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Abstract

Oxygen concentrations in the ocean are believed to be declining due to global warming. However, our
understanding of its variability remains limited compared to physical parameters such as temperature
and salinity, because oxygen is difficult to observe with high spatial and temporal resolution. In this
study, we analyzed linear trends in potential temperature, salinity, and dissolved oxygen in the North
Pacific over the past two decades (2004—2023), using the GOBAI-O; data. We then compared oxygen
trends with physical parameters to investigate the spatial pattern of linear changes across the region.
The oxygen trends derived from GOBAI-O; were consistent with those observed along hydrographic
lines that have been relatively frequently and continuously surveyed by ship-based observations.
Although an overall declining trend in dissolved oxygen was evident, localized increases were
observed in certain density layers. By examining the associated physical conditions, we found that the

spatial heterogeneity of the oxygen trends can be attributed to known oceanographic processes, such
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as the southward retreat of the oxygen minimum layer and the northward migration of a recently

identified front separating the subtropical and subarctic gyres. Our findings highlight the utility of

GOBALI-O: data in linking physical changes to previously unrecognized biological and biogeochemical

patterns in the ocean.

Plain Language Summary

1.

We examined the linear trends in potential water temperature, salinity, and dissolved oxygen in the
North Pacific over the past 20 years using GOBAI-O> data and explored the mechanisms behind

these trends.

Our findings confirmed that the observed trends are consistent with findings from previous studies

and further revealed spatial trend linkages that had only been partially recognized.

The results showed an overall decreasing trend in oxygen, although some localized regions
exhibited an increasing trend, indicating the fluctuations were not uniform in the North Pacific.
The spatial non-uniformity was explained by the background of physical phenomena. In particular,
the oxygen increase in the northern North Pacific was attributed to the northern meridional shift of
the front between the subtropical and subarctic gyres. Meanwhile, the retreat of the westward
penetration of the oxygen minimum layer in the equatorial area was associated with a weakening

and poleward shift of the NECC on interdecadal variability.

The result of this study provides one of the pieces of evidence linking physical changes to

previously unclear changes in biological observations.

Keywords: dissolved oxygen, 20-year linear trends, Bio-Argo float data, global warming
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1. Introduction

Recent decades have witnessed a reduction in the global ocean’s dissolved oxygen inventory, a trend
that is projected to continue over the course of the 21th century [ Keeling et al., 2010; Breitburg et al.,
2018; Stramma and Schmidtko, 2021; Limburg et al., 2020; Ito et al. 2017, 2024; Kolodziejczyk et al.
2024 ]. This decline is attributed to the release of oxygen from the ocean due to oxygen solubility
resulting from rising surface temperatures. Additionally, enhanced stratification and stagnation of
ocean circulation caused by global warming are also contributing factors [ Keeling et al., 2010, Bopp
et al. 2013; Ito et al. 2017 ]. Oxygen outgassing can have harmful effects on aerobic marine organisms
[ Portner and Farrell, 2008; Sampaio et al., 2021 ] and may alter biogeochemical cycles and trigger
important climatological feedback [ Berman-Frank et al., 2008 ]. Historical deoxygenation has been
inferred from analyses of globally distributed observation data [ Helm et al., 2011; Schmidtko et al.,
2017; Tto et al., 2017; Takatani et al., 2012; Sasano et al., 2015; Lauvset et al., 2022b ]. Earth system
models have been used to simulate historical and projected future deoxygenations of the oceans [ Bopp

et al., 2013; Kwiatkowski et al., 2020; Li et al. 2020 ].

Oxygen trends have been observed and discussed using the discrete measurements of dissolved oxygen
concentration (O2). These measurements are usually made by Winker titration [ Winkler, 1988 ]. These
titrations are also used to calibrate the readings of electrode (or more recently optical) dissolved oxygen
sensors attached to conductivity-water temperature-depth (CTD) profilers [ Helm et al. 2011;
Schmidtko et al., 2017; Lauvset et al., 2022b]. In the WOCE, CLIVAR, and GO-SHIP programs,
oxygen data have been collected globally using this approach, but their temporal resolution is on the
order of ten years, which does not allow for a robust analysis of annual or seasonal variations in
dissolved oxygen (O2). Some dissolved O data are relatively frequently observed in a specific local
area during a year [ Takatani et al. 2012, Sasano et al., 2015 ], but they are localized, and so it is

difficult to know how the phenomena are connected or disconnected each other, although some
3
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research did the trials to understand the spatial variability of dissolved O: [ Ito et al. 2017; Stramma et
al. 2020; Kolodziejczyk et al. 2024 ]. Therefore, we must have a very limited spatial-temporal

understanding of the observed data in dissolved oxygen.

Oxygen sensors were first installed on Argo profiling floats in the mid-2000s, and since then,
approximately 1,800 of these floats, equipped with oxygen sensors, have been deployed in the ocean
around the world, advancing efforts to deepen our understanding of trends and variability in oceanic
oxygen levels [ Sharp et al., 2023 ]. The effort to establish a global biogeochemical Argo network has
led to the deployment of oxygen-sensor-equipped Argo floats in regions of the ocean that were
previously less sampled [ Claustre et al., 2020 ]. As the number of deployed floats has grown,
significant progress has been made in sensor calibration, data adjustments, and quality control.
Noteworthy improvements include pre-deployment drift corrections [ D'Asaro and McNeil, 2013;
Johnson et al., 2015; Bittig and Kortzinger, 2015; Bushinsky et al., 2016; Drucker and Riser, 2016;
Nicholson and Feen, 2017 ], climatology-based calibrations [ Takeshita et al., 2013 ], in-air oxygen
measurement calibrations [ Kortzinger et al., 2005; Bittig and Kdortzinger, 2015; Johnson et al., 2015;
Bushinsky et al., 2016 ], post-deployment drift corrections [Johnson et al., 2017; Bittig et al., 2018a,
b], and the development of procedures for delayed-mode quality control [Maurer et al., 2021]. These
advancements have significantly reduced measurement uncertainty and improved the consistency of

optode-based [O2] measurements from Argo floats.

