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Abstract The Northern Benguela Upwelling System (NBUS) is a highly productive yet low‐oxygen region,
influenced by the combined effects of circulation and biogeochemical processes. Using data from a high‐
resolution (∼7 km) coupled physical–biogeochemical model spanning 1980–2020, this study investigates long‐
term dissolved oxygen (DO) variability in the NBUS. Model results show a total DO loss of ∼1 Tmol in the
upper 1,000 m, with a pronounced vertical dipole: the upper 400 m experienced net oxygenation (0.3 Tmol),
while the 400–1,000 m layer accounted for significant depletion (1.3 Tmol). Oxygenation in upper layers is
linked to enhanced turbulence due to intensified alongshore wind stress, as well as reduced intrusion of oxygen‐
poor South Atlantic Central Water. In contrast, deoxygenation at depth is primarily associated with increasing
ocean heat content (OHC) and vertical stratification, with the OHC increase likely linked to changes in
intermediate waters entering the domain. Divergent changes in the oxygen minimum zone (OMZ) include
contraction of OMZ20 (waters with DO < 20 mmol m− 3) and deepening of OMZ60 (DO < 60 mmol m− 3) and
OMZ120 (DO < 120 mmol m− 3) by approximately 120 m. The deepening of OMZ60 and OMZ120, along with
bottom water deoxygenation, poses major ecological concerns in the NBUS. Low‐oxygen‐tolerant pelagic fish
are especially at risk, potentially reducing fishery yields. Declining oxygen also threatens benthic biodiversity
by eliminating sensitive species and favoring low‐oxygen‐adapted ones.

Plain Language Summary The Northern Benguela Upwelling System off southwest Africa is one of
the world's most productive marine regions, but it naturally contains very low oxygen levels. Using the data
from a high‐resolution ocean model covering the last 4 decades (1980–2020), we examined how oxygen in this
region has changed and why. We found a clear two‐layer response: the upper ocean has gained oxygen, mainly
because stronger winds have increased mixing and ventilation, while deeper waters have lost oxygen due to
warming, partly linked to changes in the water masses entering the region, and increasing stratification that
limits the supply of oxygen from above. These changes are reshaping the region's oxygen‐poor zones. The
shallowest, most extreme low‐oxygen waters are shrinking, but a much larger and deeper low‐oxygen layer is
expanding. This expansion threatens fish species that rely on deep habitats. Our results highlight the importance
of both circulation‐driven ocean warming and changes in wind patterns in controlling oxygen availability in the
Northern Benguela system.

1. Introduction
Dissolved oxygen (DO) inventory in the global ocean has declined by approximately 2% since the 1960s
(Schmidtko et al., 2017), largely as a consequence of anthropogenic climate warming (Hollitzer et al., 2024). The
most recent CMIP6‐based projections estimate a subsurface (100–600 m) oxygen decline of − 4.1% ± 4.2% by
2100 under the most optimistic scenario (SSP1‐2.6), with greater losses projected under higher‐emission path-
ways (Cooley et al., 2022; Kwiatkowski et al., 2020). This deoxygenation is particularly pronounced in coastal
oceans (Gilbert et al., 2010; Pitcher et al., 2021). Such DO loss poses serious implications, as DO is essential for
sustaining marine life and regulating major oceanic elemental cycles (Breitburg et al., 2018). Among the most
affected regions are the Eastern Boundary Upwelling Systems, which are characterized by high ecosystem
productivity and support some of the world's most important fisheries (García‐Reyes et al., 2015; Garçon
et al., 2019; Kainge et al., 2020).

The Benguela Upwelling System (BUS), located along the southwest African coast (Figure 1a), is one of the most
productive marine ecosystems globally (Carr, 2001; Messié et al., 2009). This productivity is sustained by wind‐
induced upwelling, where alongshore winds, combined with the Coriolis effect, advect surface waters offshore,
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allowing cold, nutrient‐rich deep waters to rise and fuel primary production (García‐Reyes et al., 2015; Kämpf
et al., 2016). The BUS exhibits pronounced spatial heterogeneity, with a division at the Lüderitz upwelling cell
(∼26°S), also referred to as the central BUS (CBUS), separating it into the northern (NBUS) and southern (SBUS)
subregions (Hutchings et al., 2009) (Figure 1a). A strong latitudinal gradient in DO exists, with the NBUS being
characterized by persistent low‐oxygen (<120 mmol m− 3) and hypoxic (<60 mmol m− 3) waters (Figure 1b),
while DO levels increase progressively southward (Lovecchio et al., 2022; Mohrholz et al., 2008; Monteiro & van
der Plas, 2006). This makes the NBUS a distinct low‐oxygen subregion within the BUS.

Circulation patterns in the NBUS are highly dynamic and play a central role in modulating DO variability. This
variability is primarily associated with two contrasting water masses: South Atlantic Central Water (SACW) and
Eastern South Atlantic Central Water (ESACW). SACW originates in the Brazil–Malvinas Confluence (Flohr
et al., 2014; Gordon, 1981) and flows eastward via the South Equatorial Undercurrent and the South Equatorial
Countercurrent (Brandt et al., 2024; Siegfried et al., 2019). It continues as the Angola Current (Kopte et al., 2017),
and eventually feeds the Poleward Undercurrent in the NBUS (Figure 1a) (Kopte et al., 2017; Mohrholz
et al., 2008). Along its pathway through the South Atlantic and the equatorial current system before reaching the
Angola Current, SACW is exposed to large fluxes of sinking organic matter from the upper ocean. Its remi-
neralization enriches nutrients and depletes oxygen, making SACW nutrient‐rich but oxygen‐poor (down to
∼60 mmol m− 3; Emeis et al., 2018; Mohrholz et al., 2008).

ESACW is formed when Agulhas leakage water mixes in the Cape region with ambient South Atlantic waters
before being transported northward by the Benguela Current, which branches at 26°S into oceanic and coastal
currents, while the latter transports ESACW further northward (Siegfried et al., 2019; Stramma & Peterson, 1990;
Tim et al., 2018) (Figure 1a). ESACW is cooler, more oxygenated (250–300 mmol m− 3), and nutrient‐poor
compared to SACW (Mohrholz et al., 2008; Poole & Tomczak, 1999). Changes in the relative fractions and
DO content of these water masses directly impact oxygen levels in the NBUS.

In addition, Antarctic Intermediate Water (AAIW) contributes to the Benguela current water masses and, indi-
rectly, influences the NBUS. AAIW forms within the Antarctic Circumpolar Current, characterized by low

Writing – review & editing: Amr
Talaat Salama, Elisa Lovecchio,
Tomas Lovato, Momme Butenschön,
Marco Zavatarelli, Stephanie Henson

Figure 1. (a) Major oceanic circulation features of the Benguela Upwelling System (indicated by arrows) (Flohr et al., 2014;
Verheye et al., 2016). Horizontal dashed lines delineate the three Benguela sub‐regions: Northern (NBUS), Central (CBUS),
and Southern (SBUS). The dashed box outlines the NBUS domain selected in this study. (b) Long‐term climatology
(1980–2020) of dissolved oxygen concentrations (mmol m− 3) at 100 m depth derived from Salama et al. (2025), where the
white bold line indicates the limit of hypoxic waters (<60 mmol m− 3). Black contours represent the bathymetry derived from
the GEBCO data set (GEBCO Compilation Group, 2021) as described in Salama et al. (2025), and the bold black line marks
the 1,000 m depth level.
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salinity and temperature (Shannon & O’Toole, 1999; Talley, 1996). It reaches the Cape Basin from both South
Atlantic and Indian Ocean pathways, and subsequently moves northward within the Benguela Current as an
intermediate water mass (P. Richardson & Garzoli, 2003; Rimaud et al., 2012), with the mixed water exiting the
basin and migrating northward at 700–1,100 m depth (Rimaud et al., 2012). It is an important carrier of Southern
Ocean nutrients (McKay et al., 2016; Sarmiento et al., 2004). However, its circulation and identification in the
Benguela system remain difficult to constrain due to weak intermediate‐level mean flows relative to mesoscale
variability and intense mixing in the Cape Basin. This also contributes to its poor representation in previous
numerical models (Garzoli & Gordon, 1996; P. Richardson & Garzoli, 2003; Rimaud et al., 2012; Siddiqui
et al., 2023).

The interplay of physical and biogeochemical processes plays a key role in shaping DO levels in the NBUS,
especially during seasonal upwelling. Upwelling peaks in austral winter (July–August) and spring (Septem-
ber–November) (Veitch et al., 2009) and brings nutrient‐rich deep water into the upper layers (Mohrholz
et al., 2008), which stimulates high primary production over the shelf. Coastal biological DO production can reach
33 mmol m− 3 per day in freshly upwelled plumes, while DO consumption is dominated by zooplankton respi-
ration in the upper 100 m, exceeding 1 mmol m− 3 per day (Schmidt & Eggert, 2016). Below the mixed layer
(∼35 m) (Lovecchio et al., 2022), nitrification consumes DO at rates up to 0.21 mmol m− 3 per day between 100
and 200 m, and detritus mineralization (0.3 mmol m− 3 per day) dominates at 200–600 m depths (Schmidt &
Eggert, 2016). These biogeochemical processes, combined with SACW intrusion, shape the vertical oxygen
structure: the upper layer remains well‐oxygenated (>200 mmol m− 3), while an oxygen minimum zone (OMZ)
forms between 100 and 400 m, with DO often falling below 60 mmol m− 3 near the shelf break (∼300 m)
(Lovecchio et al., 2022, 2025; Schmidt & Eggert, 2016). Overall, DO variability in the NBUS reflects (a) external
forcing through the volume and oxygen content of SACW/ESACW intrusions and (b) internal regulation by
NBUS circulation and local ecosystem production and respiration.

