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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 is no clear evidence of a significant
change in the Bay of Bengal OMZ (BoB OMZ)), the Arabian Sea OMZ (AS OMZ) followed the global trend and
expanded in the last decades until 2013. Since then, however, this trend has reversed, and the AS OMZ seems to have

shrunk. 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 field data from the Global Ocean Data Analysis Project

version 2 (GLODAPv2) and a research cruise conducted with a German research vessel Sonne in 2024. Our findings

reveal in line with previous studies a reversal in the expansion trend of the AS OMZ but also a shrinkage of the BoB

OMZ between 1995 and 2016. In both regions this is 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 offsets the effect of the increased oxygen supply on the oxygen concentrations in the

OMZs. These changes are likely linked to a reorganization and slowdown of the meridional overturning circulation
(MOC) in the Indian Ocean, associated with a weakening of the Asian monsoon and the global thermohaline

circulation (THC). The slowdown seems to have increased the residence time of water masses, which is consistent

with the enhanced biological oxygen consumption observed, while the weaker zonal circulation appears to have

favored the meridional transport of oxygen-rich waters from the southern Indian Ocean northwards. This suggests a
coupling between the OMZs in the Indian Ocean and climate-driven changes in the global THC, as also indicated by
palaeoceanographic records, although the climate-related drivers differ between past and present.
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Indian Ocean_gyre (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).

Since large parts of the AS OMZ are already in the state of microbial hypoxia, and the BoB OMZ is on the verge of

reaching this state (Schulz et al., 2025; Bristow et al., 2017), even minor changes in oxygen concentrations could have

significant impacts on the marine nitrogen cycle, the associated marine productivity, and the production of greenhouse

gases such as N>O (Bange et al., 2005). Nevertheless, in line with model results, data collected prior to 2007 reveal an

expansion of the AS OMZ (Banse et al., 2014; Goes et al., 2020; Rixen et al., 2014) due to both a reduced ventilation

and an increased oxygen consumption. The first was related to the warming and thus a declined inflow of Persian Gulf

Water (PGW) into the AS OMZ (Lachkar et al., 2019) and the second was assumed to be a consequence of enhanced

biological productivity in surface water in response to an assumed intensification of the Asian summer monsoon

(Lachkar et al., 2018). The monsoon-driven upwelling of nutrient-rich deep waters in summer in addition to the

deepening of the mixed layer in winter are responsible for the overall high biological productivity in the Arabian Sea

and the associated export of organic matter (Brock et al., 1992; Haake et al., 1993; Rixen et al., 2019). However, in

contrast to the observed and projected expansion of the AS OMZ, a recent Argo float study showed that the AS OMZ

has been shrinking since 2013 due to a decline in surface ocean productivity (Liu et al., 2024). Furthermore, recent

observational and modeling studies also noted that in addition to the biological productivity changes in ventilation

pathways in combination with large-scale circulation pattern control oxygen variability in the AS OMZ (Oschlies et

al., 2017; Vallivattathillam et al., 2023; Lachkar et al., 2019; Narvekar et al., 2025). In particular, shifts in the balance

between zonal transport driven by the Indonesian Throughflow (ITF) and Indian Ocean meridional overturning

circulation (MOC) may alter the relative contributions of local (i.e., originated in the Arabian Sea and the Bay of

Bengal) equatorial, and remote (southern-sourced) SWTs (Ditkovsky et al., 2023). The Bay of Bengal OMZ (BoB

OMZ) in turn has remained relatively stable (Johnson et al., 2019: Nayak et al., 2024) as physical forcing mechanisms

including salinity stratification, the occurrence of cyclonic, and anticyclonic eddies balance oxygen consumption

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

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

et al., 2023) due to uncertainties of almost all processes affecting the OMZs ventilation (Schmidt et al., 2021). The

scope of this study therefore, is to investigate changes of the AS and BoB OMZs between 1995 and recent years (i.e.

2016, 2018, 2019, and 2024) using empirical field data. The primary objective is to determine how changes in the

composition of SWTs in the OMZs might have triggered the trend reversal of the OMZ in the Arabian Sea after 2013

and contribute 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 eOMP analysis: (iii) quantified the physical oxygen supply.

and the (iv) biological oxygen consumption as well as temporal shifts between 1995 and recent years.
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layer deepening in winter, the Arabian Sea belongs to the
most productive regions of the ocean similar to eastern
boundary upwelling systems in the other ocean basins
(Wyrtki et al., 1971; Kumar et al., 2000). While productivity
reveals pronounced seasonality, with higher rates of organic
matter export in summer than in winter, the Arabian Sea
oxygen minimum zone (AS OMZ) shows only weak
seasonality, as upwelling and winter mixed layer deepening
also favor OMZ ventilation (Sarma, 2002; Resplandy et al.,
2012). In turn, the Bay of Bengal and the entire eastern
equatorial Indian Ocean are strongly influenced by high
freshwater fluxes as indicated by the low sea surface salinity
(Vinogradova et al., 2019). This low salinity surface water
forms a buoyant surface layer that reduces productivity by
hindering the entrainment of nutrient-enriched subsurface
waters into the euphotic zone (Rixen et al., 2006). In order
to better understand the resilience of the BoB OMZ to global
warming as well as the trend reversal of the AS OMZ, we
performed an Extended Optimum Multiparameter (¢OMP)
analysis (Tomczak & Large, 1989), based on empirical field
data from the Global Ocean Data Analysis Project version 2
(GLODAPY2). This data-based analysis indicates the
composition of the water masses in the OMZs and the
associated physical oxygen supply via the inflow of
individual water masses. It also shows the biological oxygen
consumption as the difference between the physical oxygen
supply and the measured oxygen concentration. might have
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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<---

January. Modified from (Schott (Schott et al., 2009). Abbreviations: Somali current (SC), South Equatorial Current (SEC), _
East African Coastal Current (EACC), Southern Gyre (SG), Socotra Eddy (SE), Great Whirl (GW), Southwest M
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Current (SMC), East Indian Coastal Current (EICC), Northeast Monsoon Current (NMC), West Indian Coastal Current
(WICC), Ind ian Throughflow (ITF), Ras al Hadd jet (RHJ), South Java Current (SJC).
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The Indian Ocean differs from other ocean basins mainly due to its geographical characteristics, which have far-
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reaching consequences for atmospheric and oceanic circulation. The first unique geographical feature is the Asian
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landmass. It limits the northern extent of the Indian Ocean in the subtropics at about 30° N and enforces the

development of the Asian monsoon. The monsoon is characterized by seasonal changing wind directions (i.e. SW in

summer and NE in winter (Gadgil et al., 2007), leading to an overall clockwise surface circulation in summer and a

counterclockwise circulation in winter (Fig. 1) (Wyrtki, 1973 Phillips et al., 2021; Schott et al., 2009). The Southwest .