Measurement data from oxygen sensors installed on the Argo float have primarily been used for
localized process studies. Specially, these studies have focused on air-sea oxygen exchange [ Wolf et
al., 2018 ], upper-ocean primary production [ Alkire et al., 2012; Estapa et al., 2019 ], the efficiency

of the biological pump [ Johnson and Bif, 2021 ], and the dynamics of the oxygen minimum zone



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

[ Udaya Bhaskar et al., 2021 ].

Sharp et al. [ 2023 ] recently produced a four-dimensional gridded [ Oz ] product, called GOBAI-O;
( Gridded Ocean Biogeochemistry from Artificial Intelligence (AI) — Oxygen ). GOBAI-O; is
developed using machine learning (ML), a subfield of Al that specializes in training, understanding,
and applying algorithms that learn and reproduce patterns artificially using data. Their analysis shows
the possibility that the GOBAI-O, data may reveal spatial patterns, seasonal cycles, and decadal
variability, with particular emphasis on the potential for these data to serve as valuable new

observational assets in areas where observational data gaps and high background O; variability overlap.

Regarding the Os trends in the North Pacific, Ito et al. [ 2017 ] used the objectively mapped monthly
climatology of O> based on the World Ocean Database 2013 (WOD13) [ Boyer et al., 2013 ] at standard
depths from 1958 to 2015 and found multidecadal trends and variability in dissolved O; in the surface
layer. Sasano et al. [ 2015 ] detected significant warming trends and circulation changes by using the
JMA's high-frequency shipboard observational sections along the 137°E and 165°E lines from 1987
to 2011 in the western North Pacific. Their results showed that the O declines in the northern
subtropical to subtropical-subarctic transition zones averaged -0.45 + 0.16 umol/kg/yr at 25.3 o6 and -
0.45 £ 0.14 umol/kg/yr at 26.8 oo, respectively. A significant positive trend in dissolved O> was
detected in the tropical Oxygen Minimum Layer (OML), with an increase of +0.36 + 0.004 pmol/kg/yr.
Their analysis revealed the spatial heterogeneity in the observed O trends. Significant and extensive
O: declines were observed in the subpolar North Pacific and off the California coast, while a modest

Os increase occurred in the mid-subtropical and western tropical North Pacific.
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For horizontal broad-scale trends in the North Pacific, Stramma et al. [ 2020 ] analyzed horizontal data
using data from the Hydro base and the World Ocean Database bottle, and found linear trends and the
Pacific Decadal Oscillation (PDO) in the tropical and eastern Pacific Ocean, In particular, they found
that climate signals such as the North Pacific Gyre Oscillation (NPGO) in the North Pacific, and the
18.6-year oscillation at depths between 50 and 300 m in the equatorial and North Pacific are found, as
are physical fields such as water temperature and salinity. Although they collected as much data as
possible and analyzed them separately by region, it was difficult to ascertain the physical significance
of how these data trends are connected or not. Several historical studies have revealed the existence of
O changes with stronger amplitudes and non-uniform local regional patterns in specific areas [ Sasano
et al. 2015; 2018; Ito et al. 2017; 2024; Stramma et al., 2020; Kolodzijejczyk et al. 2024 ]. These
phenomena should be linked to physical factors such as changes in circulation and stratification, as
well as to changes in biological activity that accompany physical changes in dissolved O, to some

extent.

Opportunities to understand specific trends in dissolved O, including those associated with trends in
ocean temperature and salinity, are currently limited and will remain so in the future due to constrained
observational resources. Data such as those from GOBAI-O; will therefore become increasingly
valuable for understanding trends at basin scales. Understanding how dissolved Oz is changing is also
crucial for assessing the impact on marine organisms [ Breitburg et al. 2018 ]. Argo floats equipped
with oxygen sensors will continue to be deployed in the future. In this study, we present the linear
trends of temperature, salinity, and dissolved O; using the GOBAI-O, data set from 2004 to 2023 in
the North Pacific, and how their trends connect to each other. In the discussion section, we show how
oxygen changes are influenced by physical factors such as global warming and the physical oceanic

circulation in the North Pacific.
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2. Data and Methods

The four-dimensional gridded product (GOBAI-O:) data on ocean interior oxygen are generated using
machine learning algorithms trained on dissolved O2 data from Argo float sensors and ship-based
discrete observations. These data are applied to temperature and salinity distributions constructed from
the global Argo array [ Roemmich and Gilson, 2009 ]. The GOBAI-O; data originate from the
combined datasets of ship-based surveys ( GLODAP version 2022 ) and Argo float data ( Argo Global
Data Assembly Centres ), which are processed after quality control [ Sharp et al.,, 2023 ]

(https://doi.org/10.25921/272m-yz67). The combined dataset served as training input for machine

learning algorithms to predict dissolved O [O2], based on variables such as absolute salinity,
conservative temperature, potential density anomaly, hydrostatic pressure, bottom depth, and
additional spatiotemporal information representing geographic, seasonal, and interannual variability.
While biological processes are not directly incorporated into the machine learning algorithms, Giglio
et al. [ 2018 ] showed how incorporating spatiotemporal variables can effectively capture their

influence implicitly for biological processes.

The development of GOBAI-Os involved the use of these two types of machine learning algorithms—
random forest regressions and feed-forward neural networks: feed-forward neural networks (FNNs)
and random forest regressions (RFRs) [ Breiman, 2001 ]. The average of the FNN and RFR estimates
was used as the [ Oz ] estimate for a given input data point. The data cover 86% of the global ocean
area on a 1° x 1° (latitude x longitude) grid, spanning the years 2004—2023 with a monthly resolution.
The vertical levels range from the ocean surface to a depth of 2 km, with 58 levels. Sharp et al. [ 2023 ]
evaluated 0.79 + 0.04% per decade decrease in the oxygen inventory of the upper 2 km of the global
ocean over the period 2004-2022. More details of their data sources, processing, algorithm training,

evaluation, and uncertainty estimation are provided in Sharp et al. [ 2023 ].
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The uncertainty of GOBAI-O; datasets [ Sharp et al., 2023 ] is estimated by uncertainty estimates, in
which the individual uncertainty components are combined in quadrature (assuming independence) to

assess the uncertainty of dissolved O data for each gridded [O-] value:

w((0Deoe = 1021 gy + (022 + (10224, (),

where u([0,])? represents the measurement uncertainty of the [0,] observation themselves,

meas.
u([Oz])zgn. ) reflects the gridding uncertainty arising from a single [0,] value to represent a four-
dimensional box that is coarser in time and space than the resolution of many processes influencing

[0,], and u([0,])? corresponds to the algorithmic uncertainty from the machine-learning

alg.
methods used to estimate [0,] on the grid of Roemmich and Gilson (2009) data. We use this
uncertainty estimate u([0,]):,: and evaluate their uncertainty for estimating oxygen trends (Figs. 1—

4). The mean uncertainty is added when calculating the linear trend in oxygen for almost all figures in

this study.