If upwelling intensifies under climate warming (Bakun, 1990; Sydeman et al., 2014), the supply of oxygen‐poor
water to the upper layers will likely increase (Bakun et al., 2015), yet stronger wind stress could simultaneously
enhance turbulent mixing, weaken stratification, and then promote ventilation of surface layers (De Szoeke &
Richman, 1981; Rogerson et al., 2025; Weeks et al., 2024). However, recent work has shown low confidence in
multi‐decadal trends of wind‐driven upwelling across the Benguela Upwelling System (Bordbar et al., 2023).
These contrasting responses highlight the complex influence of upwelling intensification, along with ocean
warming, on DO dynamics.

Changes in DO content in the NBUSmay have detrimental ecological and biogeochemical consequences. Pelagic
species in the region experience physiological stress at DO levels below 150 mmol m− 3 (Hampton et al., 1999;
Stramma et al., 2012), making them vulnerable even to moderate oxygen declines. During 1994–1995, a strong
intrusion of oxygen‐poor waters combined with a Benguela Niño event led to a collapse in pelagic fish biomass
(Gammelsrød et al., 1998; Heymans et al., 2004). Expansions of the OMZ may also disrupt trophic interactions.
Some copepod species utilize the OMZ as a refuge from predators that cannot tolerate low oxygen conditions.
Thus, further OMZ expansion could decrease exposure to predation (Ekau et al., 2018). Benthic ecosystems are
similarly impacted: macrobenthic diversity has been shown to decline significantly in water masses with DO
between 5 and 45 mmol m− 3 (Hashim et al., 2024). Additionally, DO loss near the seafloor can enhance deni-
trification and phosphate efflux, shifting the nitrogen‐to‐phosphorus ratio in upwelled waters (Lachkar
et al., 2024; Nagel et al., 2013). Furthermore, sustained DO decline may intensify sulfur plumes (Ohde &
Dadou, 2018) and enhance the production of potent greenhouse gases such as N2O (Arévalo‐Martínez et al., 2019)
and CH4 (Sabbaghzadeh et al., 2021). Given these ecological and biogeochemical consequences, understanding
the variability and mechanisms governing DO in the NBUS is essential.

Due to the over‐imposition of physical circulation and biogeochemical processes in shaping DO variability
(Monteiro & van der Plas, 2006), a comprehensive, integrated approach is essential for understanding long‐term
changes in the NBUS. However, progress is constrained by the lack of long‐term, high‐resolution observational
data. Most in situ records in the region are spatially sparse and temporally limited, with observational efforts
spanning only short periods (e.g., Lovecchio et al., 2022; Mohrholz et al., 2008, 2014). Consequently, modeling
has become a key tool for investigating DO dynamics. Previous efforts, such as the 15‐year NBUS‐focused model
by Schmidt and Eggert (2016), provide valuable insights but have a limited temporal coverage. Global gridded
data sets like GOBAI (Sharp et al., 2023) and those by Ito et al. (2017) span longer periods but have coarse spatial
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resolution (typically 1°), limiting their ability to resolve mesoscale features critical for DO variability. Addi-
tionally, interpolation methods tend to underestimate deoxygenation trends, capturing only about two‐thirds of
their actual magnitude (Ito et al., 2024), while coarse‐resolution Earth System Models struggle to simulate
regional‐scale oxygen dynamics.

To overcome these limitations, we use the data produced by the modeling system of Salama et al. (2025), which
consists of a high‐resolution (∼7 km) coupled physical‐biogeochemical configuration for the whole BUS region
and covers the period 1980–2020. This configuration resolves key mesoscale and shelf‐scale processes and in-
cludes an intermediate‐complexity biogeochemical module. The modeling system has been validated against both
climatological data sets and in situ observations, demonstrating good skill in reproducing the circulation and
biogeochemical characteristics of the BUS. It also captures the spatial and seasonal variability of DO, as shown in
Figures S1 and S2 and Texts S1 and S2 of Supporting Information S1.

This study aims to investigate long‐term DO variability in the NBUS and address the following questions:

1. How has the DO content in the NBUS changed over the past four decades (1980–2020)?
2. What are the causal factors of DO changes over time and across depth layers?
3. How have the OMZs evolved in terms of spatial extent and volume?
4. What does the DO budget reveal about the processes regulating oxygen variability in the NBUS?
5. How might DO changes affect the ecological and biogeochemical dynamics of the NBUS?

The next section presents the framework and the data produced by the coupled physical–biogeochemical model,
along with the methods used to compute DO trends, identify causal links, characterize OMZ dynamics, and
quantify the oxygen budget. The subsequent sections outline the results, discuss their implications, and conclude
the study.

2. Methods
2.1. Coupled Physical–Biogeochemical Model Description

Outputs from the coupled physical‐biogeochemical modeling system of Salama et al. (2025) are used. The
modeling system is based on the “Nucleus for European Modeling of the Ocean” (NEMO v4.2.2; Madec & the
NEMO System Team, 2023) coupled offline with the “Biogeochemical Flux Model” (BFM v5.3; Vichi
et al., 2023). NEMO is a three‐dimensional, finite‐difference ocean model that solves the primitive Navier‐Stokes
equations under hydrostatic and Boussinesq assumptions. The BFM resolves chemical and biological interactions
involving six key elements—carbon, nitrogen, phosphorus, silicon, iron, and oxygen—which constitute the
foundations of living functional groups and non‐living organic components. The modeling setup of Salama
et al. (2025) employs a two‐way nesting approach, with a high‐resolution regional domain at ∼7 km for the
broader BUS, embedded within a global ocean configuration at ∼25 km resolution. The Benguela regional
domain extends from 15.71°S to 44.89°S and from 7.03°W to 27.28°E, with 75 vertical levels, spanning a range
from a few meters at the surface to approximately 200 m in the deep ocean. The near‐surface atmospheric forcing
data were obtained from the ERA5 reanalysis data set (Hersbach et al., 2020). At the air–sea interface, prescribed
biogeochemical fluxes account for wet and dry nitrogen deposition (Hegglin et al., 2016) and dust deposition
(Lovato et al., 2022), with the latter being used to derive the surface inputs of iron, phosphate, and silicate. Initial
conditions for DO were derived from the World Ocean Atlas 2018 (Garcia et al., 2019). A spin‐up simulation was
conducted for the physical and biogeochemical components by repeating the 1980 forcing conditions over 15
annual cycles (the spin‐up simulation output is available in the Supplementary Data of Salama et al. (2026) at
https://doi.org/10.5281/zenodo.21069384.

In the water column, DO is simulated as a reactive tracer governed by the following advection‐diffusion‐reaction
equation:

∂DO
∂t

= − u ⋅∇DO + ∇H ⋅ (AH∇HDO) +
∂
∂z
(AV

∂DO
∂z

) +
∂DO
∂t

⃒
⃒
⃒
⃒
air− sea

+
∂DO
∂t

⃒
⃒
⃒
⃒
bio
, (1)
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where u ≡ (u,v,w) is the three‐dimensional current velocity, AH and AV are the horizontal and vertical turbulent
diffusivity coefficients for tracers. The ∂DO∂t

⃒
⃒
air–sea is the flux at the air‐sea interface, and is modeled following the

best practices reported in Orr et al. (2017) as:

∂DO
∂t

⃒
⃒
⃒
⃒
air− sea

= Kw (DOa − DOw) (1a)

where DOa and DOw are the concentrations in the atmospheric boundary layer and the seawater surface layer,
respectively, and Kw is the gas transfer velocity, parameterized as a function of wind speed (see details in
Wanninkhof, 2014). The term ∂DO

∂t

⃒
⃒
bio represents biogeochemical transformation processes, which are formu-

lated as:

∂ DO
∂t

⃒
⃒
⃒
⃒
bio

= Ωo
C ∑

3

j=1

∂P( j)
c
∂t

⃒
⃒
⃒
⃒

GPP

DIC
− Ωo

C
∂ Comm
∂t

⃒
⃒
⃒
⃒

RSP

DIC
− Ωo

N
∂ NH+

4
∂t

⃒
⃒
⃒
⃒

NIT

NO−
3

− Ωo
C
∂ DIC
∂t

⃒
⃒
⃒
⃒

BEN

z=h
, (2)

where the upper indices denote the biogeochemical processes, while the lower indices indicate the tracer with
respect to which the rate of change is formulated. GPP, RSP, NIT, and BEN denote gross primary production,
respiration, nitrification rates, and consumption due to benthic remineralization, respectively. DIC is dissolved
inorganic carbon; Ωo

C = 0.083 (mmol O2 mgC− 1) is the carbon‐to‐oxygen conversion factor and
Ωo
N = 0.143 (mmol O2 mgN− 1) is the one for nitrogen‐to‐oxygen. z = h denotes the seafloor depth. NO3

−

refers to nitrate and NH4
+ to ammonium concentrations, respectively. The community respiration (Comm) in-

cludes the respiration of phytoplankton (Pc), bacterial (Bc), and zooplankton (Zc) functional groups according to
the following equation:

∂ Comm
∂t

⃒
⃒
⃒
⃒

RSP

DIC
= ∑

3

j=1

∂P( j)
c
∂t

⃒
⃒
⃒
⃒

RSP

DIC
+ f oB

∂Bc
∂t

⃒
⃒
⃒
⃒

RSP

DIC
+∑

6

j=4

∂Z( j)c
∂t

⃒
⃒
⃒
⃒

RSP

DIC
. (2a)

Here, f oB is a non‐dimensional regulation factor representing the fraction of bacterial respiration occurring under
aerobic conditions (see Vichi et al., 2023 for details). Gravitational sinking of particulate organic matter is
resolved by means of a first‐order scheme with a vertically uniform and constant sinking speed set to 1.0 m d− 1.