Monsoon Current in turn carriers Arabian Sea Water into the Bay of Bengal in summer whereas the Northeast Monsoon
Currents transports Bay of Bengal water into the Arabian Sea in winter (Fig. 1).

Another unique feature of the Indian Ocean is the Indonesian Archipelago, which allows the inflow of Indonesian
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Throughflow Water (ITFW) from the Pacific into 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 the Agulhas leakage (Durgadoo et al., 2017; Gordon, 1986). Both, the

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

circulation (THC) (Durgadoo et al., 2017; Broecker, 1991). The strength of the ITF is sensitive to climate variability.

plays a key role in regulating heat and water mass exchange between the two ocean basins, influences the composition

of thermocline waters also in both basins as well as the strength of the Agulhas Current (AC) and South Equatorial
1996).
According to numerical model results a blockage of the ITF is weakening the SEC and the AC (Lee et al., 2002).

Current (SEC) in the Indian Ocean (Gordon et al., 2010; Ditkovsky et al., 2023; Lee et al., 2002; Godfre

-

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

develops off South Java and Bali (Susanto et al., 2001b, a; Chavez and Messié, 2009; Rixen et al., 2006). However.

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

with an intensity comparable to that of 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 also upwelling favorable winds occur along Indian

west and east coast in the Arabian Sea and Bay of Bengal, respectively (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 Indian Ocean MOC. It

consists of the shallow and deep overturning cells, with the shallow cell encompassing the upper 300-450 m and the

deep cell water masses below this depth-range (Schott and Mcereary Jr, 2001; Stramma et al., 2002). The shallow

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 deep

MOC is mainly driven by formation of dense water masses in the Southern Ocean, including the Antarctic Bottom

Water (AABW) and Antarctic Intermediate Water (AAIW). These water masses spreads northward and contribute to

deep and intermediate ventilation in the Indian Ocean (Schott and Mccreary Jr, 2001; Talley, 2013; Haine et al., 1998).

Transit times within the shallow MOC are < 7 years (Schmidt et al., 2020), while water masses from the Southern

Ocean (i.e., AAIW) take about 9 years to reach the central Indian Ocean and about 30 years to reach the eastern South

Indian Ocean (Fine (1993).

A

INew water masses are forming primarily in the southern and northern Indian Ocean. The high salinity Subtropical

Surface Water (STSW) forms preferentially north of the Subantarctic Front between 25° S and 35° S and at around |

90° E,(Wyrtki et al., 1971; Beal et al., 2006) while south of the Subantarctic Front at around 50° S—40° S, low salinity

but cool and thus dense water is subducted below the warmer and lighter subtropical water masses (Talley, 1996;

Saenko and Weaver, 2001). The AAIW is the deepest of these mode waters. It enters the Indian Ocean through the
western boundary around 47° S-39°S and 45° E-80° E (Fine, 1993; You, 1998). The AABW forms around the
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The transit time scale of SWTs that ventilate the northern
Indian Ocean varies. Lagrangian trajectories connecting the
southern Indian Ocean and Arabian Sea show transit time
scale of roughly 3.3—6.2 years along upper-thermocline
pathways, 2—4.2 years for the PGW and 5.2-6.4 years for
RSW to reach the Arabian Sea from their respective marginal
seas (Schmidt et al., 2020). Using Chlorofluorocarbon (CFC)
and hydrographic data, Fine (1993) estimated that water
masses from the Southern Ocean (i.e., AAIW) take about 9
years to reach the central Indian Ocean and about 30 years to
reach the eastern South Indian Ocean. Meanwhile, the
bottom waters take around 15 years to reach the southern
Indian Ocean (at the western boundary of the Crozet Basin
between 57 © and 62°E).{
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These southern originated waters with distinct formation
regions in the southern Indian Ocean and Southern Ocean,
play a key role in ventilating the Indian Ocean basin.
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Antarctic continental margins (Menezes et al., 2017) and enters the Indian Ocean through the Crozet-Kerguelen gap
at depths below 2000m. Since the AABW undergoes significant modification due to mixing in the abyssal Indian
Ocean it is referred to as modified Antarctic Bottom Water (mAABW),(Mantyla and Reid, 1995).

In the northern Indian Ocean, ghe Arabian Sea High Salinity Water (ASHSW) forms preferentially in spring, when the

Arabian Sea begins to warm up and the winter MLD flattens out. This water mass typically occurs at depth range "

between 0-100 m in the Arabian Sea (Kumar and Prasad, 1999), In addition, the 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 3001000 m and 250-300 m respectively (Beal et al., 2000; Bower et al., 2000;
Tchernia, 1980),

The Indian Ocean is also affected by climate anomalies such as the El Nifio-Southern Oscillation (ENSO) (e.g. 1

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 in atmosphere and ocean and 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, on the other hand, describes anomalies in the difference between SSTs in the eastern and western Indian

Ocean. Both the IOD and ENSO influence, amongst many other things, upwelling in the eastern Indian Ocean and the

ITF (Rixen et al., 2006; Abram et al., 2003).
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Indian Ocean is the Indonesian Archipelago. It allows the
inflow of waters form the Pacific into the Indian Ocean and
represents the only connection between major ocean basins
at low latitudes (Gordon et al., 2010; Gordon et al., 2003).
Nevertheless, the circulation in the southern Indian Ocean is
similar to that in other ocean basins. The subtropical gyre is
located in the center of the basin and is framed by three
major boundary currents. The South Equatorial Current
(SEC) represents the northern part, while the South Indian
Current (SIC) forms the southern part of the subtropical
gyre. The Subantarctic Front separates the SIC from
Southern Ocean and the Antarctic Circumpolar Current
(Phillips et al., 2021). The Agulhas Current (AC) off Africa
builds the western boundary of the subtropical gyre. It
connects the SEC and SIC but it also creates a passageway
through which Indian Ocean water escapes into the Atlantic
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Figure 2: Showing data transect used for extend optimum multiparameter (¢OMP) analysis. western transect (1995 and*yy

2018 GLODAPy?2 data), eastern transect (1995 and 2016 GLODAPy?2 data), central equatorial transects (1995 GLODAPY |

data) and gentral equatorial transect,(combination of 2024 cruise data and 2019 GLODAPv2 data). Red color map indicates :~
lotted from the WOA data. -~

extent of the Arabian Sea and Bay of Bengal oxygen minimum zone cores (0, < 20 umol kg™!