The GOBAI-O; data are the oxygen data on 1° x 1° horizontal grid with 58 vertical levels at the
following depths: 2.5, 10, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 182.5,
200, 220, 240, 260, 280, 300, 320, 340, 360, 380, 400, 420, 440, 462.5, 500, 550, 600, 650, 700, 750,
800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, 1300, 1350, 1412.5, 1500, 1600, 1700, 1800,
1900 and 1975 m). High vertical resolution near the surface is essential for accurately capturing strong
temperature, salinity, density, and oxygen gradients in the mixed layer [ Kara et al., 2000 ]. In our
analysis relating to the isopycnal surfaces, we interpolated the original GOBAI-O» data to 1-m vertical
resolution using cubic spline interpolation and gridded them onto a 1° x 1° x 1 m grid, because
interpolation makes us evaluate linear trends in potential temperature, salinity, and dissolved O for

each latitudinal band at 1° intervals in latitude and at 0.1cy intervals (Figs. 4-7). To evaluate whether
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this interpolation procedure is appropriate or not, we also conducted sensitivity tests using multiple
interpolation methods (linear, shape-preserving cubic (PCHIP)) and coarser vertical grids (2m and 5m).
The results showed no clear differences among the three interpolation methods (Figures S1 (a, b) and
S2 (a, b)). A 5-m grid fails to resolve densities lighter than 24.0cp at some latitudes, but we confirmed

that the main features of the fields are preserved across all tested resolutions.

In Section 3.3.2, we have utilized the model outputs from the eddy-resolving OGCM for the Earth
Simulator (OFES) [ Masumoto et al., 2004; 2010; Sasaki et al., 2008 ] to examine a relevant physical
process. The OFES model is based on the Modular Ocean Model (MOM3) [ Pacanowski and Griffies,
2000 ]. The quasi-global configuration of the OFES covers 75° S— 75°N with a horizontal resolution
of 0.1° x 0.1°and 54 vertical levels. The model is initialized from a state of rest using the World Ocean
Atlas 1998 (WOA98) [ Boyer and Levitus, 1997 ], and spun up for 50 years with the climatological
forcing data of the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP-NCAR) reanalysis [ Kalnay et al., 1996 ]. After the 50-year spin-up, a hindcast
experiment is conducted from 1950 to 2024 using daily atmospheric forcing from the NCEP-NCAR

reanalysis. In this study, we used the OFES data from 1950 to 2023.

3. Results
3.1 Horizontal distributions of linear trends

Figure 1 shows the horizontal and vertical distributions of linear trends in potential temperature,
salinity, dissolved O, from 2004 to 2024. Positive trends in potential temperature are primarily
distributed in the surface layer above 200 m depth (Fig. 1a—c). Trends are relatively strong in the higher
latitudes. Negative trends appeared below the surface from the eastern tropical area (180°—120°W, 5°—
15°N) (Fig. 1b). This area extends westward and deepens with increasing depth (Fig. 1d—f). Positive

9
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and negative trends are distributed differently in the subarctic and subtropical gyres below 400 m depth.

Negative trends in salinity are generally observed throughout the surface layer (Fig. 1h-i), with
localized positive trends in the Kuroshio—Oyashio transition area and the northwest Pacific (140°—
180°E, 20°-50°N), as well as in the tropical region (120°-170°E, 0°~10°N). Some positive trends are
also detected in the eastern California coastal area (130°-199°W, 20°—40°N). Below 200 m depth,
weak positive and negative trends are evident, mirroring the trends in potential temperature (Fig. 1j—
k). Positive and negative trends tend to be distributed differently in the subarctic and subtropical gyres.
The negative trends are detected around the Alaska gyre (170°-130°W, 40°-55°N) (Fig. 1j-1), which

differs from the distribution of potential temperature.

Negative trends in dissolved O are distributed both horizontally and zonally throughout the depth
range (Fig. 1o—u). Large negative trends are observed in the high latitudes and are weaker with latitude
near the surface (Fig. 2). The location of these trends shifts with depth. Notably, large negative trends
occur along the northeast coastal region (140°-130°W, 40°-50°N) and the southern region (10°-25°N)
within the density range of 25.2-26.8c0, from 200 to 600 m depth (Fig. 1g—s). Weak positive trends
are partially detected around the Kuroshio—Oyashio transition area (130°-150°E, 30°-40°N) below
200 m depth. These positive trends extend into deeper layers and spread northeastward across the
North Pacific (Fig. Ir—u). Positive trends are only observed in specific regions: the tropical region at
100 m depth (Fig. 1p); the Alaska Gyre at 200400 m depth ( Fig. 1q—r ); the western tropical region
at 400—-600 m depth (Fig. 1r—s); and the Kuroshio—Oyashio transition region at 400-600 m depth (Fig.
Ir—s). If we see the linear trends in dissolved oxygen by latitude, the magnitudes of the negative
latitudes not necessary rely on the latitudes only, because the magnitudes in the surface layer (above

200m depth) is shown in the higher latitude, but in case of the middle depth layer (400—-600m), the

10
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magnitude of negative liner trends in the middle latitude (30-40°N) is the largest. This pattern
completely implies the remote transports with the circulation. The mechanism of this pattern is

discussed more in the later sections (Section 3.3).