The pelagic‐benthic coupling in this configuration is represented through a simplified benthic closure that
explicitly resolves the burial of particulate organic matter in the sediment and the fluxes of inorganic nutrients
toward the bottom of the water column at prescribed remineralization rates (Lovato et al., 2022; Soetaert
et al., 2000). Although oxygen is not dynamically resolved in the sediments, the same remineralization rates apply
as well to sediment carbon content, in a respiration‐like process, that determines the production of DIC and the
consumption of DO in the above water cell.

The model data set used accounts for monthly averaged DO concentrations spanning the period from January
1980 to December 2020 (∼4 decades). For the present study, we focus on the NBUS subregion spanning 7°E–14°
E and 15.7°S–21°S (Figure 1a; dashed black box) and extending from the surface to 1,000 m depth (All analyses
presented in this study are computed over this domain unless stated otherwise). DO concentrations are defined at
the center of the three‐dimensional grid cells, with the deepest center located at ∼950 m. For depth‐ and volume‐
integrated DO, the full cell thickness is included, extending integration to the maximum depth of 1,000 m.

Here, we focus on the upper 1,000 m of the NBUS, where low‐oxygen, hypoxic, and anoxic conditions are largely
confined to the continental shelf and slope (Mohrholz et al., 2008; Monteiro & van der Plas, 2006; Schmidt &
Eggert, 2016). This depth range also encompasses the OMZs (Meiritz et al., 2024), captures the influence of
SACW and ESACW intrusions (Mohn et al., 2025), and includes upwelling‐driven processes and associated
biological activity (Siegfried et al., 2019).
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2.2. Trends in Dissolved Oxygen Concentration

For trend analyses, de‐seasonalized DO time series (monthly climatology removed) were used to compute long‐
term trends, considering only statistically significant results (p‐value < 0.05), with oxygen inventory quantified
by integrating concentrations over the entire NBUS volume. We derived oxygen saturation concentration (DOsat)
and Apparent Oxygen Utilization (AOU) to separate, respectively, the thermal and non‐thermal components of
oxygen variability. DOsat represents the equilibrium oxygen solubility, and it was computed by the GSW Python
package (IOC et al., 2010), using monthly conservative temperature and absolute salinity. AOU serves as a proxy
for all processes other than saturation (see e.g., Busecke et al., 2022; Ditkovsky et al., 2023) and was computed
as AOU = DOsat − DO.

2.3. SACW and ESACW Fractions

The fractions of the SACW and ESACW water masses were determined using temperature‐salinity (T‐S)
characteristics. SACWwas defined within an in situ temperature range of 8–16°C and a practical salinity range of
34.7201–35.6366, based on CTD and water samples collected in April 1999 from the central Angola Gyre
(Mohrholz et al., 2008). ESACW was identified following the T–S properties reported by Poole and Tomc-
zak (1999), namely with an in situ temperature interval of 5.9559–14.4067°C and a practical salinity range of
34.4069–35.3016.

For each grid cell, the expected practical salinity was computed using the corresponding T‐S characteristic line
and compared with the model value using a tolerance of ±0.05 in practical salinity. The choice of using slightly
less stringent thresholds was made to mitigate the less‐than‐perfect reproduction of salinity, as biases were shown
to affect simulated fields in the NBUS area (Salama et al., 2025). After identifying the grid cells satisfying the
SACWor ESACW characteristics, the corresponding water volume was determined. Grid cells that did not satisfy
either set of T–S criteria were not assigned to SACW or ESACW (i.e., the method does not impose a two‐
endmember partitioning of the full water column) and may therefore represent other water masses or mixed
waters present in the NBUS.

The fraction (%) of each water mass was then calculated as the ratio between (a) the volume of classified grid cells
summed horizontally and (b) the total water volume of the whole domain summed horizontally, yielding per-
centages as a function of time and depth. Finally, the analysis was restricted to the 100–1,000 m depth range,
where these central waters are mostly prevalent (Mohn et al., 2025; Veleda et al., 2012). All calculation details are
provided in Salama et al. (2026, https://doi.org/10.5281/zenodo.21069384).

2.4. Causal Discovery

To identify the key causal factors of DO variability in the NBUS, we employed the Peter and Clark Momentary
Conditional Independence (PCMCI) algorithm (Runge et al., 2019). PCMCI is a causal discovery method for
multivariate time series that determines statistically significant, time‐lagged, and directional causal relationships
between variables. Unlike correlation‐based approaches, PCMCI isolates direct causal effects by accounting for
indirect influences. This makes it well‐suited for the complexity of the simulated DO (Section 2.1), where
multiple interacting causal variables operate simultaneously. The PCMCI framework combines two steps: the
Peter and Clark (PC) algorithm, which filters out spurious or indirect associations via conditional independence
testing, and the Momentary Conditional Independence (MCI) test, which quantifies the strength and direction of
retained causal links. Assuming a unit time lag, a variable Xt − 1 is considered (causal) for Yt if changes in X at a
preceding time (t − 1) contribute to changes in Y (target) at the current time step (t), after adjusting for other
influencing variables. PCMCI relies on standard assumptions of causal inference, including the Markov condi-
tion, faithfulness, causal sufficiency, stationarity, and the exclusion of contemporaneous links. A thorough
description of the method is given in Runge et al. (2019).

In this study, the algorithm is employed using the TIGRAMITE Python package (Runge et al., 2019, 2023), with
partial correlation used to estimate causality effect sizes (i.e., MCI). Partial correlation values range from − 1 to 1,
indicating positive or negative causal relationships (i.e., positive or negative correlations between the causal
variable and the target variable). Only links with p < 0.05 were retained. PCMCI was applied to monthly time
series with a lag time window from 1 to 4 months, chosen to match the seasonal timing of processes influencing
DO variability, such as upwelling dynamics and SACW/ESACW intrusions (Hagen et al., 2001; Schmidt &
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Eggert, 2016; Veitch et al., 2009). All variables' time series were de‐seasonalized to isolate sub‐seasonal to
interannual variability. The multivariate data set included the most relevant physical and biogeochemical vari-
ables affecting DO variability in an upwelling system like the NBUS (see Table 1). Variables were selected based
on their mechanistic roles in oxygen dynamics, including: alongshore wind stress (τy), upper‐ocean mixing (TKE,
turbulent kinetic energy; MLD, mixed layer depth), the influence of ocean heat content (OHC) and stratification
(BVF, Brunt–Väisälä frequency), the intrusion of oxygen‐poor or oxygen‐rich water masses (SACW and
ESACW), as well as biological processes that add oxygen through primary production (NPP) or consume it
through community respiration (Comm). As our analysis considered a rather large number of variables, we here
adopted a tabular representation of the PCMCI outcomes rather than the classic causal graph (see e.g., Runge
et al., 2019). In this matrix, the causal direction reads from the variables reported on rows (causal variables) to
those on columns (target variables), where grid‐cell colors show MCI values, numbers indicate time lags, and
empty cells indicate no causal link. When multiple significant links exist between a causal–target pair at different
time lags, only the link with the strongest absolute MCI value is retained. The relation of a causal variable with its
own past state, referred to as Auto‐MCI, is reported along the diagonal of the matrix. In the PCMCI, Auto‐MCI
quantifies the time‐lagged self‐dependence of a variable, that is, whether its past state (Xt − 1) exerts a statistically
significant causal influence on its present state (Xt) after conditioning on all other variables. Empty diagonal
Auto‐MCI entries indicate that no significant lagged self‐dependency was detected, implying that the variable
does not exhibit statistically significant causal dependence on its own past state within the tested lag window.

2.5. Oxygen Minimum Zones Definition

OMZs are defined as areas where oxygen concentrations fall below specific thresholds. In this study, OMZ
boundaries were analyzed across three key thresholds: the OMZ core with water masses having
DO < 20 mmol m− 3 (OMZ20), hypoxic waters with DO < 60 mmol m− 3 (OMZ60), and low‐oxygen waters where
DO < 120 mmol m− 3 (OMZ120). The upper and lower boundaries of each OMZ threshold were determined for

Table 1
List of Variables Used in the PCMCI Causal Discovery Algorithm to Explain DO Time‐Series Variability; the Table Includes Units and Definitions or Calculation
Methods for Each Variable

Variable Unit Calculation/Definition

Physical Variables

Oxygen Saturation (DOsat) mmol m− 3 Defined as in Section 2.2

Apparent Oxygen Utilization (AOU) mmol m− 3 Estimated as AOU = DOsat − DO

Turbulent Kinetic Energy (TKE) m2 s− 2 Computed as TKE = 1
2(uʹ2 + vʹ2 + wʹ2), where uʹ , vʹ and wʹ are velocity anomalies from

their long‐term means (1980–2020)

Ocean Heat Content (OHC) J m− 2 Computed as OHC = ρ ⋅Cp ⋅ T ⋅ Δz, where ρ is seawater density (kg m− 3) computed using the
GSW package (IOC et al., 2010); Cp is the specific heat capacity of seawater
(∼3991.87 J kg− 1 K− 1); T is conservative temperature in Kelvin; and Δz is the vertical
thickness of the grid cell (m)