Solid rectangle highlights portions of the transects used to estimate the OMZs core (O, < 20 umol kg!') based on_the i
GLODAPv2 data,
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2 Methods,

2.1 Data collection
The data used in this study were obtained from the GLODAPv2 database (Lauvset et al., 2022; Olsen et al., 2019) and

during a cruise with the German research vessel Meteor in the Indian Ocean in 2024, hereafter regarded as cruise data

(Gaye et al., 2024). The GLODAPv2 data consists of transects from 1995 and 2018 in the western Indian Ocean,

Jransects from 1995 and 2016 in the eastern Indian Ocean, as well as transects from 1995 and 2019 from, the central

equatorial Indian Ocean (Fig. 2). We focused on the western and eastern transects because they protrude, into the . -

northern Indian Ocean OMZs, therefore, are important in representing the AS and BoB OMZs, The GLODAPv?2 data, - Z

provides oceanographic data from the surface to a depth of 4000 m and includes key parameters such as temperature,

salinity, as well as concentrations of dissolved oxygen, nitrate, phosphate, and silicate. We specifically used the merged
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data product from GLODAPv2, which has undergone extensive quality control, including systematic bias evaluations
and corrections for calibration and measurement errors (Olsen et al., 2019). In addition to GLODAPvV2, we

incorporated gcruise data collected near the equator jn the central Indian Ocean. ,

The entire western and eastern transects were analyzed along a depth range between 150 and 1200 m. This filtering

enables us to exclude the upper ocean surface waters with a high variability and focus,on intermediate depths, which
aligns with the depth range of OMZs. Furthermore, we defined the core of the OMZs within the transects as regions =
where the dissolved oxygen concentration falls below 20 pmol kg™'. This corresponds,to depths between 150,-1000 m \
for the JAS OMZ, and 150,700 m for the BoB OMZ. For the central equatorial region, we compared the 1995 )
GLODAPv2 data to a combination of the 2019 GLODAPv2 and 2024, cruise data (Fig. 2). The latter, were combined \

to increase the size of the dataset.
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40°E 60°E 80°E 100°E 120°E

Figure 3. Source water types used in the study, colored rectangular boxes represent region (latitudes and longitudes) where
their properties were defined and direction of flow (black arrow). Persian Gulf Water (PGW), Red Sea Water (RSW)
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2.1.1 Primary productivity, sea surface temperature data as well as ENSO and 10D indicators
Ocean primary productivity data from (Kulk et al., 2020) was used to analyze productivity in the Arabian Sea. The

data was accessed on March 26, 2025 and consists of monthly global marine phytoplankton primary production data
at a 9 km resolution between 1998-2020. This data was 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 (Supplement

Fig. S1). Likewise, sea surface temperature (SST) data from NOAA was accessed on July 20, 2025. It consists of

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

(30° N-30° S, 30° E-120° E) and plotted the yearly mean SST and 5-years running mean SST to observe the trend

across the Indian Ocean (Supplement Fig. S2). Furthermore, the Oceanic Nifio Index (ONI) and IOD or Dipole Mode

Index have been downloaded from: https:/psl.noaa.gov/data/timeseries/month/. The ONI represents SST

(Field Code Changed

anomalies in the tropical Pacific Ocean (5° N—5° S, 120° W—170° W) and the IOD shows anomalous in the SST
gradient between the western (50° E-70° E and 10° S—10° N) and eastern Indian Ocean (90° E-110° E and 10° S—0°
N).

2.2 Source water types selection and definition

It is important to define SWTs properties when performing eOMP analysis, as the latter relies on precise SWTs

definition in order to quantify mixing proportions and biogeochemical processes, as it involves modelling a water

sample as a linear combination of different SWTs (Shrikumar et al., 2022; Tomczak and Large, 1989). A SWT is an

identifiable body of water with distinct physical and chemical properties (e.g., temperature, salinity, as well as

concentrations of oxygen and nutrients) that originates from a specific formation region and/or has a specific mixing

history (Tomczak, 1999). These properties act as conservative or non-conservative tracers, which makes it possible to

track the SWT movement (Tomczak, 1999).

The definition of SWTs in the Indian Ocean is challenging. Many studies are based on secondary SWT yather than ..

2025), Following the definitio

of water mass ages (Jeansson et al., 2021; Olsen et al., 2019), a primary SWT is formed when water is introduced into

the ocean interior and becomes decoupled from atmospheric influence. Secondary SWTs are mixtures such as Indian
Central Water (ICW) and Subantarctic Mode Water (SAMW). We have focused on primary SWTs since they are

essentially responsible for the ventilation of the OMZs and carry the influence of global warming on their properties
into the depths of the ocean. Nevertheless, secondary SWTs such as ICW and SAMW have not been excluded in our
selection. Their influence is fully represented through their parent source components (i.c., the STSW and AATW)
(Tomczak and Large, 1989: You, 1998 Schott and Mccreary Jr, 2001; Sokolov and Rintoul, 2002; Vianello et al.

2017). However, properties of primary SWTs must be defined at the sites of origin, including a geographic area, a
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they may also shift in response to climate change and are therefore typically estimated to the best of our current

knowledge. Based on a literature review we summarized the specific latitude, longitude and depth ranges for all SWT
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of relevance for the ventilation of the OMZ 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 analysis, including; PGW, STSW, mAABW, ITFW, AAIW, ASHSW, RSW,

/| Deleted: Additionally, inconsistencies in the definition of

and Bay of Bengal Water (BOBW) since 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). The mAABW is an exceptions as it enters the Indian Ocean not as a primary SWT but as a deep

water mass which, as motioned before, undergoes significant modification due to mixing in the abyssal Indian Ocean
Mantyla and Reid, 1995). However, due to its relevance for the ventilation of the northern Indian Ocean and in

particular the deep MOC (Song et al., 2004; Johnson, 2008) it cannot be ignored in the cOMP analysis.