The total uncertainty in dissolved Oz, u([05])0:., in these layers (Fig. 1v—bb) indicates that large
values exist in the northern Pacific above 50°N and gradually become smaller to the south. The
relatively large uncertainty values are shown in the surface layer, and the steeper gradients of density
in the tropical eastern region [150°-120°W, 10-30°N] at 100-200m depth (Fig. 1w—x). These large
uncertainties typically exhibit a maximum of 100 m and tend to decrease with depth (Fig. 2 and Figure
A14 in Sharp et al. [2023]). Regionally large uncertainty has been shown to depend primarily on
algorithmic uncertainty in Figure 8 in Sharp et al. [ 2023 ] among the three components (measurement
uncertainty, gridding uncertainty, and algorithm uncertainty) contributing to the total uncertainty (Eq.
1). Algorithmic uncertainty generally decreases with increasing spatio-temporal coverage of the
available training data. The fact that greater regional algorithmic uncertainty is observed in the
northern Pacific above 50°N and in the western and eastern Pacific coastal regions below 20°N
suggests that the sampling data are sparse in those areas, and actually, their data sampling is low

(Figure 1 in Sharp et al. 2023).

Compared with the historical horizontal distributions of dissolved O in the North Pacific reported by
Ito et al. [2017] (Figure 3 in Ito et al. 2017), our negative trend extends over a broader area. The
positive trend detected in the Kuroshio-Oyashio Transition Zone and the northeastern region, with a
density range of 26.8-27.0c¢ (Figure 1r), was not evident in the distribution presented by Ito et al.
[2017]. Similarly, the positive trend observed in the tropical western Pacific below 400 m depth (Figure

Ir—t) is relatively stronger than that identified in their analysis (Figure 3 in Ito et al. [2017]). The
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positive trend in dissolved O; in the Kuroshio—Oyashio Transition Zone coincides with a region of low
uncertainty values (Fig. 1p—s and 1w—y), suggesting this signal may result from the high observation
frequency by Argo profiling floats. Other regions exhibiting positive signals—the northeastern region
with a density range of 26.8-27.0c¢ (170°E-150°W, 45-55°N, Fig. 1r) and the tropical western Pacific
(130°-170°E, 0°-10°N, Figure 1r-t)—also correspond to areas of low uncertainty (Fig. ly-aa).
Therefore, these pronounced positive trends likely represent highly reliable increases in dissolved O,

implying a robust deoxygenation signal.

Some artificially induced or unnatural expansions of the trend are also observed (e.g. 170-130°W, 0—
20°N), particularly in dissolved O, (Fig. 1g-s; Fig. 41). The uncertainty estimates ( Fig. 1v-bb ) clearly
indicate certain locations and depths with large values, sometimes exceeding 15 umol/kg.
Uncertainties are generally within 10 pmol/kg in the North Pacific. Such large uncertainties arise from
limited observational data and high background variability [ Sharp et al. 2023 ]. Areas with strong
variability and steep background O» gradients tend to exhibit larger uncertainties than the global mean.
An additional potential source of errors is a bias in sensor calibration for Argo-O; observations, which
may arise from the finite response time of optode sensors and can cause systematic bias in the oxycline
regions [ Bittig et al., 2014; 2018a,b ]. Despite these uncertainties, our analysis shows that the observed
trends are spatially coherent and connected smoothly each other, and then we can relate them to well-
known physical mechanisms in the North Pacific. The GOBAI-O; dataset is, therefore, expected to
provide improved insights into other oceanic biogeochemical processes and physical phenomena from

an aerial perspective.

3.2 Vertical sections and isopyncal density analysis of liner trends in 137°E and 165°E lines
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We picked up the vertical sections and isopycnal density distributions of linear trends in potential
temperature, salinity, and dissolved O along the 137°E and 165°E lines to compare with historical
observational results reported by Ogata and Nonaka [ 2020 ] and Sasano et al. [ 2015 ] (Fig. 3). Ogata
and Nonaka [ 2020 ] used temperature and salinity data from 40 years of cruises along the 137°E line
between 1967 and 2009, while Sasano et al. [ 2015 ] analyzed temperature, salinity, and dissolved O2
data from 25 years of cruises along the 165°E line between 1987 and 2011. ) Large negative trends in
temperature and salinity were detected along the 25.0-26.0cp isopycnal, corresponding to a potential
temperature of 10—12°C and salinity of 34.4-34.5. In contrast, large negative trends in dissolved O2
were observed along the 26.0-27.0cp isopycnal, indicating that the areas showing significant trends in
dissolved O differ from those of temperature and salinity. Additionally, large positive trends in
dissolved O, were observed south of 15°N below 200 m depth along the 137°E line ( Fig. 3c ),
corresponding to the upper boundary of the OML. Compared with the trends in dissolved O ( Fig. 3c,
g) and associated uncertainties (Fig. 3d, h), the regions exhibiting positive or negative oxygen trends
do not overlap with areas of large uncertainty, which means that such oxygen trends are highly reliable

in this dataset.

The distributions of trends in temperature and salinity on the isopycnal surfaces show distinct
differences for temperatures, salinity, and dissolved O ( Fig. 4 ). The linear trends in temperature and
salinity are closely aligned, indicating that warming occurs with increasing salinity, while cooling
occurs with decreasing salinity ( Fig. 4a—b, d—e ). Distinct positive trends in temperature and salinity
are observed in the density range of 22.0-26.0cp in the tropical region ( 5°S—5°N ). No noticeable
trends are found in the salinity minimum region ( S = 34-34.1 ) within the density range of 26.5—
27.0c6. At higher latitudes ( 40°-50°N ), large positive trends are evident in the density range of 26.0—
27.0c¢ ( Fig. 4e ). For dissolved O, negative trends dominate overall; however, weak positive trends

are observed throughout the density range of 23.0-26.0cp in low-latitude regions ( 5°S—5°N ).
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Additionally, large positive trends are present in the deeper density range of 26.0-27.0ce in the 5°—
10°N band. Weak positive trends are also detected between 10°-20°N in the density range of 23.0—

25.0c9 along both the 137°E and 165°E lines.

The temperature and salinity of GOBAI-O; data [ Roemmich and Gilson, 2009; Sharp et al., 2023 ]
reveal a much wider area with negative trends in salinity in the density range of 22.0-24.0cp along the
137°E line compared to the results reported by Ogata and Nonaka [ 2020 ], who examined the OFES
data. The general characteristics of the linear trends in potential temperature and salinity align closely
with the findings of Sasano et al. [ 2015 ], although the current results are notably smoother,
particularly for dissolved oxygen. This smooth distribution may be due in large part to the smoothing
process applied to the data. The shipboard observations by Sasano et al. [ 2015 ] identified patchy
positive trends in oxygen within the density range of 24.5-27.56¢ in the regions of 5°~15°N and 6°S—
1°N. In contrast, the current data depicts a broader, smoother, and more consistent positive trend
spreading in the tropical region ( -6°S—5°N ). The repeated shipboard observations also identified
localized positive trends in deeper layers within the density range of 26.5-27.50¢. However, the current
data more clearly highlights the core of negative trends in oxygen within 5°~15°N ( Fig. 3¢ and f).
These trends represent the negative signals extending along the lower isopycnals, which are

characteristic of the subtropical gyre.