Brunt–Väisälä Frequency (BVF) s− 2 Defined as N2 = − g
ρ
∂ρ
∂z , where g is the gravitational acceleration, ρ is the potential density,

and ∂ρ
∂z is the vertical density gradient

Mixed Layer Depth (MLD) m Defined in NEMO as the turbocline depth

Meridional Wind Stress (τy) N m− 2 Computed as τy = ρa Cd |U|V , where ρa is air density (1.22 Kg m− 3), Cd is the drag
coefficient (1.3 × 10− 3), |U| is the wind speed magnitude, and V is the meridional wind
velocity at 10 m derived from ERA5 re‐analysis data (Hersbach et al., 2020). The
calculation is restricted to alongshore winds with V > 5 m s− 1, since upwelling tends to
only occur when wind exceeds that speed (Abrahams et al., 2021)

SACW and ESACW Fractions % Computed as reported in Section 2.3

Biogeochemical Variables

Gross Primary Production (GPP) mmol m− 3 d− 1 Total phytoplankton production

Net Primary Production (NPP) mmol m− 3 d− 1 GPP—Total phytoplankton respiration

Community Respiration (Comm) mmol m− 3 d− 1 Total respiration of living functional groups (see Equation 2a)
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each horizontal grid cell by identifying the depths where oxygen concentrations match the corresponding
threshold. At each location, the vertical thickness of each OMZwas calculated as the difference between its lower
and upper boundaries. OMZ volume was calculated by summing the volume of all grid cells where oxygen
concentrations fall below the specified threshold, such that OMZ60 fully contains OMZ20, and OMZ120 en-
compasses both OMZ20 and OMZ60. Here, we do not consider the full water column OMZ volume but rather only
the 0–1,000 m layer, consistent with the vertical extent of the investigated NBUS domain (see Section 2.1).

2.6. DO Budget Calculation

The DO budget was computed by quantifying both physical and biogeochemical oxygen fluxes within the NBUS
domain (Figure 1a; dashed black box). Physical oxygen fluxes were calculated across the top, bottom, and lateral
boundaries of the NBUS domain. At the lateral and bottom boundaries, fluxes were obtained by multiplying DO
concentrations (mmol m− 3) (without de‐seasonalization) by the respective water volume transport rates (m3 s− 1),
yielding DO fluxes in mmol s− 1. These fluxes were computed for each grid cell along each boundary of the NBUS
domain (top, bottom, and lateral boundaries) and subsequently summed over all grid cells belonging to that
boundary. At the top boundary, air–sea DO exchanges (mmol m− 2 s− 1) were obtained directly from the
biogeochemical model outputs (see Section 2.1) and integrated over the surface area (m2) of the NBUS domain to
obtain total oxygen fluxes in mmol s− 1. The inner‐ocean biogeochemical contributions were quantified by
integrating GPP and community respiration rates over the NBUS domain volume.

All fluxes were computed as per‐second rates and integrated over the simulation period (1980–2020), using the
total number of seconds in 41 years, to obtain cumulative values over the full simulation period. Positive and
negative flux values were separated, where positive flux values indicate oxygen entering the NBUS domain
through lateral, top, and bottom boundaries or produced via GPP, while negative values represent oxygen losses
through boundary outflows and biological consumption due to respiration.

3. Results
3.1. Trends in DO Inventory in the NBUS

The de‐seasonalized time series of total DO inventory (Figure 2a) shows a statistically significant negative trend
of − 0.24 ± 0.03 Tmol per decade, indicating a total decline in DO over the 1980–2020 period. Despite this long‐
term decline, the de‐seasonalized inventory exhibits considerable decadal‐scale variability. A marked decrease
occurs in the first decade (1980–1990), with values falling from 2 to − 0.5 Tmol. The second and third decades
show pronounced fluctuations rather than a consistent decline. In contrast, the last decade (2011–2020) displays
an increase, with values rising from − 0.2 to 0.5 Tmol. While the recent decade suggests a partial recovery, the
overall trend still reflects significant deoxygenation over the full period.

Figure 2. (a) Time series of monthly dissolved oxygen (DO) inventory, de‐seasonalized by removing the 1980–2020 monthly
climatology, and spatially integrated over the selected NBUS domain (0–1,000 m). Gray shading indicates the 95%
confidence interval, while the black dashed line represents the linear trend. The trend value is indicated along with the
standard error. (b) Long‐term trend of vertically integrated (0–1,000 m) de‐seasonalized DO inventory for the period
1980–2020. Positive values indicate oxygenation and negative ones deoxygenation. Grid cells with non‐significant trends (p‐
value > 0.05) are excluded (white areas). The bold black line marks the 1,000 m seabed depth.
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The long‐term trend of vertically integrated (0–1,000 m) DO inventory reveals a clear contrast between shelf and
offshore regions (Figure 2b). Along the shelf, a statistically significant oxygenation tendency is evident, reaching
up to 0.7 mol m− 2 per decade and extending offshore about 150 km from the coastline. In contrast, the open ocean
exhibits a significant deoxygenation trend, with values reaching − 2.4 mol m− 2 per decade. These contrasting
trends highlight the spatial complexity of oxygen dynamics in the NBUS.

3.2. Vertical Structure of DO Trends and Associated Causal Variables

Linear trend analysis was conducted on the latitudinally averaged DO concentrations, together with physical and
biogeochemical variables introduced in Section 2.4 and Table 1. The resulting trend patterns are shown in
Figure 3.

DO trend results reveal a clear vertical dipole structure (Figure 3a): an oxygenation trend with values up to
5.4 mmol m− 3 per decade in the upper 400 m, being more intense over the shelf region, and a deoxygenation trend

Figure 3. Linear trends over the period 1980–2020 for latitudinally averaged, de‐seasonalized fields over the NBUS domain (shown in Figure 1a; dashed black box):
dissolved oxygen concentrations (a), AOU (b), DOsat (c), TKE (d), OHC (e), BVF (f), NPP (g), and Community Respiration (h). White areas indicate regions where the
trends are not statistically significant ( p > 0.05). All trends are expressed as changes per decade. Black dashed lines represent the long‐term climatology of MLD, and
the continental shelf is shown in black.
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reaching − 3.1 mmol m− 3 per decade between 400 and 950 m. A weak deoxygenation trend is also evident in the
upper ∼50 m of the open ocean region (7°E to 11.5°E), with values not exceeding − 1 mmol m− 3 per decade. The
transition zone between the upper oxygenated and lower deoxygenated layers shows no statistically significant
trend.

The analysis of thermal and non‐thermal DO components indicates that DO trends are primarily influenced by
non‐thermal processes, as reflected in AOU trends (Figure 3b), with minimal contribution from DOsat (see Figure
S3 in Supporting Information S1). AOU trends closely match DO trends in magnitude but with opposite signs,
highlighting that changes in processes other than saturation (e.g., circulation, mixing, biological activity, and/or
other factors) are the main contributors to the revealed DO trends. AOU trends range from − 5.5 to 2.4 mmol m− 3

per decade, reinforcing their dominant role in shaping the dipole structure. In contrast, DOsat trends are exclu-
sively negative across the domain (Figure 3c), with values reaching up to − 1 mmol m− 3 per decade. However, the
contribution of DOsat to the DO trend is more pronounced in the upper 50 m of the open ocean region (7°E to
11.5°E) (Figure S3 in Supporting Information S1).

Trends in physical metrics, namely TKE, OHC, and BVF (Figures 3d–3f), show patterns that may help explain the
contrasting DO trends. TKE trend is characterized by predominantly positive trends in the open waters, reaching
up to 2 × 10− 4 m2 s− 2 per decade (Figure 3d), equivalent to a 25% increase relative to the long‐term climatology.
These increases are most pronounced in the upper 400 m and offshore, with localized positive values over the
shelf, highlighting enhanced turbulence in the upper layers. OHC also exhibits consistent positive trends across
the domain, with a mean of ∼ 0.73 × 107 J m− 2 per decade (Figure 3e), indicating pervasive warming, especially
in deeper layers. In contrast, BVF trend displays a more structured pattern across depths (Figure 3f): negative
trends dominate the upper 250 m, indicating weakening stratification, while positive trends between 250 and
650 m reach up to 1 × 10− 6 s− 2 per decade (∼4% increase relative to the climatological mean). Collectively, these
trends suggest enhanced turbulence and reduced stratification in upper layers, along with increased stratification
and warming at intermediate depths.

NPP and community respiration trends (Figures 3g and 3h) reveal rather contrasting patterns. NPP shows no
statistically significant trends across most of the domain, with only a few positive and negative grid cells confined
to the upper 50 m (Figure 3g). The community respiration exhibits predominantly negative trends throughout the
water column, especially over the shelf, with values reaching up to − 0.1 mmol m− 3 day− 1 per decade (Figure 3h),
corresponding to a ∼4% decrease relative to the long‐term mean. This suggests a long‐term decline in oxygen
consumption via respiration. Notably, positive community respiration trends appear between 50 and 200 m,
particularly offshore, with maxima of 0.01 mmol m− 3 day− 1 per decade.

To further interpret the vertical structure in DO trends, we examined changes in MLD and τy to illustrate wind
forcing in upper‐ocean mixing. Trends in SACW and ESACW fractions are also introduced to assess how shifts in
water mass composition may influence DO. We also explore why deoxygenation remains confined to deeper
layers despite widespread warming.