2.2.1 World Ocean Atlas data

Since the GLODAPvV2 data lacks coverage in the key source regions where the relevant SWTs form or enter into the 4

Indian Ocean, SWT properties were derived from World Ocean Atlas (WOA) annual statistical mean data. This data

consists of ¥4° grid annual average temperature and salinity data from time periods 1995-2004 and 2015-2022, 1°

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

from 1965-2022. We acknowledge that data interpolation can add some uncertainty. However, analysis of WOA

“numbers of observation’ data shows high density of observations in regions where the SWTs were defined.

v
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Jn order to take global change impacts into account when defining SWTs property we used the WOA 1995-2004 data

as well as WOA 2015-2022 data to define the temperatures and salinity of the SWTs. Since there are no decadal

averages in the WOA data for oxygen and nutrients, we defined the nutrient concentration of SWTs using the WOA

“All time periods” data (1965-2022) for both 1995 and recent years eOMP analysis. This means that we assume that

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

assumption cannot be proven, it is supported by the lack of evidence of a change in the CO. uptake by, the biological *

(Deleted: 2
" { Deleted: Since the GLODAPv2 data lacks coverage in the

carbon pump, which is closely linked to the availability of nutrients. Furthermore, since primary SWTs are not formed

by the mixing of different water types (such as ICW), changes in nutrient concentrations resulting from varying mixing

ratios should also be negligible. However, unlike nutrient concentration, changes in oxygen concentration can be

assumed, as the solubility of oxygen depends on temperature and salinity. We therefore defined the SWTs oxygen

. uncertainty. However, analysis of WOA “numbers of (. [16]

: latitude, longitude, and depth ranges where these SW{_ [17]

concentration using the 1971-2000 WOA oxygen data for the 1995 eOMP analysis, while for cOMP analysis of recent

years, we calculated the SWTs oxygen concentration in a manner that accounts for potential climate-driven changes

in oxygen, as described below.

v

2.2.2 Changes in source water types oxygen calculation

Oxvygen saturation concentrations for 1995 and recent years were calculated from the corresponding temperature and

SWTs properties across different studies complicate
classification further (see Table 1). To address these issues,
our selection of source water types (SWTs) was intentional
and designed to focus on primary SWT formed near the
surface of the Indian Ocean rather than secondary mixtures
such as Indian Central Water (ICW) and Subantarctic Mode
Water (SAMW). Although the ICW and SAMW are not
explicitly included in our selection, their influence is fully
represented through their parent source components (i.e., the
STSW and AAIW). These water masses together form the
ventilating branches of the Indian Central and Subantarctic
Mode Waters (Tomczak and Large, 1989; You, 1998; Schott
and Mccreary Jr, 2001; Sokolov and Rintoul, 2002; Vianello
et al., 2017). Therefore, including them separately, could
probably introduce redundancy and potentially destabilizing
the eOMP solution. Nevertheless, there are two main reasons
to focus on primary SWTs. First, these SWTs are essentially
responsible for the ventilation of the OMZs, which takes
place at depths between 150-1000 m. Secondly, they carry
the influence of global warming on their properties into the
depths of the ocean.
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As most of these changes were negative (with the exception of AAIW), consistent with reported global ocean

deoxygenation driven by warming (Schmidtko et al., 2017), we subtracted the calculated oxygen changes from the -

- '(Formatted: Font color: Auto

SWT oxygen values derived from the WOA 1971-2000 data to estimate SWT oxygen values for recent years.
Accordingly, WOA (1971-2000) SWT oxygen values were used for the eOMP analysis of 1995, while the adjusted

SWT oxygen values (i.e., 1995 values minus the calculated oxygen change) were used for the cOMP analysis of recent

years (see Table 2),
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As noted above, not only long-term global warming but also climate anomalies, such as ENSO and the 10D, can

influence surface water properties via e.g., their effect of energy fluxes across the ocean atmosphere interface.

However, defining properties of primary SWTs based on decadal averages, intended to represent the signal of global

warming, may therefore be problematic when comparing individual years that are affected by strong climate

anomalies. In this study, we compare 1995 with 2016 (eastern Indian Ocean transect), 2018 (western Indian Ocean

transect), and 2019 (equatorial Indian Ocean transect). Although early 2016 was marked by a strong El Nifio event

the annual mean ONI, similar to 2018 and 2019, indicates only weak to moderate El Nifio conditions overall. In

contrast, 1995 was characterized by weak La Nifa conditions. The 10D index likewise suggests generally moderate

conditions in 1995, 2016, and 2018, whereas 2019 experienced a pronounced positive IOD phase (Supplement Fig.

S3). We therefore assume that climate anomalies did not exert a dominant influence on the interpretation of data from

the western and eastern Indian Ocean, whereas their impact should be considered when interpreting the eOMP results

for the equatorial Indian Ocean.
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2.3, Optimum multi-parameter (OMP) analysis

The OMP analysis is a mathematical technique developed by Tomczak and Large (1989) to study water massmixing

in a given region. In this approach, a water sample is considered to be a mixture of multiple SWTs, The objective of

the analysis is to determine the fraction of each SWT jn the water sample. This is achieved by using a non-negative )
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least square method to estimate the contribution of each SWT for a given measurement point of the sample. For this
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study we performed an eOMP analysis which unlike the classic OMP analysis, considers biogeochemistry. The cOMP
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analysis. Importantly, these periods are not characterized by
persistently opposite or extreme ENSO or IOD phases, but
rather a sequence of weak to moderate and alternating
phases. According to the Japan Meteorological Agency
(JMA), 1995 coincided with a negative IOD event, occurring
alongside a developing La Nifa in autumn, while the recent
years exhibits greater variability: 2016 followed the strong
2015 El Nifio and was associated with a negative IOD, with
neutral ENSO conditions, while 2017 experienced a weak
positive IOD under neutral ENSO conditions. In 2018, a
weak positive IOD occurred from summer to autumn
concurrently with a weak El Nifio. Overall, this sequence
reflects alternating and moderate ENSO-1OD states rather
than a persistent bias toward either extreme phase. This
variability suggests that the observed changes in dissolved
oxygen and water mass composition are unlikely to be driven
by individual ENSO or IOD events alone, but instead point
to circulation changes and basin-scale reorganization as the
dominant controls on recent OMZ variability. However,
while our results support the existence of such a phase shift,
they do not yet provide sufficient evidence to conclude that
this represents a sustained long-term trend toward continued
OMZ contraction. Longer observational records and
sustained monitoring will be required to determine whether
these changes persist under ongoing climate forcing.{|