3.3 Horizontal distribution of linear trends along isopycnal surfaces
3.3.1 Potential temperature and salinity

The horizontal distributions of linear trends in potential temperature, salinity, and dissolved oxygen on
specific isopycnal surfaces at 25.0, 26.0, and 26.8c¢ ( Fig. 5 ) are illustrated to explore how these trends
occur and connect each other. These density surfaces correspond to the shallower densities of
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Subtropical Mode Water ( STMW ), the shallower densities of Central Mode Water ( CMW ) [ Suga
et al.,, 1997; 2004 ], and the representative density of North Pacific Intermediate Water ( NPIW )
[ Nakamura et al., 2000a, b; Nakamura and Awaji, 2003; Yasuda, 2004 ], respectively. STMW is
formed south of the Kuroshio Extension, between 30-35°N and 130—170°E, and penetrates to depths
of about 400 m in late winter. It then spreads nearly to the subtropical front through advection across
the Kuroshio recirculation area. CMW is formed in the transition area of the central North Pacific and
spreads eastward along the North Pacific Current before turning southward and westward in the
subtropical gyre [ Suga et al., 1997; 2004 ]. In contrast, NPIW does not outcrop during its formation
process in the North Pacific. Its origin lies in Okhotsk Sea Mode Water, which is formed through
overturning driven by diapycnal upwelling and tidal mixing around the Kuril Islands [ Nakamura et
al., 2000a, b; Nakamura and Awaji, 2003; You, 2003; Yasuda, 2004 ] as well as double diffusions in

the North Pacific [ You, 2003 ].

The distributions of linear trends on the 25.0, 26.0, and 26.8c6 isopycnal surfaces indicate that positive
and negative trends are linked to specific locations. These trends are generally distributed according
to the geostrophic streamlines ( Fig. 5Sa—b, d—e, g-h ). Although there are exceptions, such as the region
showing weak positive ( 150-175°E, 20-30°N ) ( Fig. 5a-b ), negative trends in temperature and
salinity are predominantly observed in the western and central North Pacific on the 25.0 and 26.0ce
isopycnal surfaces ( Fig. 5a-b, d—e ). Conversely, positive trends in temperature and salinity are
primarily distributed in the northeastern and/or eastern side of the North Pacific along the geostrophic
streamlines ( Fig. 5a—b, d—e ). These results mean that the waters subducted in the frontal region with
reduced temperature and salinity originate primarily in the northeastern North Pacific and are
transported south along geostrophic currents ( Figs 5a—b, d—e ). There are exceptional areas with
warmer and saline waters in the northeast North Pacific ( 170-130°W, 40—60°N ). The exceptional

waters affect waters that sink near the Alaska gyre and transport outside the subtropical gyre, and along
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the California coast.

As for the water in the density range of 26.8c6 ( Fig. 5g-h ), it exhibits large positive trends in potential
temperature and salinity along the Kuril Islands and moderate positive trends on the eastern side of the
North Pacific, respectively. Water within this density range ( 26.8c0 ) is not directly ventilated but is
formed through diapycnal mixing processes [ Nakamura et al., 2000a, b; Nakamura and Awaji, 2003;
You, 2003; Yasuda, 2004 ] or double diffusion like a salt finger [ You, 2003 ]. Therefore, the positive
trends in the North Pacific likely reflect influences from the oxygen change in the upper layer of 26.8c¢

( Fig. 5d—e and g-h).

A meridional northward shift of the outcrop line in the North Pacific due to recent climate changes
was detected in the analysis of the OFES data [ Ogata and Nonaka, 2020 ]. Similar northward
meridional shifts of the front contour lines at 25.0 and 26.0cp are evident in the current data ( Fig. 6 ).
These shifts in outcrop densities are therefore attributed to global warming and can explain the
observed negative trends, as less saline water from the subarctic region of the North Pacific is
subducted and subsequently transported southward via the subtropical circulation. The positive trends
in temperature and salinity occurring in the Alaska region [ 160-130°W, 30—-60°N ] ( Fig. 5a—b and d—
e ) may also be attributed to the direct influence of global warming. The 26.0c¢ fronts shift horizontally
rather than vertically between 2004 and 2024 ( Fig. 6 ). Therefore, it should be directly affected by the
warming and salinity decrease due to global warming, rather than by the water level-directed spreading

of the water temperature-salinity distribution.

3.3.2 Dissolved oxygen

The linear trends in dissolved oxygen on the isopycnal surfaces at 25.0, 26.0, and 26.8c¢ exhibit
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predominantly negative trends across the North Pacific ( Fig. 5c, f, 1), but the spatial distributions of
these trends are not uniform. Large negative trends are concentrated in the northeastern and eastern
regions, gradually decreasing toward the west ( Fig. 5q, f, and i ). However, there are exceptions,
particularly in the tropical regions, with notable positive trends observed in the western tropical areas

on the 26.0 and 26.8c¢ isopycnal surfaces.