The spatially averaged time series of MLD and τy over the NBUS domain (Figure 4a) exhibit statistically sig-
nificant positive trends of 0.25 m per decade and 1.56 × 10− 3 Nm− 2 per decade, respectively. Both variables are
strongly correlated (r = 0.71∗), indicating that intensified τy is associated with a deepening of the mixed layer.
Although the magnitude of the MLD trend suggests only a modest deepening, its coherence with the strength-
ening wind stress points to enhanced wind‐induced turbulent mixing in the upper ocean. This finding is consistent
with the positive trends previously identified in TKE (Figure 3d), reflecting wind‐induced upper‐ocean turbulence
that may promote ventilation.

Regarding the SACW and ESACW fractions, their temporal and vertical variability is first presented in Figure S4
in Supporting Information S1. SACW dominates the NBUS study domain, with a long‐term (1980–2020) mean
fraction of about 58%, whereas ESACW exhibits a much lower mean contribution of approximately 9%. Both
water masses extend vertically from 100 m down to nearly 500 m. Figure S4 in Supporting Information S1 further
shows that the SACW fraction decreases markedly over time, with the strongest reduction occurring during the
last decade (2010–2020), while ESACW displays comparatively weaker temporal variations. The long‐term
trends shown in Figure 4b quantify the linear change in the water‐mass fraction, expressed in percentage per
decade, over the 1980–2020 period. Both fractions exhibit a consistent negative trend; SACW shows the strongest
decline, reaching up to − 11% per decade within the 100–400 m range, coinciding with the simulated oxygenation
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trend in the upper layers. This decrease indicates a reduction of SACW water masses entering the NBUS over
time. In contrast, ESACW exhibits a smaller decrease, with maximum values of about − 4% per decade, primarily
confined to the upper 200 m.

Given that OHC exhibits a positive trend across the entire domain (Figure 3e), while deoxygenation remains
confined to deeper layers, we examined the relationship between OHC and DO inventory across four depth in-
tervals: 0–200 m, 200–400 m, 400–600 m, and 600–1,000 m (Figure 5). The correlation between vertically in-
tegrated, de‐seasonalized OHC and DO (Figures 5a–5d) strengthens with depth, ranging from no significant
correlation in the upper 200 m to strong negative correlations at 400–600 m and 600–1,000 m (r = − 0.79∗ and
r = − 0.93∗, respectively). These patterns are consistent with the temporal trends shown in Figures 5a–5d, where
the strongest deoxygenation occurs below 400 m, reaching − 0.24 Tmol decade− 1 at 600–1,000 m, accompanied
by pronounced warming (0.3 × 1020 J decade− 1). Overall, although OHC increases throughout the water column,
its deoxygenation influence is more pronounced in deeper layers.

Given its strong association with deep deoxygenation, we evaluated the simulated OHC variability against
observational estimates derived from the ARMOR3D global ocean analysis (CMEMS, 2022) over the period
1993–2020. ARMOR3D provides gridded temperature and salinity fields at a spatial resolution of 25 km and
combines in situ measurements with satellite observations using multiple linear regression methods that relate
surface and subsurface data (Guinehut et al., 2012).

Figure S5 in Supporting Information S1 shows the comparison between simulated OHC and ARMOR3D esti-
mates across four depth intervals. Overall, the model reproduces both the temporal variability and long‐term
evolution of OHC reasonably well. Both the model and observations exhibit statistically significant positive
trends between 200 and 1,000 m over the 1993–2020 period. The correlation between simulated and observed
OHC is statistically significant, with values ranging from 0.3 to 0.6. Both data sets further indicate that the
strongest warming occurs in the 600–1,000 m layer. The model simulates a trend of 0.17 × 1020 J decade− 1,
which is comparable to the ARMOR3D trend of 0.14 × 1020 J decade− 1. Overall, the agreement between
simulated and observational OHC provides evidence that the model realistically captures the long‐term vertical
variability of OHC in the NBUS domain.

3.3. Causal Discovery of DO Variability

Following the vertical dipole structure of DO trends identified in Section 3.2, the PCMCI algorithm (see Sec-
tion 2.4 for details about the algorithm) was applied separately to the upper (0–400 m) and deeper (400–1,000 m)
layers. This separation allows the isolation of the distinct causal variables responsible for the contrasting vertical
trends in DO. The analysis was based on the multivariate data set described in Table 1, including relevant physical

Figure 4. (a) NBUS domain‐averaged time series of mixed layer depth (MLD; black) and meridional wind stress (τy; blue)
from 1980 to 2020, de‐seasonalized and smoothed using a 12‐month moving average. Dashed lines represent the respective
linear trends, and r indicates the correlation coefficient between both variables. (b) Vertical linear trends (1980–2020) of de‐
seasonalized South Atlantic Central Water (SACW; blue) and Eastern South Atlantic Central Water (ESACW; red) fractions,
expressed as the linear change in the water‐mass fraction (% per decade). Negative (positive) values indicate a reduction
(increase) in the fractional contribution of waters satisfying the respective T–S definition in the NBUS domain. Shaded areas
denote the 95% confidence intervals.
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and biogeochemical variables for each layer. To maintain causal consistency, variables known to have limited or
negligible influence below 400 m, namely MLD, τy, NPP, SACW, and ESACW, were excluded from the deeper‐
layer analysis.

In the upper 0–400 m layer (Figure 6), DO variability is primarily controlled by physical processes associated
with mixing and wind forcing. The strongest causal variables are MLD, TKE, and τy, with predominantly short
lags (lag = 1 month) and MCI values of 0.26, 0.15, and 0.12, respectively, indicating a rapid response of near‐
surface oxygen to changes in vertical mixing and wind‐driven circulation. Water‐mass variability also contrib-
utes: SACW and ESACW exert causal influences of (MCI = − 0.11 and +0.12, respectively), consistent with
their contrasting oxygen characteristics. DO exhibits a strong Auto‐MCI of +0.72 at lag = 1, indicating a strong
dependence on its previous state. In the PCMCI framework, this high Auto‐MCI reflects a statistically significant
causal link between DO at time t − 1 and DO at time t, after conditioning on all other variables included in the
analysis.

Regarding the thermal and non‐thermal components of DO, AOU exhibits significant causal links with MLD and
TKE (MCI = − 0.43 and − 0.24), highlighting the role of ventilation in reducing apparent oxygen utilization. In
contrast, DOsat has stronger causal links with τy and OHC, reflecting the combined effects of wind‐induced

Figure 5. Temporal relationship between ocean heat content (OHC) and dissolved oxygen (DO) inventory in the NBUS
domain across four depth intervals: 0–200 m, 200–400 m, 400–600 m, and 600–1,000 m. Panels (a–d) show de‐seasonalized,
spatially integrated time series of OHC (blue lines) and DO inventory (black lines), each vertically integrated over the
corresponding depth interval. OHC trends (J decade− 1) and DO trends (Tmol decade− 1) are indicated above each panel.
Pearson correlation coefficients between OHC and DO are shown in the lower right of each panel. Asterisks indicate
statistical significance at p < 0.05.
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processes and temperature‐dependent solubility. As τy can lead to changes in the upper‐ocean heat balance, and
consequently seawater temperature, it can therefore affect DOsat.

In the 400–1,000 m layer (Figure 7), the causal structure shifts toward subsurface controls. The strongest negative
influence on DO arises from BVF (MCI = − 0.19 at lag = 2), followed by OHC (MCI = − 0.18 at lag = 1). These
links indicate that enhanced stratification and warming suppress vertical oxygen replenishment, thereby
contributing to deoxygenation at depth. Moreover, OHC exerts a strong negative influence on DOsat (MCI
= − 0.69 at lag = 1), reinforcing the dominant role of subsurface warming in controlling oxygen saturation. The
Auto‐MCI of DO (= − 0.14 at lag = 2) in the 400–1,000 m layer is comparatively weak, indicating that past DO
values have only a limited causal influence on its present state.

Overall, the layer‐separated PCMCI analysis provides a mechanistic explanation for the vertical dipole: upper‐
layer DO variability is governed mainly by wind‐driven mixing processes acting at short time‐lags, whereas
deeper‐layer DO variability is primarily controlled by stratification and warming, reflecting reduced vertical
oxygen replenishment.

The complete PCMCI results, together with their corresponding p‐values and rankings, are provided in Text S3
and Tables S1 and S2 in Supporting Information S1.

3.4. OMZ Thresholds in the NBUS: Spatial Variability and Long‐Term Trends

Climatological means of OMZ boundaries, thickness, volumes, and associated trends are provided in Table 2. The
long‐term climatology (1980–2020) of OMZs in the NBUS reveals clear spatial contrasts among the OMZ20,

Figure 6. Causal discovery relationships of DO and associated variables (see Table 1 and Section 2.4) in the upper 400 m of
the NBUS domain over the period 1980–2020. The time series used are monthly averaged and de‐seasonalized. The variables
on the rows of the matrix represent the causal variables, while those in the columns denote the corresponding target variables.
Grid‐cell colors indicate the MCI values, and the numbers represent the time lag (months). Diagonal cells report the auto‐
dependencies (Auto‐MCI). When multiple significant links exist between a given causal–target pair at different time lags,
only the link with the strongest absolute MCI value is retained (e.g., if significant links occur at lag 1 and lag 3, the one with
the larger absolute MCI is shown). Empty white cells indicate that no statistically significant causal relationship was detected
between the respective causal–target pair. Empty diagonal cells indicate the absence of statistically significant lagged self‐
dependence (Auto‐MCI), meaning that the variable does not exhibit significant dependence on its own past state.
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OMZ60, and OMZ120 thresholds (Figure 8). OMZ20 (Figures 8a–8c) is the most spatially restricted, both vertically
and horizontally. Both the upper (Figure 8a) and lower (Figure 8b) boundaries of the OMZ20 are primarily
confined to nearshore waters within a depth range of 100–200 m. This results in a relatively thin vertical layer,
with a maximum of ∼100 m (Figure 8c).