analysis was performed using a Python-based model called PYOMPA (Shrikumar et al., 2022). PYOMPA is based on

the original OMP analysis by Tomczak and Large (1989). The mathematical formula used to solve the objective
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function is presented in Eq. (1):
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Here, sg denote the value of the property p in measured water sample j,

xji stands for the estimated fraction of SWT i in water sample j,
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differs from the traditional OMP analysis in certain ways. In
PYOMPA conservation of mass is implemented as a hard
constraint, therefore it looks for solutions where mass
conservation results in zero residual. Additionally, it has
support for flexible Redfield ratios when modeling
remineralization (Shrikumar et al., 2022). However,
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ré“Af represents the biogeochemical terms, where 7 denotes the exchange ratio of two properties 4 (oxygen) and B

(phosphate and nitrate), while Af-? denotes the amount of property B that is re-mineralized due to the consumption of .~
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To regulate the effect of any properties on the equation, weights were assigned to each property. The bigger the weight,

the higher its influence on the,cOMP solution. ,Weights were adopted from Acharya and Panigrahi (2016) and reflect
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higher weights assigned to temperature and salinity and lower weights to non-conservative biogeochemical properties
see Table 2).

2.3.1 Determined eOMP solution

In order to achieve a determined eOMP solution, we reduced the number of SWTs to six by means of an exclusion

process. First, we performed a preliminary underdetermined eOMP analysis using the entire gight SWTs as mentioned
abpve. Thereafter, we separated the SWTs into major SWTs (PGW, STSW, mAABW, ITFW) and minor SWTs (AAIW,
ASHSW, RSW and BoBW) based on their contributions in the Arabian Sea OMZ. Then, we performed four sets of

overdetermined eOMP analysis using five SWTs and seven constraints (temperature, salinity, oxygen, phosphate.

nitrate, silicate and mass). The five SWTs included four major SWTs that were kept constant plus one minor SWTs at
a time. Using this method, we identify PGW, RSW, STSW, mAABW and ITFW as the major contributors to the OMZ
with the least residuals, and the combination of PGW, RSW, STSW, mAABW, ITFW and AAIW as the major

contributors in the entire western Indian Ocean transect with the least residuals (Supplement Fig. S4, S5). Since these

six SWTs resulted in even smaller residuals in the eastern Indian Ocean transect, we adopted them in the final eOMP

analysis for all transects.

2.3.2 Sensitivity of eOMP solution to variability in source water types property

To evaluate the sensitivity of the eOMP solution to variability in SWT oxygen concentrations, we conducted an oxygen

-
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E \1999; Shrikumar et al., 2022).

| Acharya and Panigrahi (2016) in the Arabian Sea region (see

1| oxygen to phosphate and nitrate according to the ratio -
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where w,, represent the property mean. €

In this study we adopted parameter weight approach of
Acharya and Panigrahi (2016) in the Arabian Sea region (see
Table 2). Remineralization was tracked as a conversion of
oxygen to phosphate and nitrate according to the ratio -
155:1:15, adopted from Hupe and Karstensen (2000). The
low parameter residue in objective (<0.25%) and low mass
residual in the OMZs (< 0.00328) recorded by the majority
(>989.79%) of the water samples show that the water
samples were well represented by the SWTs water masses
included in theour eOMP analysis (Poole and Tomczak,
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where w;, represent the property mean.
In this study we adopted parameter weight approach of

Table 2). Remineralization was tracked as a conversion of

sensitivity test, where we used a higher oxygen scenario (i.e., we added the calculated oxygen change described earlier

I: Additionally, we performed a sensitivity analysis

to the 1995 oxygen values), a constant oxygen scenario (i.e., we used the 1995 oxygen values for cOMP analysis of

recent years), and a lower oxygen scenario (where the oxygen change was subtracted). The resulting SWT fractions

and changes between 1995 and recent years were not significantly different (Supplement Fig. S6). Therefore

variability in SWT oxygen concentration doesn’t alter the conclusion of this study.

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 achieve this, we defined all the selected six SWTs using literature
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values according to Table 1 (see Table S1 in Supplement for the SWTs properties used in the sensitivity analysis). We

performed the sensitivity analysis using the 2018 western transect. The result does not differ significantly (Supplement

Fig. S7), as the major SWTs contribution remained similar to the output when SWTs properties were defined using

WOA data according to Table 2.

2.3.3 Sensitivity of eOMP solution to remineralization ratios and parameter weights

We performed a sensitivity analysis to assess the sensitivity of the eOMP solution to 0.:PO4:NOs remineralization

ratios as well as to the parameter weights. For the remineralization ratios, we performed sensitivity analysis based on

three 02:PO4:NOs ratio scenarios, -138:1:16 (the standard Red field ratios), -155:1:15 (Hupe and Karstensen, 2000),

and -170:1:16 (Anderson and Sarmiento, 1994). For each scenario, we computed the model’s root mean square (RMS)

error from its total weighted sum of squared residuals and also computed the mean fraction of SWTs. The results

revealed that the scenario with the lowest oxygen ratio (i.e., O-: —138) led to the highest RMS errors and a more varied

distribution of SWTs compared to the other two scenarios, while ratios with O»: -170 and O»: -155 both had similar

RMS and SWTs distribution (Supplement Fig. S8), we selected —155:15:1 because it recorded the least RMS and align

more closely with standard Redfield stoichiometry. Additionally, we conducted sensitivity analysis to evaluate how

variations in individual parameter weights from Acharya and Panigrahi (2016) influence 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 (O2:PO4:NOs =

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

the model was more sensitive to changes in nutrient and relatively stable to changes in temperature and salinity

(Supplement Fig. S9). Finally, we adopted the parameter weights from Acharya and Panigrahi (2016),because. despite _ .

