraction with at least a robust (RR) or directionally robust (DR) 2117 
Monte Carlo robustness verdict either in the Arabian Sea OMZ (AS OMZ) or Bay of Bengal OMZ (BoB OMZ). UN = 2118 
uncertain. 2119 
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     2497 
Figure 4: Source water types (SWTs) fraction in the Indian Ocean: (a) Arabian Sea OMZ (AS OMZ, O2 < 20 µmol kg-1, 2498 
depth 150–1000 m), (b) entire western transect (WIO, 150–1200 m), (c) Bay of Bengal OMZ (BoB OMZ, O2 < 20 µmol kg-2499 
1, depth 150–700 m),  (d) entire eastern transect (EIO, 150–1200 m), (e) central equatorial region (CIO, 15° S–3° N, depth 2500 
150–1200 m). 2501 
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Figure 5: Temporal changes in Indonesian Throughflow Water (ITFW) fraction between 1995 and recent years across (a, 2510 
b) western Indian Ocean (WIO) transect, (d, e) eastern Indian Ocean (EIO) transect, (g, h) central Indian Ocean (CIO) 2511 
transect, and (c, f, i) source water type fraction change (recent year – 1995) for the WIO, EIO, and CIO. 2512 
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 2581 
Figure 6: Temporal changes in Subtropical Surface Water (STSW) fraction between 1995 and recent years across (a, b) 2582 
western Indian Ocean (WIO) transect, (d, e) eastern Indian Ocean (EIO) transect, (g, h) central Indian Ocean (CIO) 2583 
transect, and (c, f, i) source water type fraction change (recent year – 1995) for the WIO, EIO, and CIO. 2584 
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Figure 7: Temporal changes in Subtropical Surface Water (mAABW) fraction between 1995 and recent years across (a, b) 2588 
western Indian Ocean (WIO) transect, (d, e) eastern Indian Ocean (EIO) transect, (g, h) central Indian Ocean (CIO) 2589 
transect, and (c, f, i) source water type fraction change (recent year – 1995) for the WIO, EIO, and CIO. 2590 
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3.2 Physical oxygen supply and biological oxygen consumption 2634 
Firstly, the oxygen variability sensitivity test in the AS OMZ, with scenarios including decreasing SWT oxygen, 2635 
constant SWTs oxygen, and increasing SWTs oxygen values, showed no significant changes in the SWTs fraction. In 2636 
all scenarios, the SWTs fraction was similar, i.e., an increase in STSW and a decline in PGW, ITFW and mAABW 2637 
(Supplementary Fig. S6). The SWTs fraction and oxygen contributions reported below are therefore likely insensitive 2638 
to SWTs oxygen variability. This is also supported by Monte Carlo physical oxygen supply perturbations (see below). 2639 
  2640 
Results from physical oxygen supply show that in the WIO and AS OMZ, the physical oxygen supply increased from 2641 
193.2 to 196.5 µmol kg-1 and 135.8 to 143.8 µmol kg-1, respectively, between 1995 and 2018 (Fig. 8c & 8a). In the 2642 
EIO and BoB OMZ transects, oxygen supply rose from 191.3 to 198.4 µmol kg-1 and 175.7 to 184.3 µmol kg-1, 2643 
respectively, between 1995 and 2016 (Fig. 8c & 8b). 2644 
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 2670 
Figure 8: Mean oxygen supply (oxygen due to mixing), measured oxygen, and biological oxygen consumption averaged over 2671 
(a) Arabian Sea OMZ (AS OMZ, O₂ < 20 µmol kg⁻¹, depth range 150–1000 m), (b) Bay of Bengal OMZ (BoB OMZ, O₂ < 20 2672 
µmol kg⁻¹, depth range 150–700 m), The measured oxygen values represent average dissolved oxygen within the OMZs at 2673 
the same depth range above (c) comparing oxygen supply and consumption across the western (WIO, 1995 and 2018), 2674 
eastern (EIO, 1995 and 2016), and central equatorial transects ( CIO, 1995 and 2019/2024). 2675 
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Table 5. Monte Carlo (MC) robustness verdict of physical oxygen contribution change (recent year minus 1995) of 2678 
individual source water types (SWTs) to combined uncertainty in SWTs properties from MC perturbation analysis (n = 2679 
10,000 iterations). MC verdict description: robust (RR) (95% CI excludes zero and SNR > 2), directionally robust (DR) (P 2680 
dir ≥ 85% and SNR ≥ 1). 2681 
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std 
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STSW 
 

+12.9 13.1 -14.7, +37.9 0.9 1.0 DR 
 
 

BoB OMZ 
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SNR (signal-to-noise ratio).  2684 
P correct direction (P dir): the proportion of the mean of 10,000 iterations that reproduces the direction of 2685 
the observed change (1 = 100%). 2686 
 2687 
 2688 
 2689 
Analysis of the CIO transect also revealed an increase in the physical oxygen supply around the equator, primarily 2690 
due to increased STSW. Overall, the average physical oxygen supply increased from 195.9 to 201.1 µmol kg-1 in the 2691 
CIO between 1995 and 2019/2024 (Fig. 8c). The core of both the BoB OMZ (from 744 to 733 m) and AS OMZ (from 2692 
1092 to 1025 m) became shallower in 2016/2018 than in 1995. Overall, the increase in physical oxygen supply was 2693 