The hypoxic OMZ60 (Figures 8d–8f) displays a broader vertical and lateral extent. The upper boundary lies within
the upper 100 m nearshore and deepens to around 200 m offshore. The lower boundary spans from 200 to 300 m

Figure 7. Causal discovery relationships of DO and associated variables (see Table 1 and Section 2.4) in the 400–1,000 m
depth range of the NBUS domain evaluated over the period 1980–2020. Details about the matrix are similar to those shown in
Figure 6.

Table 2
Long‐Term Characteristics of OMZs (Upper and Lower Boundaries, Vertical Thickness) and Total Integrated Volume in the
NBUS Over the Period 1980–2020; for Boundaries and Thickness, Mean Values (± Standard Deviation) Are Calculated
Across the Domain, While Trends Represent the Average Change per Decade Across Grid Cells; for Total Volume, Values
Correspond to the Domain‐Integrated Volume; Asterisks Denote Statistically Significant Trends at p‐Value < 0.05

OMZ Upper boundary (m) Lower boundary (m) Vertical thickness (m) Total volume (km3)

OMZ20

Mean ± STD 127 ± 21 166 ± 33 40 ± 17 682

Trend per decade 3* − 10* − 6* − 436*

OMZ60

Mean ± STD 129 ± 34 346 ± 127 218 ± 131 55,625

Trend per decade 4* 11* 7* 454

OMZ120

Mean ± STD 114 ± 65 701 ± 225 586 ± 223 198,251

Trend per decade 3* 15* 13* 4,154*
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between 18.5°S and 21°S and reaches depths of up to 600 m in the northern areas (15.7°S–17°S), resulting in a
markedly thicker OMZ layer in offshore regions.

The OMZ120 (Figures 8g–8i) is the most spatially extended of the three thresholds, dominating the NBUS domain.
Its upper boundary (Figure 8g) is shallow near the coastal upwelling zone (from the surface down to∼100 m) and
gradually deepens offshore to 100–330 m between 7°E–10°E and 19°S–21°S. The lower boundary (Figure 8h)
closely follows the continental slope, descending from ∼400 m near the shelf break to ∼900 m in the open ocean.
In the northern region, OMZ120 reaches its maximum vertical thickness, often exceeding 800 m (Figure 8i).

The long‐term trends of the OMZs thresholds (Figure 9) show that the vertical boundaries of OMZ20 exhibit
statistically significant trends only at a few locations (Figures 9a–9c). Within these limited areas, particularly in
the far northern part of the domain (15.7°S–16.3°S), the lower boundary shows a shoaling trend with values
reaching up to ∼20 m per decade (Figure 9b), leading to localized thinning of the OMZ20 layer (Figure 9c). This
pattern is reflected in a statistically significant decline in OMZ20 volume, with a trend of − 436 km3 per decade
(Figure 9d). This trend is associated with a sharp compression of the OMZ20, with its volume declining from a
mean of 1,708 km3 in the first decade (1980–1990) to a mean of 73 km3 in the last decade (2010–2020).

OMZ60 (Figures 9e–9g) displays a weak deepening trend in the upper boundary, especially in nearshore and
northern regions, with values reaching up to 17 m per decade (Figure 9e). The lower boundary exhibits a more
pronounced deepening, particularly beyond the shelf break, with trends up to 25 m per decade (Figure 9f). These
changes result in widespread thickening of the OMZ60 layer, with maximum trends of 25 m per decade

Figure 8. Long‐term annual climatology (1980–2020) of Oxygen Minimum Zone (OMZ) thresholds in the Northern Benguela Upwelling System. Columns correspond
to the selected OMZ thresholds (see Section 2.5) of 20, 60, and 120 mmol m− 3, respectively. Rows represent the upper boundary depth, lower boundary depth, and
vertical thickness in meters for each OMZ threshold, respectively. Accordingly, panels (a, d, g) show the upper boundary depth, panels (b, e, h) show the lower boundary
depth, and panels (c, f, i) show the vertical thickness for OMZ20, OMZ60, and OMZ120, respectively.
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(Figure 9g). However, thinning is also evident over the continental shelf and northwestern regions, where
shoaling values reach up to 10 m per decade. Despite this spatial variability, OMZ60 volume does not show a
statistically significant long‐term trend (Figure 9h).

The most pronounced and consistent trends are observed for the OMZ120 (Figures 9i–9l). The lower boundary
shows strong deepening in open ocean areas, with values up to 28 m per decade (Figure 9j), while the upper
boundary exhibits weaker deepening, reaching up to 13 m per decade (Figure 9i). These vertical shifts result in
clear thickening of the OMZ120 layer, with trends approaching 30 m per decade, increasing progressively from the

Figure 9. Trends of the selected Oxygen Minimum Zones (OMZ20, OMZ60, OMZ120) boundaries and thickness in the NBUS over the period 1980–2020. The first three
rows show the linear trends of the upper and lower OMZ boundaries and the vertical thickness, respectively. Specifically, panels (a–c), (e–g), and (i–k) show the upper
boundary, lower boundary, and vertical thickness trends for OMZ20, OMZ60, and OMZ120, respectively. Positive (red) and negative (blue) trends indicate deepening/
shallowing or thickening/thinning. White areas denote statistically non‐significant trends (p‐value > 0.05). The bottom row panels (d, h, and l) illustrate the time
evolution for each OMZ of total volume (solid line) and the associated linear trend (dashed line). The gray shading represents the 95% confidence interval. Asterisks
indicate statistically significant trends at p‐value < 0.05.
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coast to the offshore domain (Figure 9k). A weak thinning trend is also present in the shallow coastal zone be-
tween 18°S and 21°S. Consistent with this vertical expansion, OMZ120 volume shows a statistically significant
increase of +4,154 km3 per decade (Figure 9l) (corresponding to a ∼2.1% increase per decade relative to its
climatological mean), reflecting the broadening of low‐oxygen conditions in the NBUS.

3.5. Dissolved Oxygen Budget in the NBUS

The estimated DO budget for the 0–1,000 m layer over the period 1980–2020 (Figure 10a) indicates a total oxygen
input of 3,593 Tmol, of which 3,306 Tmol is supplied by lateral boundaries and 287 Tmol by GPP. Considering
the relative contributions to the total input, the southern boundary was the largest source (40.8%), followed by the
west (25.6%) and the north (16.1%) boundaries. Total oxygen loss was equal to 3,583 Tmol, slightly lower than
the total input, thus resulting in an almost balanced budget within the whole NBUS domain. The most significant
loss occurred at the west boundary (42.5%), followed by the southern (38.6%) and northern (7.6%) ones. At the
bottom boundary, the input was nearly balancing the output, while the surface air‐sea exchanges at the top
boundary showed a clear net oxygen gain, with a relatively minor outgassing (0.4%).

Overall, the total net DO flux across physical boundaries over the four decades was − 28 Tmol, indicating a net
physical oxygen export from the NBUS domain. This export was offset by a net biogeochemical oxygen gain of
+39 Tmol, arising from GPP (+287 Tmol) minus community respiration (− 248 Tmol), yielding a combined
physical–biogeochemical net flux of approximately +11 Tmol. This residual is small relative to the total oxygen
input (3,593 Tmol) and output (3,583 Tmol), reflecting an almost closed oxygen budget, but it illustrates that
biological oxygen production contributes to offsetting the net physical export.

The oxygen budget was also partitioned into an upper 0–400 m and a lower 400–1,000 m layer (Figure 10b;
hatched bars), following the dipole structure described in Section 3.2. The budget reveals distinct differences in
both physical and biogeochemical fluxes over the two vertical layers. The upper layer exhibited strong dynamics,
with total oxygen input of 2271 Tmol and total output of 2263 Tmol, resulting in a net gain of+8 Tmol. However,
when considering only physical fluxes, the upper layer shows a net oxygen export of 34 Tmol. This physical loss

Figure 10. Cumulative DO fluxes (Tmol) representing the temporal sum over January 1980–December 2020 (see Section 2.6
for the budget's calculation), spatially and vertically integrated over the entire water column (a) (0–1,000 m; unfilled bars)
and for two depth layers 0–400 m (hatched bars) and 400–1,000 m (dotted bars) (b). Fluxes are shown for the lateral
boundaries (West, South, North), the bottom boundary (vertical fluxes at 400 and 1,000 m, respectively), and the top
boundary (air–sea oxygen flux), along with the total biogeochemical fluxes, where positive values represent sources due to
GPP and negative values represent sinks from community respiration. Black diamonds denote the net flux (with numbers
representing the net flux values), and the vertical dashed line marks the zero value.
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is compensated by net oxygen production from GPP, which provides an input of 287 Tmol, thereby limiting the
net imbalance and leading to an overall oxygen gain in the upper NBUS.

In contrast, the lower layer recorded input and output physical cumulative flux values of 1,394 and 1,383 Tmol,
respectively, resulting in a physical net flux of approximately +11 Tmol (Figure 10b; hatched bars). Biogeo-
chemical processes were nearly absent below 400 m, with almost no GPP contribution and only 4 Tmol of oxygen
consumed through community respiration, indicating minimal biological influence in the NBUS deeper layer.