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

indicating a robust solution.
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Remineralization was tracked as a conversion of oxygen to phosphate and nitrate according to the ratio -155:1:15

adopted from Hupe and Karstensen (2000). The low parameter residue in objective and low mass residual in the OMZs

(<0.003) recorded by the majority (>98.7%) of the water samples show that the water samples were well represented
by the SWTs included in the eOMP analysis (Poole and Tomczak, 1999; Shrikumar et al., 2022).
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2.4, Physical oxygen supply and biological oxygen consumption analysis
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Physical oxygen supply analysis determines the amount of oxygen (0,) in the sample (j) supplied via mixing by,a

specific SWT gsiioz). Therefore, the fraction of the SWT (x]‘:) in the measured sample, j was multiplied by the defined
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Oxygen consumption in this study represents the net biological oxygen utilization and it is closely related to Apparent

Oxygen Utilization (AOU). Biological oxygen consumption in a given sample (j) due to remineralization (si 0,)svas

calculated using the measured oxygen in the sample (séz),
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and the overall oxygen due to mixing of all SWTs
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Jn), the dominant SWTs were STSW (39 %), mAABW (30,%). and AATW (10 %). Contributions from ITFW (8 %)
and PGW (9 %) were also notable, whereas contribution from RSW (4, %), was relatively minimal (Fig. 4g). Jn the

central equatorial Indian Ocean (3° N-15° S, 150-1200 m), analysis revealed a slightly similar structure, with
dominant influence from mAABW (40,%), STSW (31,%),ITFW (15,%). and AAIW (8 %). PGW (3 %) and RSW (3
%) contributions yvere minimal (Fig. 4g). In the eastern Indian Ocean transect (15° N-30° S, 150-1200 m),mAABW
(36 %) was the most significant contributor followed by STSW 30 %), ITFW (13,%). and AATW (11 %). PGW (7 %)

and RSW (3,%) were present in relatively smaller proportions, similar to the western transect (Fig 4f).,
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3.2.2 Implications of the meridional overturning
circulation€

The increase in mMAABW and STSW in the Indian Ocean and
its OMZs indicates a reorganization of large-scale ocean
circulation such as the global Thermohaline Circulation
(THC) and the Indian Ocean MOC under global warming.
The decline of the global THC due to global warming has
been reported (Caesar et al., 2021; de la Vara et al., 2022;
Gou et al., 2024), which has led to the weakening of the ITF
inflow in the Indian Ocean and Agulhas leakage into the
Atlantic Ocean (Peng et al., 2023; Shen et al., 2023;

Deleted: ...... (Peng et al., 2023; Shen et al., 2023;
GroBelindemann et al., 2024). The weakening of the ITF
could in turn reduce the cross-equatorial flow, thereby
allowing increased northward flow of mAABW and STSW
into the northern Indian Ocean through transport in the
Indian Ocean MOC (see Fig. 4 and 5). Observed shifts in
water mass composition across the Indian Ocean,
particularly the increased contributions of remote water
masses including mAABW and STSW, alongside a decline
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ASHSW, BoBW and ITFW, agrees with this concept { ... [83]
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3.2, Physical oxygen supply

Physical oxygen supply in the OMZs is mainly due to the supply and mixing of SWTs. Our results show that in western
Indian Ocean and AS OMZ, physical oxygen supply rose from 193.2 to 196.5 umol kg™ and 135.80 to 143.80 umol 3

kg! respectively between 1995 and 2018 (Fig. 7c & 7a). While in the eastern Indian Ocean and BoB OMZ transects,
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oxygen supply rose from 191.3 to 198.4 umol kg™ and 175.7 to 184.3 umol kg™ respectively between 1995 and 2016

[Formatted: Font: Not Bold

(Fig. 7c & 7b).

[Formatted: Font: Not Bold

Deleted: Figure 5: Temporal changes in water mass
fraction in eastern Indian Ocean transect for (a) ITFW
1995, (b) ITFW 2018, (c) STSW 1995, (d) STSW 2018, (e)
mAABW 1995, (f) mAABW 2018.9

AN A A A

Deleted: Our analysis reveals that the Indian Ocean OMZs

AS OMZ core

BoB OMZ core

Consumed

Oxygen supply

Measured
(a)

(b) 11.90

-100 0 100
Dissolved oxygen [umol kg~1]

-200

200 -200

-100 0 100 200
Dissolved oxygen [umol kg~!]

Oxygen consumption

Oxygen supply

Western transect
Eastern transect
Western equatorial
Eastern equatorial

Central equatorial

2019/2024

-120 -100 -80

180 190 200 210

(c) Dissolved oxygen [umol kg~1]

21

have experienced an increase in physical oxygen supply in
recent decades due to compositional changes in contributing
water masses. Physical oxygen supply patterns identified in
this analysis are important for understanding the resilience of
the BoB OMZ to global warming as well as the reversal
trend of the AS OMZ. Notably, these shifts involve a reduced
influence from relatively oxygen-poor local and equatorial
water masses (e.g., PGW, RSW, ASHSW, BoBW, and ITFW)
and an increased contribution from oxygen-rich remote water
masses. Since the physical oxygen supply was calculated in
reference to the defined oxygen concentration of the water
mass (see. Table 2) and the water mass fraction (see. Eq. 3),
their contribution varied substantially within each transect.
Overall, the replacement of oxygen-poor water masses by
relatively oxygen-rich ones is leading to an increased
physical oxygen supply across the Indian Ocean basin as