The change of dissolved O, was decomposed with the same method of Sasano et al. [ 2015 ]. The
processes and derivation underlying the equations ( Egs. 2, 3 ) for the change of dissolved oxygen are
as follows. We tried to calculate each factor below and discussed the contributing factors for the

dissolved oxygen.

a0 90, d aosat d(A0U
2 (_Z_Z) + ( 2 ) _ (g) , (2)
c'?t 62 at at net at net

and consequently, they proposed the following equation:

30, _ (%2) (aog‘“ 203 62) N (_ d(A0U)

oz a(A0U) a_z)
at 9z ot at 9z ot + (3)

ot oz ot/
® (i) (iif) (iv) ) (vi)

00,/3t ( X = 0,, 05, AOU ( Apparent Oxygen Utilization ) ) and 0z/dt denote the temporal
rate of change in the depth of the isopycanl horizon (z), while dX/0z indicates the vertical gradient
of the variable X at that horizon., The latter was averaged over the past 20 years in this analysis. The
term ( X /0t )ne represents the net change in a variable X. By applying Eq. ( 3 ) to the time-series
data of the reconstructed O data estimated from the linear regression analysis, the rate of O» change
on each isopycnal surface ( i ) was attributed to various factors: ( ii ) the apparent effect of the
deepening of isopycnal surface due to warming/freshening; ( iii ) the effect of 0% change due to
temperature/salinity changes; ( iv ) the effect of the deepening/shallowness of isopycnal surfaces with

temperature/salinity changes; ( v ) the changes in AOU resulting from factors such as disequilibrium
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with atmosphere, biological activities with lateral advection and/or circulation ( the elapsed time after
the water lost contact with the atmosphere ); ( vi ) the effect of deepening/shallowing of AOU changes
unrelated to O, ( The schematic illustrating the decomposition of oxygen change following

equations (2, 3) is shown in Supplementary Figure S5 after Sasano et al. [2015]. )

Figure 7 shows the horizontal distributions of the magnitude of each factor contributing to the rate of
O change on 25.006, 26.0G6, and 26.8c surfaces. The results showed that the prominent O: declines
( Fig. 5c, f, 1) are driven by multiple contributing negative and positive factors. The dominant factors
vary by latitude. Around the Alaska Gyre in higher latitudes ( 170-130°W, 40—60°N ), the primary
contributors to O: decline are the deepening of isopycnal surfaces (ii) and the shallowing of AOU
changes ( vi) ( Fig. 7f, j, k, 0 ). The effect of O2** change due to temperature/salinity (iii) and the AOU
changes (v) are affected oppositely at that time. The negative trends in the Bering Sea ( 150°E-170°W,

50-60°N ) ( Figs. 50 ) can be judged to be mainly affected by the AOU changes ( v ) ( Fig. 7n).

In contrast, the O: decline in the subtropical and mid-latitudes ( 10—40°N ) is largely driven by AOU
changes ( v ) ( Fig. 7d, i, and n ). The relative weakening of the total O2 decline in the western North
Pacific ( Fig. 5c, f, 1) is influenced by positive O: changes ( Fig. 7f and k ). Such positive trends are
driven by O2** changes due to temperature and salinity ( Fig. 7b ), and the vertical movement of AOU

changes ( Fig. 7j and o, Fig. 8b—).

Slightly in the mid-ocean between 170°E and 160°W, the positive trend pattern shows a negative trend,

but in the North Pacific Ocean between 30°N and 50°N, there is a pronounced positive trend
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continuously extending from east to west ( Fig. 71 and n ). This phenomenon may be related to the
northward meridional shift of the fronts between the subtropical and subarctic regions due to global
warming [ Ogata and Nonaka, 2020 ]. With deeper winter convection, more nutrients are introduced
into the surface layer, potentially enhancing biological activity and leading to an increase in AOU.
One area of NPIW formation near the Kuril Islands exhibits negative trends in factor (iii) ( Fig. 71).
This result suggests weaker vertical mixing during the observational period, likely related to enhanced
surface-layer stratification. Supporting this, the current data show positive trends in both temperature

and salinity in this region ( Fig. 5g-h ).

The increases in dissolved O: are particularly prominent in the western tropical area at the density
range of 26.8-27.2 o¢ ( Fig. 3c and g; Fig. 4c and g; Fig. 5c, f, and 1 ). This area overlaps with the
OML [ Reid, 1997 ]. A similar tendency has also been reported by Sasano et al. [ 2015 ] and Takatani
et al. [ 2012 ]. In this area, the physical variability of the North Equatorial Counter Current ( NECC )
is likely relevant. Following Chen et al. [2016], the NECC exhibits two distinct modes of variability —
interannual and interdecadal— based on the outputs of a multidecadal (1960-2014) ocean general
circulation model for the Earth Simulator (OFES). The first mode fluctuates on an interannual
timescale, strengthening with a southward migration. The second mode occurs on an interdecadal
timescale and is characterized by a progressive weakening in strength, poleward migration, and
broadening in width. Their analysis further suggested that, for the second mode, a decrease in wind-
curl intensity near the equator was responsible for the weakening, poleward migration, and widening

of the current.
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The time-varying signals in the western tropical Pacific in the OFES data are validated by Chen et al.
[ 2016 ]. We then examined the OFES data (1950-2023), as well, for poleward, eastward velocities,
as well as potential temperature and salinity here. The potential temperature anomalies in the OFES
data (Fig. 9c, g) indicate that positive anomalies in 0°—5 °N occur above 250 m depth, whereas negative
anomalies appear along the potential density along 26.0ce between 5°—20°N. A similar pattern is also
shown in the GOBAI-O; data (Fig. 3a). There is a discrepancy: Negative trends in salinity along 26.0c¢
are captured in GOBAI-O> data (Fig. 3 b), whereas positive trends in salinity along 26.0c¢ are detected
in the OFES model (Figs. 9b, f). This discrepancy is likely due to the higher salinity present between

200-600 m depth in 0—7°N in OFES, which differs from GOBAI-O; data (Fig. 10b, d).

Anomalies of the poleward and eastward velocities from 1950 to 2023 and from 2024 to 2023 (Fig.
9a—b, e—f) indicate that poleward velocities increase around 5°N above 200m depth, while eastward
velocities decrease in 0—4°N and increase in 5—7°N. The main axis of eastward velocity certainly shifts
poleward in 137 °E lines (Fig. 11a), consistent with changes in the second mode variablity of the
NECC detected by Chen et al. [2016]. The maximum of the poleward velocity of the NECC is also
shifted northward from 1964 to 2023 continuously (Fig. 11b). The broadening of NECC width was not
apparent in this analysis, differing from Chen et al. [2016]. This could be because we analyzed the
original data rather than isolating the second EOF mode of the velocities. Examination of the wind-
curl intensity in the equatorial region from 1950 to 2023 confirmed that the decreases in wind-curl
intensity along the 0°~10°N band and the poleward broadening of the negative wind stress curl have

persisted to 2023 (Fig. 12).
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The westward penetration of the OML is slow, occurring between two eastward-extending tongues of
high O water originating from the western boundary around the equator area [ Reid, 1997 ]. The Oz
increase at the density range of 26.8-27.2 oy (Fig. 3c, g and Fig. 4c, g) could therefore be explained
from weakening and north-poleward shifts of the second mode of the NECC with interdecadal
variability. The O increase (Fig. 1o0-u) follows with such physical backgrounds, penetrating larger
dissolved O» from westward. The depth of the isopycnal surface becomes shallower along the equator
during the observational period in the boundary between the subtropical gyre and the tropical region,

meaning the boundary shifts to the north along 137°E line.