Comparatively, oxygen input from the northern boundary in the upper layer was ∼2 times that of the lower layer
(381 vs. 199 Tmol), and input from the southern boundary was 1.6 times higher (907 vs. 560 Tmol). West
boundary input was quite close between layers (∼421 and 500 Tmol), but the export was 2.4 times greater in the
upper layer (1,079 vs. 445 Tmol). At the bottom boundary, fluxes were higher in the lower layer but still balanced
in both cases. Overall, these results highlight the vertical variability of oxygen dynamics in the NBUS, with
biological activity and more dynamic circulation evident in the upper layer, driving both transport and internal
oxygen production.

4. Discussion
4.1. Temporal Variability of DO Inventory

The upper 1,000 m DO inventory (Figure 2a) integrates variability from dynamically distinct layers and therefore
represents the net outcome of upper‐ocean oxygenation and intermediate‐to‐deep deoxygenation. This integration
explains why the inventory exhibits pronounced temporal variation despite an overall long‐term decline: a sharp
decrease during the first ∼8 years, a pronounced decline in the early 2000s, and a partial increase after 2005 even
under continued warming.

The strong inventory decline during the first decade is most consistently explained by a rapid bottom‐layer OHC
increase. Over the period 1980–1998, OHC increases, particularly below 200 m, and coincides with the most
negative DO trends in the 200–1,000 m layers (Figures 5b–5d). This is further supported by the causal discovery
results (Figure 7), where OHC exerts a direct negative causal influence on DO, especially in deep layers,
consistent with enhanced oxygen loss in the deeper layer that contributes disproportionately to the integrated
(0–1,000 m) inventory. A comparable co‐occurrence is evident in the early 2000s, when an increase in OHC is
accompanied by intensified DO decline across the intermediate‐to‐deep layers (Figures 5c and 5d), indicating that
episodic subsurface warming can amplify inventory losses. The increase in the integrated inventory occurring
after the year 2005 can be interpreted as a shift in the balance between subsurface oxygen loss and upper‐ocean
ventilation‐driven variability. In this period, the OHC variability becomes comparatively more stable (Figure 5),
while the strengthening of τy and deepening of MLD (Figure 4a) indicate a change toward enhanced ventilation
conditions in the upper layers that promote oxygenation. Consistent with this interpretation, PCMCI attributes
most of the short‐lag (month‐scale) DO variability in the 0–400 m layer to physical causal variables associated
with mixing and wind forcing (MLD and τy; Figure 6). In addition, the simulated fraction of oxygen‐poor SACW
decreases most strongly during the last decade (Figure S4a in Supporting Information S1), indicating a reduced
intrusion of low‐oxygen waters and thereby further supporting the positive inventory tendency.

4.2. Dipole Structure of DO Trends

According to our results, DO trends in the NBUS are not uniform. Our results reveal a distinct dipole structure,
with oxygenation in the upper ∼400 m and over the shelf, and deoxygenation in deeper layers (400–1,000 m) and
offshore regions (Section 3.2). This pattern appears to be a distinctive feature of the NBUS and is supported by
several studies. Stramma and Schmidtko (2021) identified the region near the NBUS (8°S–14°S, 4°E–12°E) as the
only oceanic area with a long‐term oxygenation trend in the upper 50–300 m from 1950 to 2018, reporting
+0.3 mmol m− 3 per decade and deoxygenation of − 1 mmol m− 3 per decade in the 300–700 m layer. Six and
Mikolajewicz (2022), using a high‐resolution model of the BUS, found oxygen increases of up to 6 mmol m− 3 per
decade in the layer between 200 and 400 m, peaking near 15°S and extending into the NBUS shelf, over the
1960–2009 period. This intermediate‐depth oxygenation was also supported by observational data from
Schmidtko et al. (2017). In bottom layers, Ito et al. (2017) reported a deoxygenation trend below 400 m in the
vicinity of the NBUS over the 1958–2015 period. Our results, together with previous studies, underscore the
NBUS as a uniquely structured system with vertically contrasting DO trends.
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Our findings indicate that DO trends are more strongly influenced by AOU than by DOsat, suggesting that changes
in ocean circulation, mixing, and/or biogeochemical processes—rather than solubility effects alone—are the
primary causal influences of the observed pattern. Notably, even though DOsat declined in the upper 400 m
(Section 3.2), this layer exhibited an oxygenation trend, reinforcing the idea that non‐thermal processes dominate
DO variability here.

The causal discovery analysis showed that in the oxygenated upper 400 m, the DO variability was primarily
linked to physical causal variables, specifically to the MLD, TKE, τy, and the intrusion of SACW and ESACW
water masses on short (1 month) time lags. In contrast, biogeochemical variables such as NPP and community
respiration exhibited weaker causal influence on DO in this layer. While this does not diminish the biological role
in oxygen dynamics, it highlights that physical processes dominate the short‐term control of upper‐layer DO
variability in the NBUS.

The oxygenation trend in the upper layers appears primarily linked to wind‐induced turbulent mixing and a
concurrent weakening of stratification. This interpretation is supported by the positive TKE trends (Figure 3d) and
the declining trend in the BVF (Figure 3f), both indicating a less stratified and more vigorously mixed upper
ocean. These conditions likely result from the long‐term intensification of τy over the NBUS, which showed a
significant positive trend (Figure 4a). Wind‐induced mixing promotes weaker stratification and a plausible
deepening of the MLD (Kataoka et al., 2019; Pollard et al., 1973), also as found in the southern Benguela (Carlson
et al., 2025; Rogerson et al., 2025). Rixen et al. (2021) reported that enhanced mixing increases DO concen-
trations, while periods of wind relaxation strengthen stratification and impede downward ventilation (Nelson &
Hutchings, 1983). Similarly, Carlson et al. (2025) demonstrated that wind‐driven deep mixing enhances venti-
lation in the St Helena Bay waters (32°S), whereas low‐oxygen conditions emerge during wind relaxation.
Notably, our τy trends are consistent with previous studies reporting significant wind‐stress intensification in the
BUS (Narayan et al., 2010; Patti et al., 2010; Sydeman et al., 2014).

Furthermore, our results reveal a declining trend in the SACW fraction (Figure 4b), indicating a reduced
contribution of oxygen‐poor SACW to the NBUS, which likely contributes to the oxygenation trend in the upper
layers, as the inflow of low‐oxygen source waters is decreasing. In contrast, the ESACW (oxygen‐rich water)
fraction exhibits comparatively weak temporal variability. Such a reduction in the SACW fraction could be
attributed to the intensified meridional wind stress, as Boyd (1988) and Pitcher et al. (2021) mentioned that
stronger alongshore winds can constrain the poleward undercurrent direction, thereby limiting the inflow of
hypoxic SACW waters. This interpretation is further supported by the simulated meridional velocity trends,
which show localized strengthening of both northward and southward components (Figures S6c and S6d in
Supporting Information S1), suggesting changes in the circulation pathways and relative contribution of water
masses entering the NBUS; such changes may alter the local T–S characteristics and thereby affect SACW and
ESACW fractions. Additionally, stronger alongshore winds may enhance offshore transport, exporting primary
producers and organic matter away from the coast and thereby reducing local community respiration and DO
consumption (Cury & Roy, 1989), consistent with the obtained negative trends in NPP and community respiration
(Figures 3g and 3h). This mechanism is further supported by the long‐term trends in zonal offshore velocity and
vertical velocity (Figures S6a and S6b in Supporting Information S1). These trends show intensified upward
velocity over the shelf in the upper ∼200 m (Figure S6b in Supporting Information S1), together with a sub-
stantially stronger increase in offshore transport (Figure S6a in Supporting Information S1). This enhanced
offshore transport promotes cross‐shelf export, leading to negative NPP and community respiration trends over
the shelf and positive trends offshore.

Collectively, these findings indicate that the strengthening of upwelling‐favorable winds has enhanced turbulent
mixing and vertical ventilation, driving the recent oxygenation observed in the upper NBUS.

The budget analysis further illustrated how the NBUS upper layer is highly dynamic when considering the lateral
oxygen fluxes, as it receives a higher amount of DO relative to the deeper one, primarily due to the influence of
major current systems that dominate in upper layers (Figure 1a). These mesoscale circulation features enhance
lateral mixing and facilitate oxygen supply in the upper ocean (Brandt et al., 2015; Frenger et al., 2018; Lovecchio
et al., 2022; Six & Mikolajewicz, 2022). Fluctuations in current strength and position modulate DO concentra-
tions, as physical fluxes may either increase or decrease local oxygen depending on their source (Lovecchio
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et al., 2022). Thus, the oxygenation trend might be linked to changes in the intensity of the currents transporting
oxygen‐rich waters into the system, as indicated by the oxygen budget analysis (Figure 10b).

In the 400–1,000 m layer of the NBUS, the causal discovery application identified BVF and OHC as the primary
causal factors of DO variability. This supports the notion that the vertical separation between the oxygenated
upper layer and the deoxygenated lower layer is mainly governed by enhanced intermediate‐layer stratification
and warming‐induced changes. As shown in (Figure 3f), the BVF exhibits a positive trend between 250 and
600 m, indicating increased stratification that inhibits vertical exchange, limits ventilation, and effectively im-
pedes the downward transport of oxygen (see Bopp et al., 2002; Gnanadesikan et al., 2007; Plattner et al., 2002;
Schmidtko et al., 2017). While this increase in stratification is consistent with the warming, it may also reflect
changes in the density structure associated with a plausible lateral advection of water masses. In parallel, OHC
shows a consistent positive trend across the water column, with its correlation to DO significantly stronger in the
400–1,000 m layers than in the upper ones (Figure 5). This suggests that DO concentrations at depth are
particularly sensitive to heat content changes.