\ well as the OMZs.
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BoBW) alongside reduced inflow from the ITF, favored the
increased influx of oxygen-rich remote water masses from
the south leading to increased physical oxygen supply in
both OMZs. This aligns with model results suggesting an
oxygen increase in the AS OMZ is driven by mixing
processes (Oschlies et al., 2017; Ditkovsky et al., 2023;
Lachkar et al., 2023; P. Vallivattathillam et al., 2023). The
observed increased physical oxygen supply in the OMZs
through a shift in water masses can be attributed to changes
in the global THC and Indian Ocean MOC due to global
warming as discussed earlier. Oxygen-poor local water
masses are being replaced by oxygen-rich remote water
masses leading to an unexpected trend in physical oxygen
supply to the OMZs. Although ongoing global warming is
expected to enhance upper-ocean stratification, thereby
limiting vertical mixing and oxygen input from local water
masses, the influx of oxygen-rich remote water masses is
increasing oxygen levels in the OMZs, despite the shoaling
of local water masses. For example, high biological
productivity and climate-induced low ventilation from PGW
have historically been responsible for the expansion of the
AS OMZ (Lachkar et al., 2019). Although the input of PGW
has decreased, our analysis shows that the increased inflow
of more oxygen-rich STSW and mAABW is enhancing the
oxygenation in the OMZ. Furthermore, the Bay of Bengal
appears to benefit more from oxygen-rich remote water
masses, likely due to efficient mixing such as eddy-driven
upwelling (Bhaskar et al., 2021). This may contribute to the
less intense BoB OMZ compared to the AS OMZ.
Additionally, higher oxygen baseline in the BoB OMZ may
amplify the effect of even modest oxygen inflows.{
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4.1,2 Implications of the meridional overturning circulation

The increase in remote SWTs at the expense of the northern SWTs and the ITF at intermediate depth (150-1200 m) E

of the Indian Ocean and its OMZs indicates a reorganization of large-scale ocean circulation such as the global THC
and the shallow Indian Ocean MOC. The decline of the global THC due to global warming has been reported (Caesar
etal., 2021; de la Vara et al., 2022; Gou et al., 2024). This decline has led to the weakening of the ITF inflow in the
Indian Ocean and the Agulhas leakage into the Atlantic Ocean (Grofelindemann et al., 2024; Shen et al., 2023; Peng

etal., 2023). Such a weakening of the cross-equatorial (zonal) flow, seem to have favored the northward (meridional)

flow of remote SWTs along with the shallow Indian Ocean MOC into the northern Indian Ocean (Fig. 4, 5 and 6).

This reorganization is evidenced by the increased percentage contribution of STSW, especially in the OMZ cores of

both the Arabian Sea and the Bay of Bengal. Overall, there also seems to be a reduced influence of the deep cell of

the Indian Ocean MOC at intermediate depths (150-1200 m), evident by the decline of mAABW in the western

transect and in the OMZs' core. The overall observed adjustments in circulation patterns also means a southward shift

from local to remote SWTs contributing to the OMZs. ,
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Ocean experience increased influx of high-oxygenated waters supplied from the southern Indian Ocean gyre due to a

decline in the contribution of the ITF. Despite inherent uncertainties in numerical modelling and our ecOMP analysis,

both approaches consistently capture this transition, lending confidence to the inferred shift in water mass

contributions. As the individual SWTs have different oxygen concentrations, these variations also affect the physical

supply of oxygen.
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The high oxygen consumption in the Indian Ocean OMZs has traditionally been attributed to monsoon-induced high

primary productivity (Rixen et al., 1996; Wiggert et al., 2006). However, recent studies suggest a weakening of the

summer monsoon (Zhou et al., 2008; Roxy et al., 2015). Additionally, model studies imply that increasing equatorial

oxygen concentrations are caused by decreasing oxygen consumption (Kwiatkowski et al., 2020), which also aligns
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with declining primary productivity (PP) in the Arabian Sea/equatorial Indian Ocean since 2005 observed from

analysis of PP data (Supplement Fig. S1). Despite this reported trend, our analysis shows an increasing oxygen
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consumption, suggesting that alternative mechanisms have been at play. One possible explanation for this increased

biological oxygen consumption is a longer residence time of water masses in the Indian Ocean OMZs due to weaker

upwelling slowing down the MOC. This means water masses are trapped within the Indian Ocean basin and its OMZs

for longer period, prolonging its exposure to remineralization processes [(Cavan etal.,2017; Rixen et al., 2020). Hence, .~

it seems that the slowdown in the global THC (i.e., the associated reduced inflow of ITF as well as lower outflow via

the Agulhas leakage) in addition to weakening of the monsoon have slowed down the MOC which finally seem to

have increased the oxygen consumption by increasing the residence time of water in the OMZ, Due to the

counteracting_processes: gnhanced physical oxygen supply and enhanced biological oxygen consumption the ‘
measured increase in dissolved oxygen in the GLODAPv2 data is relatively small, approximately 0.1 umol kg™ in the ‘
AS OMZ and on average 1.8 umol kg™ in the BoB OMZ (Fig. 7a & 7). Hence, how the OMZs develop in future

therefore depends, on both the yeorganization of the SWTs and the yelocity of te MOC,

4.4 Historical context of OMZ variability,

Historical results obtained from the global atmosphere-ocean model and eddy-resolving regional models, indicates

that the reduced inflow of oxygen-rich waters from the south has contributed to the intensification of the AS OMZ
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effects of an enhanced oxygen supply are reduced by an
extended residence time of water in the OMZs. Additionally
the weakening of both the ITF and Agulhas leakage
(GroBelindemann et al., 2024) due to the slowdown of the
THC can increase the residence time of water in the Indian
Ocean due to less inflow through the ITF and outflow
through the Agulhas leakage, leading to increased oxygen

over the past 6,000 years as reported in a review by Rixen et al. (2020). Our results in line with model results
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be attributed to the reorganization of the MOC in response to global warming and the associated weakening of the ITF

and the global THC as well as a decreasing monsoon-driven productivity. However, whether this trend will persists

seem to depend on the competing influences of physical oxygen supply and biological oxygen consumption on the
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climate changes in the north Atlantic Ocean and the AS OMZ on glacial and interglacial time scales (Altabet et al.,

1999; Schulz et al., 1998; Suthhof et al., 2001). But in contrasts to our results a warming was associated with an

intensification of the OMZ and cooling with a reduced intensification. However, on these paleo-time scales, climate

changes are linked to changes in sea level (Rosenthal et al., 2003; Dinezio and Tierney, 2013). Decreasing sea levels

must therefore have lowered the ITF during cooler phases, which in turn caused the enhanced transport of well-

oxygenated waters from the south towards the north. Today, however, the reduced influx of the ITF is not caused by

a drop in sea level, but by changes in circulation patterns. These changes are not yet well understood, but they imply

that the current drivers of change differ from those in the past, although the mechanisms: an enhance meridional

circulation at the expense of a weaker zonal circulation appear to be similar,
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5,Summary and conclusion