4. Conclusion

The oxygen variabilities in the North Pacific include the influences of global warming and climate
variabilities. This study utilizes the four-dimensional gridded [ O ] product [ GOBAI-O; ] created
using artificial intelligence technology [ Sharp et al. 2023 ] based on past potential temperature, salinity,
and dissolved O and profiling float data to examine linear trends in temperature, salinity, and dissolved
O over the past 20 years ( 2004-2023 ) in the North Pacific and the underlying mechanisms. The
linear trends in potential temperature, salinity, and dissolved O; are consistent with findings from
previous studies [ Takatani et al. 2012; Sasano et al. 2015; Ogata and Nonaka, 2020 ], and we explained

how they change spatially along 137°E and 165°E ( Figs. 3 and 4 ).

A major achievement of this study is that the GOBAI-O> data, being globally gridded, allowed us to
show that the trends are smoothly connected, spreading horizontally and vertically to the west and east,
presenting a reasonably reliable picture. The horizontal trend mapping over the North Pacific area
along the isopycnals was also clarified ( Fig. 5 ). Notably, for the oxygen data, which has fewer

observation and a more fragment understanding compared to potential temperature and salinity, we
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observed an overall decreasing trend in oxygen. However, in some areas, we also identified locally
increasing oxygen trends associated with warming and the northward meridional shift of subtropical
and subpolar fronts ( Fig. 4 ). The increasing oxygen trends in the western equatorial region were
explained to be linked to the weakening of the second mode of the NECC variability. The
decomposition analysis of dissolved O evaluated possible origins of oxygen trends at each isopycnal

surface ( Fig. 7).

Of course, we need to keep in mind that these datasets are estimated from the available information in
temperature and salinity data, and available oxygen data using machine learning methods. So, caution
is warranted regarding the results. Future work should compare and validate these results against
various reanalysis datasets and other sources. Ito et al. [2024] created a similar O> dataset by combining
historical shipboard (bottle and CTD-0O,) profiles from 1965 to 2020 and biogeochemical Argo profiles
after 2005 using different machine learning approaches, as with the GOBAI-O; dataset. Cross-

comparisons between their dataset and ours are expected to be beneficial.

The monthly mean climatological GOBAI-O; data set should include the Pacific Decadal Oscillation
(PDO; Stramma et al., 2020; Pozo Buil and Di Lorenzo, 2017) and the North Pacific Gyre Oscillation
(NPGO; Stramma et al., 2020). This dataset is expected to provide a valuable basis for investigating
how such climate variation influences dissolved O2 through physical driving mechanisms. These

challenges remain topics for future research.

Data availability:

GOBAI-O, data is available at https://www.ncei.noaa.gov/access/metadata/landing-

page/bin/iso?id=gov.noaa.nodc:0259304. Temperature and salinity are from Roemmich and Gilson
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(2009) Argo climatology ( https://sio-argo.ucsd.edu/RG_Climatology.html). The OFES and NCEP-
NCAR data used in our study are obtained from APDRC, University of Hawaii (http://apdrc.

soest.hawaii.edu).
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Figure 1 Horizontal distributions of linear trends (umol/kg/yr) in (a—g) potential temperature, (h—n)
salinity, and (o—u) dissolved oxygen (O>) during the observational period at depths of 0, 100, 200, 400,
600, 800, and 1000 m, respectively. Contours denote potential density at each depth. Labels for the
potential density are shown only in the potential temperature sections. Corresponding distributions of

the mean uncertainty in dissolved O (umol/kg) are presented in panels (v—bb).
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957  Figure 3 Vertical sections showing linear trends in potential temperature (a, e), salinity (b, f), and
558  dissolved O: (c, g) along the 137°E and 165°E meridians, respectively. Corresponding vertical sections

559  of the mean uncertainty are presented in panels (d) and (h). Black contour lines indicate the mean
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potential temperature (a, e), salinity (b, f), and dissolved oxygen (c, g) over the period 20042023,
while green contour lines represent the mean potential density. Labels for the potential density are

shown only in the uncertainty sections.
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Figure 4 Linear trends in (a, e) potential temperature, (b, ) salinity, (c, g), and dissolved Oz on each
isopycnal surface at intervals of 0.1cs, calculated at every 1.0 deg of latitude in 137 °E and 165 °E
lines, respectively. Contour lines represent the mean values during the target observation periods,
plotted at intervals of 0.1cp for each 1 deg. of latitude. Fig. 4(d) and 4(h) are the same but show the

averaged uncertainty during the target observation periods, on each isopycnal surface.
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571  Figure 5 Linear trends in (a) potential temperature, (b) salinity, and (c) dissolved Oz on each isopycnal
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577  Figure 6 Density contours of 25.0c¢ ( black ), 26.0c6 ( red ), and 26.8c¢ ( blue ). Solid lines indicate
578  the average density contours for March 2004—2009, while dashed lines represent 2019-2023.
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Figure 7 Horizontal distributions of the magnitude of each factor contributing to the rate of O change
on 25.0, 26.0, and 26.8 o in Eq. (1). The rate of O2 change on each isopycnal surface is attributed to
these factors: ( ii ) the apparent effect of the deepening of the isopycnal surface due to warming/
refreshing, ( iii ) the effect of O>** change due to temperature/salinity changes, ( iv ) the effect of the
deepening/shallowness of isopycnal surfaces with temperature/salinity changes, ( v ) the changes in
AOU resulting from factors such as disequilibrium with atmosphere, biological activities with lateral
advection and/or circulation, ( vi ) the effect of vertical movement (deepening/shallowing) of AOU
changes unrelated to O2*. This analysis was calculated with the reconstructed O» data estimated from

the linear regression analysis.
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Figure 8 Depth difference (m) between the 5-year averaged data in March, 2004-2009 and 2018-2023
at 25.0, 26.0, and 26.8c¢. The reconstructed O, data estimated from the linear regression analysis were
used in this calculation. Positive and negative values indicate the deepening and shallowing,

respectively, from the depth of each density in 2018—2023.
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Figure 9. Anomaly of poleward and eastward velocity, potential temperature, and salinity in the OFES
model outputs from 1950 to 2023 (a—d) and from 2004 to 2023 (e-h), respectively, in the 137°E line.
Contours of averaged values of poleward and eastward velocity, potential temperature, and salinity
during the target period are also shown in each figure. Green contour lines in (c—d, g-h) indicate the

average potential density of 22, 23, 24, 25, 26, and 2700, during the target periods.
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Figure 10. Averaged Potential Temperature (a, ¢) and salinity (b, d) in GOBAI-O; from 2004 to 2023
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Appendix: Essential concepts and derivations for Equation (2-3)