more pronounced from approximately 15° S towards the northern Indian Ocean (Fig. 9).  2694 
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Physical oxygen contributions by individual SWTs were also analyzed. The STSW showed increased physical oxygen 2696 
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Analysis of data across all transects revealed an increase in biological oxygen consumption. In the WIO, oxygen 2732 
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Figure 9: Temporal changes in physical oxygen supply (oxygen due to mixing) between 1995 and recent years across (a, b) 2787 
western Indian Ocean (WIO) transect, (c, d) eastern Indian Ocean (EIO) transect, and (e, f) central Indian Ocean (CIO) 2788 
transect.  2789 
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4 Discussion 2792 
4 Temporal changes in source water fraction 2793 
The eOMP analysis identified six main SWTs entering the central and north Indian Ocean via the southern Indian 2794 
Ocean pathway (STSW, AAIW, and mAABW), the Indo-Pacific throughflow (ITFW), and locally (PGW and RSW). 2795 
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 2816 

4.2 Physical oxygen supply and biological oxygen consumption 2817 
In the Indian Ocean, the increasing equatorial oxygen concentrations and the associated reversal from expansion to 2818 
contraction in the AS OMZ since 2013 have been attributed to an enhanced inflow of oxygen-enriched water masses 2819 
from the southern Indian Ocean gyre and decreasing oxygen consumption (Vallivattathillam et al., 2023; Ditkovsky 2820 
et al., 2023; Kwiatkowski et al., 2020; Liu et al., 2024). 2821 
Our analysis is consistent with these findings, revealing that, relative to 1995, the Indian Ocean OMZs experienced 2822 
increased physical oxygen supply due to a greater contribution from remote SWTs (mainly STSW) across all transects 2823 
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in recent years. This was accompanied by a reduced influence from relatively oxygen-poor local and equatorial SWTs 2987 
(e.g., PGW and ITFW). Furthermore, recent studies have suggested a weakening of the summer monsoon (Zhou et 2988 
al., 2008; Roxy et al., 2015), in combination with the decline in primary productivity (PP) in the Arabian Sea/equatorial 2989 
Indian Ocean since 2005 (Supplementary Fig. S1), has increased the equatorial oxygen concentrations additionally by 2990 
lowering the biological oxygen consumption (Kwiatkowski et al., 2020). In contrast, our analysis points towards 2991 
increased oxygen consumption, suggesting that alternative mechanisms may be involved.  2992 
One possible explanation for this increased biological oxygen consumption is that water masses remain longer in the 2993 
Indian Ocean upon arrival. This means that water masses are trapped within the OMZs for a longer period, prolonging 2994 
their exposure to remineralization processes (Cavan et al., 2017; Rixen et al., 2020). Hence, it seems that the 2995 
weakening of the monsoon-driven upwelling, in addition to the slowdown in the THC (i.e., the associated reduced 2996 
inflow via the ITF and lower outflow via Agulhas leakage), has not only rearranged the STWs' contributions but also 2997 
slowed the shallow IO-MOC. While the former seems to have increased the physical oxygen supply, the latter appears 2998 
to have increased the oxygen consumption by increasing the residence time of water in the OMZs. Due to these 2999 
counteracting processes, the measured increase in dissolved oxygen in the GLODAPv2 data is relatively small, 3000 
approximately 0.1 µmol kg-1 in the AS OMZ and, on average, 1.8 µmol kg-1 in the BoB OMZ (Fig. 8a & 8b). This 3001 
indicates that, in the EIO, the influence of SWTs' reorganization in the shallow IO-MOC on the BoB OMZ dominates 3002 
and overcompensates for the possible slowdown between 1995 and 2016. 3003 
 3004 
 3005 
4.3 Historical context of OMZ variability 3006 
Historical results obtained from the global atmosphere-ocean model and eddy-resolving regional models indicate that 3007 
the reduced inflow of oxygen-rich waters from the south has contributed to the intensification of the AS OMZ over 3008 
the past 6,000 years, as reported in a review by Rixen et al. (2020). Our results, in line with model results 3009 
(Vallivattathillam et al., 2023; Ditkovsky et al., 2023), suggest the opposite mechanism: an enhanced supply of 3010 
oxygen-rich waters from the south has caused the shrinkage of the AS OMZ since 2013 (Liu et al., 2024). This trend 3011 
reversal has been attributed to the reorganization of the shallow IO-MOC in response to the weakening of the warm-3012 
water return flow of the THC in the Indian Ocean, and the monsoon-driven upwelling in the Arabian Sea. However, 3013 
whether this trend will persist seems to depend on the competing influences of the enhanced physical oxygen supply 3014 
and the biological oxygen consumption due to the reorganization and the associated slowdown of the IO-MOC, 3015 