Our study confirms a trend reversal in the expansion of the AS OMZ and also provides new evidence of the shrinkage

of the BoB OMZ. 1t also advances our understanding of how distinct primary SWTs contribute to the ventilation of

these OMZs in the past (i.e., 1995) compared to recent years. In line with other results, our findings reveal that the

enhanced inflow of oxygen-rich remote SWTSs increases physical oxygen supply. However, in contrast to other results

our findings indicate an increased biological oxygen consumption, which partly offsets the effect of the increased

oxygen supply on the oxygen concentrations in the OMZs. Nevertheless, the net result was still an overall increase in

dissolved oxygen in both the AS OMZ and BoB OMZ. These shifts are likely linked to the reorganization and
slowdown of the Indian Ocean MOC in response to global warming and the associated weakening of the ITF and the

THC. In contrast to the present, where the ITF weakening is primarily caused by climate-driven circulation changes

past variation of the ITF was linked to extreme sea level changes on glacial interglacial time scale. However, the

underlay mechanism remains the same: a reduced ITF favored the 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 understanding of long-term circulation

and oxygen changes in these OMZs under global warming.

Data and code availability

The data,and codes to reproduce our result are available for download here:

https://doi.org/10.5281/zenodo.19470323
Primary productivity data: https://catalogue.ceda.ac.uk/uuid/69b2¢c9c6c4714517bal0dab3515edect/

Sea surface temperature, data; https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
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: [94] Deleted

eugeneoboh.o@gmail.com

4/9/26 1:24:00 PM

: [94] Deleted

eugeneoboh.o@gmail.com

4/9/26 1:24:00 PM

: [94] Deleted

eugeneoboh.o@gmail.com

4/9/26 1:24:00 PM

: [94] Deleted

eugeneoboh.o@gmail.com

4/9/26 1:24:00 PM

: [94] Deleted

eugeneoboh.o@gmail.com

4/9/26 1:24:00 PM

: [95] Deleted

eugeneoboh.o@gmail.com

4/9/26 10:16:00 PM

: [95] Deleted

eugeneoboh.o@gmail.com

4/9/26 10:16:00 PM

: [95] Deleted

eugeneoboh.o@gmail.com

4/9/26 10:16:00 PM




A

Page 25: [95] Deleted eugeneoboh.o@gmail.com 4/9/26 10:16:00 PM

A\

A

Page 25: [95] Deleted eugeneoboh.o@gmail.com 4/9/26 10:16:00 PM

A\

A

Page 25: [95] Deleted eugeneoboh.o@gmail.com 4/9/26 10:16:00 PM

A\

A

Page 25: [96] Deleted Microsoft Office User 4/8/26 2:46:00 PM

A\

A

Page 25: [97] Commented [07R6] eugeneoboh.o@gmail.com 4/9/26 1:31:00 PM

RSW declined in the entire transects , but showed slight increase in the OMZs core

A

Page 26: [98] Deleted eugeneoboh.o@gmail.com 4/13/26 12:01:00 PM

X

Page 26: [99] Formatted eugeneoboh.o@gmail.com 4/13/26 4:29:00 PM

Font: Bold

Page 26: [100] Formatted eugeneoboh.o@gmail.com 4/13/26 4:29:00 PM
Font: Bold

Page 26: [101] Commented [MOU9] Microsoft Office User 4/8/26 3:05:00 PM

Remote and local are unclear definition

A

Page 26: [102] Formatted eugeneoboh.o@gmail.com 4/13/26 4:29:00 PM

Font: (Default) Times New Roman, 10 pt

Page 26: [103] Commented [010R9] eugeneoboh.o@gmail.com 4/9/26 1:15:00 PM

The meaning were defined eailier

A

Page 26: [104] Deleted Microsoft Office User 4/8/26 3:06:00 PM

A\

A

Page 26: [105] Deleted Microsoft Office User 4/8/26 3:07:00 PM

A\

A

Page 26: [106] Deleted eugeneoboh.o@gmail.com 4/9/26 10:28:00 PM

I

A

Page 26: [107] Commented [MOU11] Microsoft Office User 4/8/26 3:09:00 PM

Unclear

A

Page 26: [108] Deleted Microsoft Office User 4/8/26 3:12:00 PM




A\

A

Page 26: [109] Deleted Microsoft Office User 4/8/26 3:14:00 PM

A\

A

Page 26: [110] Deleted Microsoft Office User 4/8/26 3:15:00 PM

A\

A

Page 26: [111] Deleted Microsoft Office User 4/8/26 3:19:00 PM

A\

A

Page 26: [112] Formatted eugeneoboh.o@gmail.com 4/13/26 4:29:00 PM
Font: Bold
Page 26: [113] Deleted eugeneoboh.o@gmail.com 4/5/26 2:24:00 PM

A\

A

Page 26: [114] Deleted Microsoft Office User 4/8/26 3:37:00 PM

A/

A

Page 26: [115] Deleted eugeneoboh.o@gmail.com 4/6/26 12:25:00 PM

Page 26: [116] Formatted eugeneoboh.o@gmail.com 4/13/26 4:29:00 PM
Font: Bold

Page 26: [117] Formatted eugeneoboh.o@gmail.com 4/13/26 4:29:00 PM
Font: Bold

Page 27: [118] Deleted eugeneoboh.o@gmail.com 4/13/26 12:46:00 PM

A

Page 27: [119] Deleted Microsoft Office User 4/8/26 3:53:00 PM

Page 27: [120] Formatted eugeneoboh.o@gmail.com 4/6/26 1:31:00 PM

Font: (Default) Times New Roman, 10 pt, Ligatures: None

A

Page 27: [121] Formatted eugeneoboh.o@gmail.com 4/6/26 1:33:00 PM

Font: (Default) Times New Roman, 10 pt, Font color: Light Blue, Ligatures: None

A

Page 28: [122] Deleted eugeneoboh.o@gmail.com 4/13/26 1:19:00 PM

Page 28: [123] Deleted eugeneoboh.o@gmail.com 4/13/26 1:21:00 PM

A