The essential concepts and derivation for equations (2) and (3) were originally proposed by Takatani

et al. [2012] and described in detail by Sasano et al. [2015]. We follow their derivation here.

When the temperature at a depth za increases from 6, to 6, as a consequence of ocean heat content
increase, the density at that depth decreases from g, to o,’. For simplicity, the vertical profile of
salinity is assumed to remain unchanged with time. As a result, the isopycnal surface of o, deepens
from za to zg (Figure S5). If surface freshening occurs simultaneously due to a net freshwater input,
both the density decreases at za (from g, to g,") and the deepening of the isopycnal (from za to zg)
are enhanced. Because density is a function of temperature and salinity (o = f(60,S5)), the density of

an isopycnal surface g, can be expressed as
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04 = f(04,54) (before warming) (Cl1)
= f(605',Sp). (after warming)  (C2)

Here, Sa and Sg denote salinity at depth za and zg, respectively, and 85’ represents the temperature at
o, at zp after warming. To satisfy (C1) and (C2), zg is determined. In the region where salinity
decreases with depth (e.g., above the salinity minimum layer of NPIW), Sa > Sg, and thus 6, > 65'.
This means that the potential temperature on an isopycnal surface effectively decreases as a result of

warming, implying that biogeochemical properties on an isopycnal surface are also expected to change.

For a tracer X whose vertical profile with respect to depth does not change with time (e.g., salinity; see
Figure S5(c)), the temporal change of X on potential density o, is attributed to the apparent change

caused by the deepening of the isopycnal surface from za to zg:

5= (G5 (©3)

Here, 0X /0t represents the temporal change of X observed on o, (gray arrows in Figure S5), z the
depth at ag,, 0X/0z the vertical gradient of X with respect to the depth (assumed to be time-invariant),
and 0z/0dt the rate of increase in the depth of density a,. 0X/0z-0z/0dt denotes the effect of
deepening (illustrated as white arrows in Figure S5, corresponding to the difference between the filled

square and filled circle).

Alternatively, for a variable Y whose vertical profile evolves with time and warming occurs
simultaneously, the temporal change of Y at density o, can be expressed as the sum of two
components: the temporal change associated with the deepening of the isopycnal surface from za to zs
and the net temporal change of Y, (0Y /0t)net between the time before and after warming:

-G @), o

33



648

649

650

651

652

653

654

659

656

657

658

659

660

661

662

663

664

669

666

667

668

669

To evaluate the net change (Y /02)ne: (illustrated by the black, blue, or pink arrows of a difference in
symbols between filled square and open square in Figure S5), it is necessary to evaluate the
contribution of the temporal change of Y due to the deepening of the isopycnal surface and to subtract
it from the change of Y observed at density o,. For instance, the change of O™ in Figure S5(f) is
observed as a gray isopycnal surface (white arrow). Therefore, the net change (blue arrow) is obtained

as a difference between the observed change and the deepening effect.

The dissolved oxygen concentration Oz can be expressed as:

0, = 0% —AOU  (C5)

where 03% is the oxygen saturation concentration (a function of temperature and salinity) and AOU

is “apparent oxygen utilization”. AOU represents the oxygen consumed by biological activity since

subduction. However, these contributions are typically negligible because AOU = 0 in surface waters.

According to (C4), the temporal change of O at a given density for a fixed station is:

20, (ao2 _%)

at oz at) T (?)net' (C6)

Similarly,

aOSat aOSat 9z 6osat
= @) () ©
at 9z ot ot et

and

e () - (4, o

The term (005% /0t)net is directly related to a certain value with respect to warming as 03¢ changes

as a function of temperature. If AOU does not change with time, i.e., the change in O2 concentration

is attributed only to the change in 05%, (0(AOU)/0t)pes =0 and d(A0U)/0t follow equation
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(C3). On the other hand, if AOU varies with time, d(A0U)/dt follows equation (C4) and

(0(A0U)/0t) et # 0, as shown by dashed gray line in Figure S5(g).

Since O3 is expressed as equation (C5), the net temporal change of O; on an isopycnal surface is given

by:

&) _ (aogaf) _ (6(AOU)) C9
(at net ot Jnet ot et (€9)

According to equations (C6) and (C9), the temporal change of O, on an isopycnal surface can be

expressed:

(5) = (G5)+ (050),..— (59,0 ©O
as described in equation (1) in the main text. Each term in equation (C10) corresponds to an arrow in
Figure S5(e): From left to right, these are represented by the gray arrow, white, blue and pink arrows,
respectively. The blue arrow is identical to Figure S5(f), while pink arrow corresponds to Figure S5(g),
but with its direction reversed. Finally, substituting equations (C7) and (C8) into (C10) yields (C11)

(corresponding to equation (2) in the main text):

90, _ (@a_z) (aogaf _ aogaf@) _ (a(Aou) _ 9oy a_z) 1l
at ~ \ o9z at ot 9z ot at oz ac) (C1D)

(i) (ii). (iii). (iv) V) (vi)
Note: The signs in Eq. 3(v) and (vi) are reversed from those in Equations C11(v) and (vi) for

convenience.

Data availability:

GOBAI-O2 [ Sharp et al. 2022; 2023 ] can be accessed from NOAA's National Centers for

Environmental Information at https://accession.nodc.noaa.gov/0259304 (doi: 10.25921/z72m-yz67).
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