respectively.  3016 
These results also support paleoceanographic studies indicating a strong link between climate changes in the North 3017 
Atlantic and the AS OMZ on glacial and interglacial time scales (Altabet et al., 1999; Schulz et al., 1998; Suthhof et 3018 
al., 2001). In contrast to our results, global warming was associated with intensified OMZ, and cooling with reduced 3019 
intensification.  However, on these paleo-time scales, climate changes are linked to changes in sea level (Rosenthal et 3020 
al., 2003; Dinezio and Tierney, 2013). During the Last Glacial Maximum (~20,000 years ago), the sea level fell by 3021 
approximately 120 m, exposing large areas of the Sunda and Sahul shelves and closing the shallow Java Sea ITF 3022 
pathway (Dinezio and Tierney, 2013). The deeper main ITF straits (e.g., Makassar and Lombok) remained submerged 3023 
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and active; nevertheless, the ITF was reduced during this cooler glacial phase. This reduction in ITF transport would, 3410 
in turn, have favored an enhanced meridional inflow into the northern Indian Ocean. In contrast, in the 21st century, 3411 
the reduced influx of the ITF is not caused by a drop in sea level but is linked to the slowdown of the THC in response 3412 
to global warming (Großelindemann et al., 2024; Shen et al., 2023; Peng et al., 2023). However, the mechanism 3413 
appears to be similar: a reduction in cross-equatorial (ITF) transport increases the relative contribution of meridional, 3414 
southern-sourced inflow to the Indian Ocean OMZs, even as the absolute volume transport associated with the shallow 3415 
IO-MOC itself is likely also slowing. Hence, how the OMZs develop in the future depends on both the reorganization 3416 
of the SWTs contributions and the transport rate of the shallow IO-MOC. 3417 
 3418 
 3419 
5 Summary and conclusion 3420 
The eOMP analysis identified six main SWTs entering the central and north Indian Ocean via the southern Indian 3421 
Ocean pathway (STSW, AAIW, and mAABW), the Indo-Pacific throughflow (ITFW), and locally (PGW and RSW). 3422 
In 1995, the water-mass structure across the WIO, CIO, and EIO was dominated by Subtropical Surface Water (STSW; 3423 
~ 30–39 %) in the upper intermediate depths (200–600 m) and modified Antarctic Bottom Water (mAABW; ~ 30–40 3424 
%) in the deep ocean (> 800 m). Antarctic Intermediate Water (AAIW) made a relatively modest contribution (8–11 3425 
%), with its greatest influence between 500 and 1200 m. The ITFW (8–15 %) and local water masses (PGW and RSW; 3426 
9–13 %) contributed similarly. Within the OMZs, STSW and mAABW remained the dominant water masses, whereas 3427 
AAIW contributed only 1–3 %. The two OMZs differed primarily in their intermediate water contributions: the AS 3428 
OMZ was characterized by strong contributions from local water masses, particularly PGW and RSW, whereas the 3429 
Bay of Bengal OMZ showed a greater influence of ITFW, indicating distinct regional ventilation pathways. 3430 
Compared with 1995, our results show that the proportion of STSW has increased across all transects, whereas the 3431 
proportion of ITFW and PGW decreased in recent years. A similar trend was evident in the AS OMZ and the BoB 3432 
OMZ, where the proportion of STSW increased while the contributions of PGW, mAABW, and ITFW decreased. 3433 
These changes are consistent with a reorganization of the shallow IO-MOC in response to the weakening of the warm 3434 
water return flow of the THC in the Indian Ocean and monsoon-driven upwelling in the Arabian Sea. Consistent with 3435 
other studies, our findings revealed that the enhanced inflow of oxygen-rich remote SWTs increased the physical 3436 
oxygen supply. However, in contrast to other results, our findings indicate increased biological oxygen consumption, 3437 
which partly offsets the effect of increased oxygen supply on oxygen concentration in the OMZs. Such increased 3438 
oxygen consumption was attributed to longer residence times of water masses in the Indian Ocean basin due to a 3439 
slowdown in the THC and a shallow IO-MOC. Nevertheless, the net result was an overall increase in dissolved oxygen 3440 
in both the AS and BoB OMZ. Paleoceanographic studies indicate a strong link between climate change in the North 3441 
Atlantic and the AS OMZ on glacial and interglacial timescales. In contrast to the present, where ITF weakening is 3442 
primarily caused by climate-driven circulation changes, past variations in the ITF were linked to extreme sea-level 3443 
changes on glacial-interglacial timescales. However, the underlying mechanism remains the same: a reduced ITF 3444 
favors an increased meridional flow and ventilation of the OMZs. Therefore, the future of Indian Ocean OMZs 3445 
depends on the reorganization and transfer rate of the shallow IO-MOC. 3446 
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