The positive OHC trends found in the subsurface layers of the NBUS (200–1,000 m) can likely be linked to
changes in the properties of water masses supplying the Northern Benguela region, particularly enhanced Agulhas
leakage and warming AAIW. Agulhas leakage advects relatively warm Indian Ocean waters into the Benguela
Current thermocline and intermediate layers (upper ∼1,000 m) (Gordon et al., 1992; P. Richardson & Gar-
zoli, 2003; P. L. Richardson, 2007). Observational and modeling studies indicate that Agulhas leakage has
intensified since the 1980s due to changes in wind forcing (Biastoch et al., 2009; Rouault et al., 2009). In addition,
AAIW forms a major subsurface component of the Benguela Current, entering the BUS at depths between 300
and 800 m (McKay et al., 2016). AAIW has experienced a multidecadal warming trend since the 1970s
(Schmidtko & Johnson, 2012; Yang & He, 2014). Together, the intensified Agulhas leakage and the warming of
AAIW at intermediate depths likely contribute to the observed increase in subsurface OHC in the NBUS,
consistent with the agreement between simulated OHC trends and ARMOR3D observational estimates (Figure S5
in Supporting Information S1).

Our results, which indicate a significantly stronger correlation between OHC and DO in the bottom layers than in
the surface layers, are consistent with the findings of Ito et al. (2017), who reported a deoxygenation trend below
400 m in the vicinity of the NBUS over the period 1958–2015, and found that the relationship between DO
content and OHC becomes stronger with depth. This study suggests that oxygen inventory below the thermocline
is particularly responsive to changes in heat content. Additionally, our oxygen budget analysis (Section 3.5)
confirms sluggish circulation in bottom waters, with relatively lower lateral oxygen transport compared to the
upper layer. Although the net physical bottom boundary oxygen flux in the 0–400 m layer was positive, it rep-
resented only a small oxygen supply to the NBUS bottom layer. Overall, deoxygenation in the deeper layer can be
attributed to enhanced stratification, increased OHC, and weak circulation.

4.3. Diverging Trends in OMZs

The OMZ60 and OMZ120 in the NBUS exhibit a consistent deepening trend, reflected in their upper and lower
boundaries, in addition to a thickening of their vertical extent—particularly beyond the continental shelf
(Figure 9). This deepening corresponds to deoxygenation in bottom waters, which likely caused more water
masses to fall below the OMZ60 and OMZ120 thresholds. In contrast, both OMZs show slight thinning in their
vertical extent over the continental shelf, likely attributed to an oxygenation in the upper layers that elevates
oxygen levels above critical thresholds. The vertical thickening of OMZ60, more evident in open waters, is
consistent with the findings of Stramma et al. (2008), which reported similar changes for OMZ60 in the vicinity of
the NBUS over the period 1960–2018. Nevertheless, despite such deepening, its total volume doesn't exhibit a
statistically significant trend (Figure 9h), likely due to regional variability: offshore expansion is offset by vertical
thinning over the shelf, resulting in high interannual variability that masks long‐term volume trends.

Conversely, the OMZ core (OMZ20)—located within the upper 300 m, does not show an expansion trend but
instead shows limited contraction in a few locations (Figures 9a–9c). This OMZ core is shaped primarily by local
turbulent mixing and biological respiration (Busecke et al., 2022; Lévy et al., 2022). The contraction likely results
from a combination of increased oxygen in upper layers and a decline in local O2 consumption, as indicated also
by the negative trends in community respiration. Previous studies (e.g., Bahl et al., 2019; Busecke et al., 2022;
Gnanadesikan et al., 2007) suggest that the expansion of OMZ120 is attributed to reduced ventilation in bottom
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layers. These mechanisms are reflected in the simulated volume trends: OMZ120 shows a statistically significant
increase in total volume, while OMZ20 contracts, due to the dipole structure discussed in the previous Section 4.2.
The contrasting behavior of OMZ60 and OMZ120 expansion alongside OMZ20 contraction aligns with findings
reported for the Pacific (Busecke et al., 2022) and the Indian Oceans (Ditkovsky et al., 2023).

4.4. Implications of OMZ60 and OMZ120 Deepening

The combined expansion and deepening of OMZ60 and OMZ120, along with 400–1,000 m deoxygenation, is
expected to have detrimental biogeochemical consequences in the NBUS. The expansion of low‐oxygen water
masses threatens the habitat, diversity, and survival of marine life (Busecke et al., 2022; Hamukuaya et al., 1998;
Levin, 2018). Pelagic fish species with high oxygen demands, such as billfishes and tuna, are particularly
vulnerable to the OMZ120 expansion, as they have tolerance thresholds near 150 mmol m− 3 (Stramma
et al., 2012). These species are abundant in the NBUS and support economically important fisheries (Hampton
et al., 1999). Demersal fish in the NBUS, like deep‐water hake and orange roughy, which typically inhabit depths
below 400 m, are at increasing risk as deoxygenation intensifies in these deep layers. Other species, such as horse
mackerel, which migrate to deeper zones as they mature, may also face compressed habitat (Hampton
et al., 1999). Deoxygenation in the 400–1,000 m layer, along with the OMZ60 deepening, further impact the
macro‐benthic communities of the NBUS (Brodie Rudolph et al., 2020), especially over outer shelf regions. As
oxygen levels decline, benthic diversity drops due to the loss of intolerant taxa and the proliferation of low‐
oxygen‐adapted organisms (Currie et al., 2018; Hashim et al., 2024).

Moreover, the persistent decline in bottom‐layer DO may progressively push oxygen levels toward thresholds at
which denitrification becomes active (Knowles, 1982; Tyrrell & Lucas, 2002), resulting in increased nitrogen loss
compared to phosphate retention (Nagel et al., 2013). This imbalance promotes phosphate efflux from sediments
over the continental slope and reduces the NO3

− /PO4
3− ratio in upwelled waters, potentially shifting phyto-

plankton community composition and productivity (Schmidt & Eggert, 2016). In addition to the change in
nutrient ratios caused by denitrification, very low oxygen conditions may also enhance the release of phosphate
from authigenic sediments (Flynn et al., 2020). Continuous deoxygenation and severe oxygen loss in bottom
waters stimulate microbial transformations that elevate nitrous oxide (N2O) production via partial denitrification.
As a potent greenhouse gas, increased N2O emissions represent an additional consequence of deoxygenation
(Farias & de la Maza, 2024; Frame et al., 2014; Wallschuss et al., 2025).

4.5. Methodological Considerations

A few aspects should be considered when interpreting the present results and in guiding future work. First,
although DO consumption associated with the remineralization of sedimentary organic matter is included in the
adopted pelagic–benthic closure and therefore represented in the model dynamics, the corresponding oxygen flux
at the sediment–water interface was not saved as a separate diagnostic term for the budget. In addition, benthic
processes other than remineralization that are not explicitly resolved by the simplified closure may limit the
reconstruction of a fully closed DO budget. Second, the oxygen budget is reconstructed from monthly mean
output. As a consequence, sub‐monthly covariance between velocity and tracer fields is smoothed, which may
introduce small errors in the diagnosed flux balance. Finally, while the analysis includes within‐domain water‐
mass and circulation variables, the model configuration does not allow a full characterization of remote influences
from water masses formed outside the NBUS. A more complete assessment of these larger‐scale controls would
require a broader spatial framework and dedicated water‐mass tracking in future studies. Such future work should
also include inter‐comparisons with additional physical ocean models to further assess the robustness of the
diagnosed water‐mass fraction trends.

5. Conclusions
The Northern Benguela upwelling system is a distinct low‐oxygen region, marked by persistent hypoxic and low‐
oxygen conditions. By exploiting the data from a highly resolved coupled physical–biogeochemical model, this
work assessed long‐term oxygen dynamics over the last four decades (1980–2020). The NBUS has lost a total of
∼1 Tmol of dissolved oxygen inventory in the upper 1,000 m during the considered period. A striking vertical
dipole structure in the temporal evolution of dissolved oxygen within the NBUS emerged from the analyses,
where the upper 400 m showed a net DO increase (0.3 Tmol), while the lower layer (400–1,000 m) contributed the
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bulk of the loss, with 1.3 Tmol. This pattern reflects fundamentally different mechanisms: oxygenation in the
upper layer was associated with enhanced wind‐induced turbulent and vertical mixing and a declining fraction of
the oxygen‐poor South Atlantic Central Water, while bottom‐layer deoxygenation was linked primarily to rising
ocean heat content and increasing stratification that inhibits vertical mixing, with the subsurface warming likely
influenced by changes in intermediate water masses entering the NBUS domain.

The oxygen budget reveals that 92% of oxygen fluxes in the NBUS are transported laterally via physical
advection, while only 8% are attributable to internal biogeochemical production and lower‐trophic‐level respi-
ration. This underscores the dominant role of physical circulation in shaping oxygen variability. Vertically, the
upper 400 m show stronger boundary exchange, with oxygen exchange rates nearly twice those of the deeper
layers. This is supported by active mesoscale circulation that enhances lateral mixing and facilitates oxygen
supply. In contrast, the deeper layers are characterized by sluggish circulation and relatively weaker boundary
oxygen transport. The evolving structure of oxygen minimum zones in the NBUS reflects these vertical oxygen
trends: OMZ60 and OMZ120 have deepened by values reaching 120 m, while the OMZ core (OMZ20), located
within the increasingly oxygenated upper layers, has contracted. The most concerning implications of the
revealed DO decline arise within the 400–1,000 m layer, where persistent deoxygenation may further constrain
fish habitats, enhance microbially mediated N2O production, and alter mid‐depth biogeochemical cycling. In
addition, localized deoxygenation over the outer continental shelf may increase stress on benthic communities.
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